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Abstract
The aim of this project is to design, synthesise and characterise s-triazine based carbon nitride
materials that show potential for use as fully renewable, organic photocatalyst materials for
the purpose of generating hydrogen fuel through water splitting. Whilst existing materials do
exist that can perform this technique, the inorganic constituents of these existing materials
prevent them from being fully renewable and, in most situations, makes them difficult to
synthesise - especially at room temperatures and ambient pressures.
The method used in this project to improve upon existing organic photocatalyst materials was
to develop more efficient techniques to create covalent organic structures that retain the
structural benefits of graphene whilst including electrical storage properties recorded for
nitrogen-doped graphene, in the form of an s-triazine structure. This was achieved by first
focussing on improving the existing most efficient s-triazine based carbon nitride synthesis
approach, polycondensation Ionothermal synthesis, by improving its output efficiency and
then later adapting the technique so it could be implemented into existing industrial
applications more effectively.
Improvement of the existing technique was achieved through the use of a dynamic vacuum,
with the graphitic carbon nitride material confirmed through XPS, XRD, FTIR and other
characterisation techniques, the adaptation of the technique to make it more industrially
useful was achieved through incremental development of the Ionothermal synthesis approach.
This transition resulted in the creation of an ALD-type approach, which resulted in carbon
nitride films (characterised by XPS, XRD, ATR-IR, Raman spectroscopy and various
microscopy techniques) conformally coating onto a variety of substrates at room temperature.
Whilst the synthesis reaction mechanism was determined to be different to those found in
existing literature, through gas-phase mass spectrometry, various experimental parameters
ranging from: synthesis temperature, ramp rate of temperature, ion gun depth profiling and
others were determined to allow for precise control of the carbon nitride film formed with
regards to its physical and chemical properties. As a consequence of this control, not only did
the carbon nitride films show promise as potential photocatalyst materials, but they also
showed promise as anti-microbial surfaces and could be used in the development of an XAES
based D-parameter technique to determine the content of sp2 and sp3 nitrogen in a pure
carbon nitride based material, composed of only sp2 and sp3 carbon and nitrogen. Finally, the
usefulness of the s-triazine component for photocatalyst applications was also presented
through the synthesis and characterisation of a phenolic triazine framework which is
structurally like graphitic carbon nitride but contains a phenolic group that allows for a much
more tuneable band gap.
From the results of this project, evidence of the use, or potential use, of pure organic
materials has been shown for several applications in addition to photocatalytic water splitting.
However, unlike existing synthesis techniques, the vapour deposition technique developed in
this project has demonstrated the potential of the organic materials to coat conformally onto a
variety of substrates thus allowing for easy synthesis of carbon nitride based hybrid materials
- thus compensating for the slightly lower efficiencies measured by the pure organic materials
in comparison to purely inorganic structures.
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Impact Statement
The research presented in this report has a multitude of benefits in academia and outside of
academia.
Firstly, the results obtained from the various studies performed could help academics
understand the interaction between carbon and nitrogen bonds further, with potential benefits
to students (with regards to understanding organic Chemistry A-level and prior) as well as to
researchers. Outside of academia, the knowledge of carbon and nitrogen bonds could help
develop carbon nitride and doped-carbon technology further e.g. carbon nitride fibres, carbon
storage technology and others.
Secondly, how the various characterisation techniques were utilised to study the materials
could prove useful within academia and in industry, where researchers have found carbon
materials (which are considered soft materials) to be difficult to characterise due to the
sample being damaged more easily than metallic based structures. Techniques such as XPS
and Raman spectroscopy, which are predominantly surface characterisation techniques, can
probe materials layer-by-layer through ion gun etching however, this research has found that
ion-gun based structural deformation occurs more readily in soft materials. Through use of
the results acquired from this research, scientists can utilise surface characterisation technique
more effectively when determining soft material properties and help industrial companies,
such as Thermo Fisher scientific, to upgrade their systems in order to compensate for these
softer materials.
Additionally, this research has shown potential for a purely organic, renewable material to be
used in charge storage applications - an area which can be developed further by existing
academics (who are attempting to use hybrid materials, COFs and other organic combinations
to perform this function). Due to the renewability of the material being synthesised, existing
technology such as the environmentally unfriendly lithium technology, can be replaced or, at
the very least, reduced in general usage. This is because the purely organic materials
synthesised in this report have shown promise as photocatalysts in water splitting
applications, for the purpose of generating hydrogen fuel.
A further impact of this research is the synthesis approach which has shown capability of
forming conformally coated carbon nitride films, onto a variety of substrates, at room
temperature - something which existing ALD and CVD systems cannot yet achieve. A
limitation to existing ALD and CVD techniques is the high temperatures required to create
films, thus restricting the substrates that can be coated and the thickness of the film that can
be formed. The success of the ALD-type technique utilised in this report can assist in the
continued development of ALD and CVD based technology.
Last but not least, the carbon nitride material investigated in this report has also shown
promise as a purely organic, renewable anti-microbial surface which, in combination with the
conformal nature of the coating process, can cheaply and easily cover a variety of surfaces
found in hospitals, dentistry’s and other areas needing high-levels of cleanliness thus
potentially being a more versatile, lighter and cheaper alternative to existing anti-microbial
technology.
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List of Figures
Figure 1.1 - The two most recognised types of CNs are (a) the sp2 dominated GCNs [1] and (b) the sp3
dominated βCNs [2]. H, present in both structures, has been omitted for clarity purposes………
Figure 1.2 - The two main forms of GCNs are (a) the s-triazine composed TGCN and (b) the tri-striazine composed HGCN. Both figures were created on Avogadro software and optimised through
the steepest descent procedure.
Figure 1.3 - GCN reaction mechanisms as determined by (a) Franklin [3], (b) Thomas et al. [4] and (c)
Dong et al. [5].
Figure 1.4 - Existing ALD-type CN film synthesis methods as created by (a) Aida et al. [6] and (b)
Karuppannan and Prasantha [7].
Figure 1.5 - Hydrogen evolution through photocatalytic water splitting [8]
Figure 1.6 - PTF monomer unit created on Avogadro software and optimised through the steepest
decent procedure.
Figure 1.7 - Suzuki cross-coupling schematic for PTF synthesis [9]
Figure 2.1 - (a) Photo of the Siemens D500 XRD system [10]. (b) Most XRDs contain an X-ray
source, a sample (diffractor) placed on a rotating sample holder and a rotating detector [11].
Figure 2.2 - The STOE Stadi-P capillary system, utilised for powder characterisation, is based upon
Debye-Scherrer geometry [12].
Figure 2.3 - Raman scattering energy level diagram suggests two types of shifts: (a) Stoke shifting and
(b) Anti-Stoke shifting.
Figure 2.4 - Photo of the Renishaw InVia multiline Spectroscope. The spectrum was generated by
locating and focussing on the film on the black platform manually.
Figure 2.5 - Basic Raman spectroscopy setup utilising high numerical aperture (NA) optics.
Figure 2.6 - Photoelectron spectroscopy schematic. (A) Incoming photons of energy hν interacts with
electrons from the molecular valence/core level. (B) Photoelectrons of kinetic energy = hν - BEWork Function are released where BE is binding energy.
Figure 2.7 – Basic setup of XPS system.
Figure 2.8 - The K-Alpha Compact XPS system, created by Thermo Fisher scientific in 2006 [13]
Figure 2.9 - The detector of the theta probe can be thought of as “bins” which control the angular
channels which controls angular resolution. Resampling can only be achieved for angular channels
less than the maximum.
Figure 2.10 - The theta probe procedure to calculating sample thickness abides by the Beer Lambert
law.
Figure 2.11 - The Bruker Alpha Platinum ATR-IR system setup utilised [14]
Figure 2.12 - ATR-IR spectroscopy relies on the interaction of an evanescent wave, ATR-IR crystal of
refractive index n1 and sample of refractive index n2 [15].
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Figure 2.13 - (a) A schematic of a typical liquid-N2 cooled TEM system, such as (b) the Jeol 2100
[16].
Figure 2.14 - A simple SEM resembles a simple TEM albeit with inclusion of a scan generator [17].
Figure 2.15 - A simple schematic setup of a UV-vis system [18]
Figure 2.16 - UV-vis was performed using the Lambda 950 spectroscope.
Figure 2.17 - Basic principles of UV-vis [19]
Figure 2.18 - The DektakXT Surface profiler was utilised in order to perform profilometry [20].
Figure 2.19 - A typical MS system setup schematic [21].
Figure 2.20 - Schematic interpretation of the interaction between an AFM probe and a scanned
material's surface [22].
Figure 2.21 - The Bruker Veeco Dimension 3100 AFM as situated on top of a vibration resistant
platform during measurements [23].
Figure 2.22 - A typical AFM laser-photodiode setup utilising a feedback loop circuit [24].
Figure 2.23 - A typical excitation signal for CV is a triangular waveform, of 40s cycle, with switching
potentials on the y-axis between 0.8V to -0.2V with respect to the reference electrode [25].
Figure 2.24 - CV voltammogram for a single-electron redox reaction [25, 26]
Figure 2.25 - Components of a typical GC system [27].
Figure 2.26 - GC split/splitless two-mode capillary column CP-1177 injector [27].
Figure 2.27 - Upon applying a magnetic field to a nucleus containing an overall spin I, the primary
level will split into multiple magnetic levels m.
Figure 2.28 - Interaction of the nucleus, spinning on its axis, and the applied magnetic field results in
precession around the applied magnetic field.
Figure 2.29 - Dynamic Light Scattering setup used for determining particle sizes in a solution [28].
Figure 3.1 - A molecule of DCDA is composed of two C, four N and four H atoms (C2N4H4).
Figure 3.2 - The modified PIS technique used to synthesise TGCN flakes.
Figure 3.3 - (1) Heating at 10oC/min, the temperature was ramped up to (A) 200oC and held for 1hr.
(2) The temperature was then ramped at 5oC/min up to (B) 400oC and held for 4hrs. (3) The
temperature was then ramped at 5oC/min up to (C) 600oC and held for 36 - 48hrs.
Figure 3.4 - The precursor mixture after 600oC heating for 48hrs shows a long, homogeneous black
region sandwiched between a light-yellow, gaseous region at the top and a dark yellow-brown solid of
extreme hardness at the bottom.
Figure 3.5 - XPS of the flakes produced by modified PIS. (A) The survey shows presence of O1s, N1s
and C1s. (B) High resolution C1s analysis shows evidence of C=O, C=N, C-C and either C-O or C-N
bonds as well as a π - π * feature. (C) High resolution N1s analysis shows evidence of sp2 N and sp3
N. (D) High resolution O1s analysis indicates the presence of O=C and O-C bonds.
Figure 3.6 - XPS valence band measurements of the TGCN flakes (A) revealed a valence band
maximum (VBM) of 2.5eV. Through application of valence band analysis of GCN (B & C) [29],
evidence of sp2N can be determined, alongside C2p π -bonds and C2p & N2p σ-bonds regions.
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Figure 3.7 - FTIR spectroscopy of the TGCN flakes, synthesised by modified PIS, ground with KBr to
make a pellet.
Figure 3.8 - Raman spectroscopy, under a UV laser, of the modified PIS synthesised TGCN flakes
reveals two broad peaks between 1300-1700cm-1 and 2200-2600cm-1.
Figure 3.9 - Optical image of the TGCN being characterised by Raman spectroscopy.
Figure 3.10 - Powder XRD pattern of the modified PIS synthesised TGCN flakes, between 5-60o 2θ,
0.05o steps at 20s/step accumulation.
Figure 3.11 - TEM images of the modified PIS synthesised TGCN flakes dispersed in IPA and placed
onto holey-carbon substrate at (A) 50nm resolution and (B) 10nm resolution.
Figure 3.12 - AFM DM images of the modified PIS synthesised TGCN flakes dissolved in DMSO and
fixed onto Si substrate at (A) 250nm resolution and (B) 50nm resolution
Figure 3.13 - (A) UV-vis absorption spectroscopy for the modified PIS synthesised TGCN flakes
dissolved in DMSO, with fluorescence measurements in the insert and (B) UV-Vis absorption
spectroscopy for the modified PIS synthesised TGCN flakes dissolved in water, with fluorescence
measurements in the insert.
Figure 3.14 - (A) PL spectra of the modified PIS synthesised TGCN dissolved in DMSO and (B) its
calculated energy spectrum. (C) PL spectra of the modified PIS synthesised TGCN dispersed in IPA
(D) along with its energy spectrum.
Figure 4.1 - The BQT setup was the first attempt to synthesise GCN films.
Figure 4.2 - XPS survey of (A) GCN coated onto borosilicate whereby the borosilicate was placed
right at the bend of the quartz tube and of (B) GCN coated onto borosilicate whereby the borosilicate
was placed 1cm further away from the bend of the quartz tube.
Figure 4.3 - XRD pattern of the GCN on borosilicate 1cm from the BQT bend shows crystallinity.
Figure 4.4 - Raman spectroscopy under a 327nm UV laser for GCN on borosilicate 1cm from the
BQT bend, between 1000 - 3000cm-1.
Figure 4.5 - (a) The SQRV GCN thin film synthesis setup compatible with (b) a CVD contact heater
or (c) a Bunsen burner.
Figure 4.6 - (A) XRD pattern of the product formed at the top of the QRV at various pressures,
compared to the results of a polymorph of NH4Br XRD pattern (obtained through the ICSD database)
between 15-50o 2θ. (B) FTIR spectroscopy of the product formed at the top of the QRV at various
pressures between 500-3000cm-1.
Figure 4.7 - (A) XRD pattern of the product formed at the bottom of the QRV at various pressures,
compared to the results of LiBr and KBr (obtained through online databases) between 15-50o 2θ. (B)
FTIR spectroscopy of the product formed at the bottom of the QRV at various pressures between 5003000cm-1.
Figure 4.8 - (A) XRD pattern of the product formed at the lower side of the QRV at various pressures,
compared to the results of NH4Br and KBr (obtained through ICSD database) between 15-50o 2θ. (B)
FTIR spectroscopy of the product formed at the lower side of the QRV at various pressures between
500-3000cm-1.
Figure 4.9 - FTIR spectrum of GCN synthesised through the SQRV-SB approach from 400-4000cm-1.
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Figure 4.10 - Raman spectroscopy spectra, under a 327nm UV laser source, of a GCN film
synthesised through the SQRV-SB approach from 500-3000cm-1 under (a) a dynamic vacuum and (b)
an inert N2(g) atmosphere.
Figure 4.11 - Powder XRD pattern of a GCN film synthesised through the SQRV-SB approach from
10-60o 2θ under (a) a dynamic vacuum and (b) an inert N2 atmosphere.
Figure 4.12 - The LQRV-DB setup used to create GCN films whereby the precursor mixture are
located inside a ceramic bowl, within the QRV.
Figure 4.13 - XPS of the TGCN flakes synthesised by the LQRV-DB setup.
Figure 4.14 - ATR-IR spectroscopy of the TGCN flakes synthesised by the LQRV-DB setup between
500-4000cm-1.
Figure 4.15 - XRD pattern of the TGCN flakes synthesised by the LQRV-DB setup between 5o-60o
2θ.
Figure 4.16 - A HQRV setup is currently being utilised to coat a variety of substrates, at room
temperature, with the GCN film. Progression of the reaction from (A) its initial state to (H) its final
state, as a function of time and increasing temperature, can be observed in the photos.
Figure 4.17 - The HQRV setup had three key areas of observational relevance during the experiment.
1 - The quartz tube with the reactants inside, 2 - The HQRV substrate carrying vessel, 3 - The target
substrate within the HQRV.
Figure 4.18 - HQRV synthesised GCN films as a function of time, t, and temperature, T. (A) was
taken during the ramping process, at T≈350oC. (B) was taken at T≈400oC. (C) was taken at T≈450oC.
(D) was taken at T≈550oC. (E) was taken at T≈600oC whilst (F) was taken at T=700oC at the instance
this temperature was reacted i.e. t=0. In (F) the small insert presents evidence of the target substrates,
located inside the HQRV. (G) was taken at T=700oC at t≈2min whilst (H) was taken at T=700oC at
about t≈10min.
Figure 4.19 - Borosilicate glass before and after being coated by the GCN through application of the
HQRV setup.
Figure 4.20 - FTO glass before and after being coated by the GCN through application of the HQRV
setup.
Figure 4.21 - A variety of substrates were coated with the GCN through application of the HQRV
setup.
Figure 4.22 - TiO2 P25 powders were also successfully coated with the GCN through application of
the HQRV setup.
Figure 4.23 – WO3 nanorods were coated with the GCN through application of the HQRV setup.
Figure 4.24 - (A) XPS survey of CN/Borosilicate glass. Depth profiles obtained using a 1keV Ar
mono ion gun for 60s etches. (B) At% of C and N, as well as C/N as functions of etch time.
Figure 4.25 - (A) EDX wt% of the GCN film holey C grid, synthesised through the HQRV method,
measured alongside TEM. (B) At% converted data of the GCN film on holey C grid.
Figure 4.26 - 1keV Ar mono ion gun depth profiling at 60s per etch of CN/Borosilicate, synthesised
through the HQRV method, showing high resolution (a) C1s scans and (b) N1s scans.
4.27 - ATR-IR spectroscopy of CN/Borosilicate, synthesised through the HQRV method between
500-4000cm-1.
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4.28 - XRD, through application of the Siemens D500, of CN/SiO2 barrier glass between 5-58o 2θ.
Figure 4.29 - TEM images of GCN coated onto holey C grid at resolutions of (A) 200nm, (B) 100nm
and (C-D) 10nm.
Figure 4.30 - TEM images of GCN coated onto holey C grid at (A) 30min and (B) 2hrs deposition
time, with (C) fast Fourier transform performed on the 30min coated substrate.
Figure 4.31 - SEM, through application of the Jeol 6100F, of GCN coated onto (A, B) FTO, (C) SiO2
and (D) borosilicate glass after Au coating.
Figure 4.32 - SEM, through application of the Jeol 7500F, on (A) FTO glass, (B) PTFE and (C, D)
Sellotape after Au coating.
Figure 4.33 - (A) Raman spectroscopy, under a 327nm UV laser, of GCN deposited onto borosilicate
and SiO2 glass between 200-2900cm-1. (B) Raman spectroscopy deconvolution of the peak in
CN/SiO2 between 1000-1800cm-1 through use of the Origin software “Peak Fitting” tool.
Figure 4.34 - UV-Vis, through application of the Lambda 950, of CN/Borosilicate and CN/SiO2
giving (a) Transmittance information between 400-1400nm and (b) Reflectance information between
300-1400nm.
Figure 4.35 - Tauc plots of the CN/Borosilicate sample for (A) indirect band gap and (B) direct band
gap measurements
Figure 4.36 - 1keV Ar mono ion gun depth profiling of GCN on borosilicate glass showing valence
scans after 60s of etching up to 300s of total etching.
Figure 5.1 - (a) Using urea forms TGCN but, prior to forming melamine, forms a variety of other,
lesser known, metastable stables. (b) Using tricyanomelaminate salts results in TGCN formation via
the simplest route but doesn't form melamine or melon.
Figure 5.2 - There are three types of layer growth possible with CVD and ALD. VW growth,
sometimes called island growth; FM growth, sometimes called layer growth; and SK growth, which is
a combination of island and layer growth.
Figure 5.3 - (A) GPMS chromatogram of [DCDA+ LiBr + KBr] with m/z on the x-axis, time on the
left y-axis. The right y-axis shows temperature increase of the system at 10oC/min up to 600oC at
58mins with 600o C held for 120mins. The legend denotes the pressure of the gases in torr. (B)
Potential reaction mechanism associated with HQRV GCN film growth.
Figure 5.4 - (A) From GPMS, the partial pressures of NH3, HCN and CH2N2 were observed as a
function of time where 200oC is determined as start of reaction. (B) Sequential absorption of NH3
+HCN onto target substrate resulting in GCN film growth [32].
Figure 5.5 - GPMS chromatogram of CN/SiO2 showing evolution of gas products of unitless value
m/z, on the x-axis, over time in mins, on the left y-axis. The right y-axis shows temperature increase
of the system heated at 10oC/min up to 600oC at 58mins. This temperature was held for a further
120mins. The legend denotes the pressure of the gases in Torr.
Figure 5.6 - HQRV synthesised GCN films as a function of time, t, and temperature, T. (A) was taken
during the ramping process, at T≈350oC. (B) was taken at T≈400oC. (C) was taken at T≈450oC. (D)
was taken at T≈550oC. (E) was taken at T≈600oC whilst (F) was taken at T=700oC at the instance this
temperature was reacted i.e. t=0. In (F) the small insert presents evidence of the target substrates,
located inside the HQRV. (G) was taken at T=700oC at t≈2min whilst (H) was taken at T=700oC at
t≈10min.
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Figure 5.7 - HCN, generated by combining HCl with NaCN, was interacted with NH3 in a HQRV
type setup to form GCN.
Figure 5.8 - (A) XPS survey of HCN polymer as well as high resolution XPS (B) C1s spectra and (C)
N1s spectra. (D) Raman spectroscopy spectra of HCN polymer using 327nm UV wavelength laser
between 300-3000cm-1. (E) Deconvoluted Raman spectroscopy peak of HCN polymer between 10002000cm-1.
Figure 5.9 - (A) XPS valence band measurements of HCN polymer between -5-15eV. (B) UV-Vis
Kubelka Munk spectra, under a 327nm UV wavelength laser reflectance mode, of HCN polymer
between 1.0-6.0eV binding energy (original plot in insert) (right).
Figure 5.10 - A potential reaction mechanism between HCN, generated from NaCN+HCl, and NH3
gas in forming HCN (GCN) polymers.
Figure 5.11 - XRD, through application of the Siemens D500, of CN/Borosilicate, CN/FTO and
CN/SiO2 between 15-45o 2θ.
Figure 5.12 - TEM images of CN coated onto holey C grid at resolutions of (A) 200nm, (B) 100nm
and (C-D) 10nm.
Figure 5.13 - TEM images of GCN coated onto holey C grid at 600oC at (A) 30min and (B) 2hrs
deposition time, with (C) fast Fourier transform performed on the 30min coated substrate.
Figure 5.14 - SEM, through application of the Jeol 6100F, of GCN coated onto (A, B) FTO, (C) SiO2
and (D) borosilicate glass after Au coating.
Figure 5.15 - SEM, through application of the Jeol 7500F, on (A) FTO glass, (B) PTFE and (C, D)
Sellotape after Au coating.
Figure 5.16 - ARXPS survey analysis of CN/Borosilicate, depth profiled with a 1keV Ar mono ion
gun for (A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
Figure 5.17 - Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Borosilicate.
Figure 5.18 - ARXPS C/N values for (A) CN/Borosilicate, (B) CN/FTO, (C) CN/Si, (D) CN/PTFE
and (E) CN/Acetate as a function of θg, at 0s, 30s, 60s, and 90s etch cycles using a 1keV Ar mono ion
gun.
Figure 5.19 - High resolution C1s ARXPS spectra of CN/Borosilicate at (A) 0s and (B) 30s etch
cycles, using a 1keV Ar mono ion gun, for different θg.
Figure 5.20 - XPS survey depth profiles, at 20s per etch with an Ar mono ion gun of energy (a) 1keV
and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC, (iv) 750oC, (v)
800oC and (vi) 900oC at 20oC/min heating rate.
Figure 5.21 - XPS C/N values for CN/Borosilicate synthesised at 600oC, 650oC, 700oC, 750oC, 800oC
and 900oC at 20oC/min heating rate; depth profiled with an Ar mono ion gun of energy (A) 1keV and
(B) 500eV at 20s per etch.
Figure 5.22 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at 600oC,
650oC, 700oC, 750oC, 800oC and 900oC at 20oC/min heating rate; depth profiled with a (a) 1keV and
(b) 500eV Ar mono ion gun at 20s per etch.
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Figure 5.23 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC,
(iv) 750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
Figure 5.24 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC,
(iv) 750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
Figure 5.25 - XPS valence spectra depth profiles, at 20s per etch with an Ar mono ion gun of energy
(a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC, (iv)
750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
Figure 5.26 - XPS survey depth profiles, at 20s per etch with an Ar mono ion gun of energy (a) 1keV
and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
Figure 5.27 - XPS C N values for CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled with an Ar mono ion gun of
energy (A) 1keV and (B) 500eV at 20s per etch.
Figure 5.28 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at (i)
5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled
with a (a) 1keV and (b) 500eV Ar mono ion gun at 20s per etch
Figure 5.29 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
Figure 5.30 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
Figure 5.31 - XPS valence band depth profiles, at 20s per etch with an Ar mono ion gun of energy (a)
1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
Figure 5.32 - XPS survey depth profiles, at 20s per etch with an Ar cluster source energy (a) 8keV and
(b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v)
900oC at 20oC/min heating rate.
Figure 5.33 - XPS C/N values for CN/Borosilicate synthesised at 650oC, 700oC, 750oC, 800oC and
900oC at 20oC/min heating rate; depth profiled with an Ar cluster source at (A) 8keV and (B) 4keV at
20s per etch.
Figure 5.34 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at 650oC,
700oC, 750oC, 800oC and 900oC at 20oC/min heating rate; depth profiled with a (a) 8keV and (b)
4keV Ar cluster source at 20s per etch.
Figure 5.35 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv)
800oC and (v) 900oC at 20oC/min heating rate.
Figure 5.36 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv)
800oC and (v) 900oC at 20oC/min heating rate.

22 | P a g e

Figure 5.37 - XPS valence spectra depth profiles, at 20s per etch with an Ar cluster source of energy
(a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC
and (v) 900oC at 20oC/min heating rate.
Figure 5.38 - XPS survey depth profiles, at 20s per etch with an Ar cluster source of energy (a) 8keV
and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
Figure 5.39 - XPS C/N values for CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled with an Ar cluster source of
energy (A) 8keV and (B) 4keV at 20s per etch.
Figure 5.40 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at (i)
5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled
with a (a) 8keV and (b) 4keV Ar cluster source at 20s per etch.
Figure 5.41 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar cluster soure of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
Figure 5.42 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
Figure 5.43 - XPS valence band depth profiles, at 20s per etch with an Ar cluster source of energy (a)
8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
Figure 5.44 - Profilometry of GCN grown onto borosilicate at time intervals (A) <250mins and (B)
<6000mins.
Figure 5.45 - Video capture image of the CN/Si surface of total area 300μm2 following film coating at
various time steps, through application of the Bruker Dimension Icon AFM system.
Figure 5.46 - AFM DM analysis of a 93μm2 area of CN/Si instantly, 2 mins after and 5 mins after the
reaction reached 700oC.
Figure 5.47 - AFM DM analysis of a 50μm2 area of CN/Si instantly, 2 mins after, 5 mins after and 30
mins after the reaction reached 700oC.
Figure 5.48 - AFM DM analysis of a 20μm2 area of CN/Si; 20 mins after and 30 mins after the
reaction reached 700oC.
Figure 5.49 - AFM DM analysis of a 5μm2 area of CN/Si instantly, 2 mins after and 5 mins after the
reaction reached 700oC.
Figure 5.50 - AFM DM analysis of a 1μm2 area of CN/Si instantly and 2 mins after the reaction
reached 700oC.
Figure 5.51 - AFM DM analysis of a 200nm2 area of CN/Si instantly and 2 mins after the reaction
reached 700oC.
Figure 5.52 - Analysis of the particle heights of the CN/Si at various resolutions and film deposition
time steps.
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Figure 5.53 - XPS atomic concentration of (i)C, (ii) N and (iii) O as a function of temperature (oC),
instead of time, for (a) 1keV Ar mono depth profiling, (b) 500eV Ar mono depth profiling, (c) 8keV
Ar cluster source etching and (d) 4keV Ar cluster source etching.
Figure 5.54 - ATR-IR spectroscopy measurements of GCN films synthesised at 600oC, 650oC, 700oC,
750oC, 800oC and 900oC at 20oC/min heating rate, compared with uncoated Borosilicate glass.
Figure 5.55 - UV-vis of CN/Borosilicate synthesised at 600oC, 650oC, 700oC, 750oC, 800oC and
900oC at 20oC/min heating rate, as a function of (i) wavelength (nm) and (ii) binding energy (eV).
Figure 5.56 - XPS atomic concentration of (i) C, (ii) N and (iii) O as a function of ROR (oC/min) for
(a) 1keV Ar mono depth profiling, (b) 500eV Ar mono depth profiling, (c) 8keV Ar cluster source
etching and (d) 4keV Ar cluster source etching.
Figure 5.57 - To heat the target substrate, the same HQRV setup in Chapter 4, containing the target
substrate, was placed inside a horizontal tube furnace.
Figure 5.58 - HQRV removed from the horizontal tube furnace, after target substrate was exposed to
100oC for 5-6hrs.
Figure 5.59 - XPS atomic concentration of (i) N, (ii) O and (iii) C as a function of etch time (s) for
GCN on various substrates, coated at 700oC, heating at 20oC/min and depth profiled with a 1keV Ar
mono ion gun at 60s per cycle.
Figure 5.60 - XPS C/N for GCN coated onto a variety of substrates, as a function of etch time (s),
synthesised at 20oC/min up to 700oC and depth profiled with a 1keV Ar ion gun at 60s per etch.
Figure 5.61 - ATR-IR spectroscopy of GCN coated onto many substrates between 500-4000cm-1.
Figure 5.62 - Raman spectroscopy, under 327nm UV wavelength laser, of GCN coated onto a variety
of substrates between 200-2500cm-1.
Figure 5.63 - UV-Vis (i) transmittance and (ii) reflectance spectra of GCN coated onto a variety of
substrates as a function of wavelength (nm), through application of the Lambda 950.
Figure 5.64 - CSASEM images of GCN coated on (A) Acetate, (B) FTO and (C) p-doped Si obtained
with the Jeol 7500F.
Figure 5.65 - CSASEM images of CN/FTO (A) immediately after beam contacted the film and (B)
after 1 min of SEM beam exposure on the same surface location, with the Jeol 7500F.
Figure 5.66 - XPS survey scans of (i) pure DCDA synthesised CN/Borosilcate films and (ii) HQRV
Chapter 4 synthesised CN/Borosilicate films at 700oC for 20hrs, heating at 20oC/min with 4keV Ar
Cluster etching at 20s per etch.
Figure 5.67 - XPS high resolution C1s depth profiles of (A) CN/Borosilicate from Chapter 4 and (B)
pure DCDA synthesised CN/Borosilicate. High resolution N1s depth profiles of (C) CN/Borosilicate
from Chapter 4 and (D) pure DCDA synthesised CN/Borosilicate. Depth profiles performed at 20s per
etch with a 4keV Ar cluster source with all films synthesised at 700oC for 20hrs, heating at 20oC/min.
Figure 5.68 - UV-Vis Transmittance of pure DCDA CN/Borosilicate synthesised at 700oC for 20hrs,
heating at 20oC/min as a function of (A) wavelength (nm) and (B) binding energy (eV).
Figure 5.69 - ATR-IR spectra of the pure DCDA synthesised CN/Borosilicate compared to
CN/Borosilicate synthesised in Chapter 4 through use of two different vertical tube furnaces. All films
were synthesised at 700oC for 20hrs, heating at 20oC/min.
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Figure 5.70 - XPS survey analysis of the pure DCDA synthesised CN film by-products, found within
the quartz tube. They were compared to the CN film by-products, found in the quartz tube, in Chapter
4, TGCN formed in Chapter 3, pure DCDA and yellow CN.
Figure 5.71 - ATR-IR spectra analysis of the pure DCDA synthesised CN film by-products, found
within the quartz tube. They were compared to the CN film by-products, found in the quartz tube, in
Chapter 4, TGCN formed in Chapter 3, pure DCDA and yellow CN.
Figure 5.72 - High resolution XPS (a) C1s analysis of (i) pure DCDA CN top, (ii) pure DCDA CN
2nd quarter, (iii) pure DCDA CN 3rd quarter, (iv) pure DCDA CN bottom and (v) yellow CN. High
resolution XPS (b) N1s analysis of (i) pure DCDA CN top, (ii) pure DCDA CN 2nd quarter, (iii) pure
DCDA CN 3rd quarter, (iv) pure DCDA CN bottom and (v) yellow CN.
Figure 6.1 - The three types of semiconductor heterojunctions are Type (I) Straddled, Type (II)
Staggered and Type (III) Broken [33].
Figure 6.2 - The Photocatalytic water splitting process, utilising a powdered photocatalyst [34].
Figure 6.3 - XRD pattern of (A) CN/TiO2 compared to TGCN flakes, synthesised in Chapter 3
through the modified PIS procedure, and GCN/SiO2 films, synthesised in Chapter 4 through the
HQRV approach alongside (B) Evonik (P25) TiO2 nanopowder [35].
Figure 6.4 - (a) XPS survey analysis of CN/TiO2 compared to uncoated TiO2 (Evonik P25)
nanopowder. (b) Extrapolated at% of C, N, O and Ti from the survey spectra of CN/TiO2 and TiO2.
Figure 6.5 - XPS analysis of CN/TiO2 compared to uncoated TiO2 (Evonik P25) nanopowder showing
high resolution (A) C1s scans, (B) N1s scans, (C) O1s scans and (D) valence scans.
Figure 6.6 - GC showing H evolution upon 450nm (average across the LED emission spectrum in the
inset) visible light irradiation of PtCN/TiO2 powder, with no H evolution observed for the individual
components of this system under the same conditions [32].
Figure 6.7 - UV-Vis absorption spectra of Amg of 4CP + Bml of H2O, in order to determine the ideal
absorption range which, as presented in the inset, lies between 1-2.
Figure 6.8 - UV-Vis absorption spectra of 1mg of 4CP + 35ml of H2O, scaled up to 40ml total
solution, irradiated for (a) 4hrs under dark conditions and (b) 4hrs under FRV light.
Figure 6.9 - UV-Vis absorption spectra of 10mg of PtCN/TiO2 + 40ml of H2O irradiated for (a) 4hrs
under dark conditions and (b) 4hrs under FRV light.
Figure 6.10 - UV-Vis absorption spectra of 10mg of PtCN/TiO2 + 40ml of (1mg 4CP + 35ml H2O)
solution irradiated for (a) 4hrs under dark conditions and (b) 4hrs under FRV light.
Figure 6.11 - UV-Vis absorption spectra of (A) 40ml H2O after PtCN/TiO2 removal and (B) 40ml of
(1mg 4CP + 35ml H2O) solution after PtCN/TiO2 removal. Both have been irradiated for 1hr by FRV
light.
Figure 6.12 - XPS survey analysis of CN/TiO2, washed with KOH to remove Pt, after extracting them
from (10mg PtCN/TiO2 + 40ml H2O) solution, (10mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml H2O))
solution and a (20mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml H2O)) solution. These powders were
extracted post-solution light exposure.
Figure 6.13 - The fluorescence, under FRV light, of CN/Borosilicate films dissolved into (from left to
right): DMF, DMSO, NMP, 10% HCL, ethanol, H2O, acetone and chloroform.

25 | P a g e

Figure 6.14 - Red laser passing through CN/Borosilicate dissolved into the various solutions, showing
streams of scattered particles.
Figure 6.15 - DLS measurements for particle size of the CN/Borosilicate exfoliated particles in the
eight measured solutions.
Figure 6.16 - XPS analysis of CN/Borosilicate, exfoliated in ethanol and drop-cast onto a new
borosilicate substrate showing (A) survey spectra, (B) high resolution N1s spectra, (C) high resolution
C1s spectra and (D) high resolution O1s spectra.
Figure 6.17 - Annealed WO3 which is white (Before), prior to GCN coating and then turns nonuniformly distributed brown (After) after GCN coating.
Figure 6.18 - ID vs. V graphs for (A) uncoated, unannealed WO3 and (B) CN/WO3 (unannealed) with
the lights switched on and off during PEC testing.
Figure 6.19 - PEC testing of annealed WO3 and CN/WO3 (annealed), coated for 48hrs.
Figure 6.20 - Complete testing procedure followed for both E-Coli 1030 and EMRSA 4742 with two
sets of results per repeat for a blank SiO2 run and a CN/SiO2 run.
Figure 6.21 - The two bacterial colonies investigated were E-Coli 1030 and EMRSA 4742.
Figure 6.22 - (A) E. Coli 1030 and (B) EMRSA 4742 colony-forming units (CFU) per ml of solution
in the inocula, on the blank SiO2 (control) sample and on the tested CN/SiO2 sample, under 500lux
FRV irradiation for 5hrs.
Figure 6.23 - The Log Reduction values of E. Coli 1030 and EMRSA 4742 after testing on CN/SiO2
sample, under 500lux FRV irradiation for 5hrs.
Figure 6.24 - C D-parameter vs. sp2C(%) for (A) pure C structures containing only sp2C and sp3C [36]
and (B) pure CN structures containing only C-N and C=N bonds through use of a weighted Gaussian
technique.
Figure 6.25 - First derivatives of the N KLL spectra for the CN model compounds composed of only
C=N and C-N bonds.
Figure 6.26 - N D-parameter vs. sp2N(%) for CNs composed of only C=N and C-N bonds (1-4, black)
and non-alternating sp2 and sp3 C and N bonds (5 & 6, red) through using a weighted Gaussian
technique.
Figure 6.27 - N D-parameter vs. sp2N(%) for CNs composed of sp, sp2 and sp3 C and N bonds with
sp2O contribution through using a weighted Gaussian technique.
Figure 6.28 - The Avantage measured sp2 N after N 1s peak deconvolution, compared to theoretical
sp2N of the CN model compounds.
Figure 6.29 - XPS survey depth profiles through use of an 8keV Ar cluster source for (a) GCN films
synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at 20oC/min
heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min
and (v) 30oC/min for 20hrs up to 700oC.
Figure 6.30 - N D-parameter vs. sp2N for CNs composed of only sp2 and sp3 C and N bonds with
inclusion of average GCN film N D-parameter values into a weighted Gaussian technique.
Figure 6.31 - XPS high resolution N1s depth profiles through use of an 8keV Ar cluster source for (a)
GCN films synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at
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20oC/min heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min for 20hrs up to 700oC.
Figure 6.32 - XPS high resolution C1s depth profiles through use of an 8keV Ar cluster source for (a)
GCN films synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at
20oC/min heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min for 20hrs up to 700oC.
Figure 6.33 - XPS survey depth profiles through use of an 8keV Ar cluster source for yellow CN
powder.
Figure 6.34 - N D-parameter vs. sp2N for CNs composed of only sp2 and sp3 C and N bonds with
inclusion of yellow CN powder N D-parameter values into a weighted Gaussian technique.
Figure 6.35 - XPS high resolution (A) N1s and (B) C1s depth profiles through use of a 4keV Ar
cluster source for yellow CN powder synthesised at 580oC for 16hrs at 10oC/min heating rate.
Figure 7.1 - FCA of C6H6O3 + C3Cl3N3, with AlCl3 catalyst and 1,2-DCE solvent, to synthesise the
PTF structure [37].
Figure 7.2 - Photodegradation reaction setup for PTF + CA and PTF + 4CP which was covered by a
black body outer casing with the lights located on the underside of the lid.
Figure 7.3 - Photodegradation reaction setup for PTF + AgNO3 and PTF + H2PtCl6 + Na3C6H5O7
which were irradiated under the light source whilst encased in a black body casing
Figure 7.4 - (A) The PTF immediately after reaction completion, compared to a magnetic stirrer of
20mm length. (B) The ground PTF pellets, after separation and purification, synthesised at
temperatures between 40oC-80oC with 1,4-dioxane solvent.
Figure 7.5 - The reaction between C3Cl3N3(s) and C6H6O3(s), with AlCl3 catalyst (s) and 1,4-dioxane
solvent (aq) is expected to produce the solid PTF organic structure as well as HCl (g) by-product.
Figure 7.6 - A possible reaction mechanism for the electrophilic aromatic substitution reaction
between C6H6O3 and C3Cl3N3. (a) The C3Cl3N3 complexes with the Lewis acidic AlCl3 (b) which
results in the removal of the Cl by the catalyst to leave an electrophilic acylium ion (c) and so,
nucleophilic attack of this ion by the p orbital electrons of the C6H6O3 occurs. (d) Upon undergoing
proton loss to regain aromaticity, HCl gas forms consequently to complete a single triazine-phenol
bond forming the PTF structure [38].
Figure 7.7 - PTF synthesised at 40oC-80oC with 1,4-dioxane, characterised by (A) XRD, between 050o 2θ; (B) ATR-IR spectroscopy, between 500-4000cm-1; (C-E) and Raman spectroscopy at (C)
314.5nm wavelength between 300-2000cm-1, (D) 514.5nm wavelength between 300-3000cm-1 and (E)
785nm wavelength between 300-3000cm-1.
Figure 7.8 - PTF synthesised at 40oC-80oC with 1,4-dioxane, characterised by XPS showing: (A)
survey spectra, (B) element atomic (%), and high resolution (C) C1s, (D) N1s and (E) O1s spectra.
Figure 7.9 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution C1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.
Figure 7.10 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution N1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.
Figure 7.11 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution O1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.
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Figure 7.12 - SSNMR spectra of PTF synthesised at 40oC-80oC with 1,4-dioxane showing (A) 1H
chemical shift (ppm), (B) 13C CPMAS chemical shift (ppm), (C) 13C NQS chemical shift (ppm) and
(D) 15N CPMAS chemical shift (ppm) information.
Figure 7.13 - (A) XPS valence band analysis and (B) UV-Vis spectroscopy, post Kubelka-Munk
transformation, of the PTF synthesised at 40oC-80oC with 1,4-dioxane.
Figure 7.14 - TGA analysis of the PTF synthesised at 40oC-80oC with 1,4-dioxane showing change in
weight (%) as a function of (A) sample temperature (oC) and (B) time (s).
Figure 7.15 - CA photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
change in 280nm peak intensity as a function of measurement runs at different light conditions.
Figure 7.16 - CA photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
absorption spectra of the solution under: (A) dark exposure for 5hrs, (B) FRV light (80% intensity)
exposure for 5hrs, (C) 365nm light (80% intensity) exposure for 6hrs, (D) 450nm light (80%
intensity) exposure for 3hrs, (E) 627nm light (80% intensity) exposure for 5hrs followed by the same
sample being irradiated under (F) FRV light (80% intensity) exposure for 5hrs.
Figure 7.17 - 4CP photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
absorption spectra of the solution under: (A) dark exposure for 5hrs and (B) FRV light (80%
intensity) exposure for 5hrs.
Figure 7.18 - Ag+ removal with the PTF synthesised at 80oC with 1,4-dioxane, showing (A) XPS
survey spectra for the reaction after 2hrs under UV, FRV and dark conditions in addition to high
resolution XPS Ag3d spectra for (B) dark conditions, (C) FRV conditions and (D) UV conditions post
PTF powder removal and cleaning.
Figure 7.19 - Pt removal with the PTF synthesised at 80oC with 1,4-dioxane, showing XPS survey
spectra for the reaction after 4hrs under UV, FRV and dark conditions.
Figure 7.20 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by (A) XRD,
between 4-60o 2θ; (B) ATR-IR spectroscopy, between 400-4000cm-1; (C-E) and Raman spectroscopy
at (C) 314.5nm wavelength between 300-3000cm-1, (D) 514.5nm wavelength between 300-3000cm-1
and (E) 785nm wavelength between 300-3000cm-1.
Figure 7.21 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS
showing: (A) survey spectra, (B) element at%, and high resolution (C) C1s, (D) N1s and (E) O1s
spectra.
Figure 7.22 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution C1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 7.23 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution N1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 7.24 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution O1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 7.25 - SSNMR spectra of PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene showing
(A) 1H chemical shift (ppm), (B) 13C CPMAS chemical shift (ppm), (C) 13C NQS chemical shift
(ppm) and (D) 15N CPMAS chemical shift (ppm) information.
Figure 7.26 - (A) XPS valence band analysis and (B) UV-Vis spectroscopy, post Kubelka-Munk
transformation, of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene.
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Figure 7.27 - TGA analysis of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene showing
change in weight (%) as a function of (A) sample temperature (oC) and (B) time (s).
Figure 9.1 - XRD pattern of LiBr and KBr obtained from online databases.
Figure 9.2 - XRD pattern of DCDA as obtained from online databases.
Figure 9.3 - XPS survey scan of DCDA.
Figure 9.4 - ATR-IR spectroscopy spectra of DCDA.
Figure 9.5 - Raman spectroscopy spectra, under 327nm UV wavelength and between 500-3000cm-1,
of DCDA.
Figure 9.6 - XPS analysis of TGCN flakes synthesised by modified PIS. (A) Survey spectra. (B) High
resolution C1s spectra. (C) High resolution N1s spectra. (D) High resolution O1s spectra.
Figure 9.7 - XPS at top side of quartz reaction vessel for C1s, N1s, O1s and Br3d.
Figure 9.8 - XPS at bottom of quartz reaction vessel for C1s, N1s, O1s and Br3d.
Figure 9.9 - XPS at lower side of quartz reaction vessel for C1s, N1s, O1s and Br3d.
Figure 9.10 - FTIR spectroscopy of the product formed at the top of the vessel with expected peak
locations from existing literature.
Figure 9.11 - FTIR spectroscopy of the product formed at the bottom of the vessel with expected peak
locations from existing literature.
Figure 9.12 - FTIR spectroscopy of the product formed at the lower side of the vessel with expected
peak locations from existing literature.
Figure 9.13 - BQT-synthesised CN film XPS high resolution (A) C1s, (B) O1s and (C) N1s spectra.
Figure 9.14 - XPS survey of the SQRV-SB synthesised CN film.
Figure 9.15 - SEM, through application of the Jeol 6100F of CN/FTO at increasing resolution from
(A) to (F).
Figure 9.16 - SEM, through application of the Jeol 7500F of CN/FTO at increasing resolution from
(A) to (E).
Figure 9.17 - SEM, through application of the Jeol 7500F of CN/selotape at increasing resolution
from (A) to (F).
Figure 9.18 - SEM, through application of the Jeol 7500F of CN/Borosilcate at increasing resolution
from (A) to (F).
Figure 9.19 - SEM, through application of the Jeol 6100F of CN/SiO2 at 1μm resolution.
Figure 9.20 - SEM, through application of the Jeol 7500F of CN/PTFE at increasing resolution from
(A) to (E).
Figure 9.21 - ARXPS survey analysis of CN/FTO, depth profiled with a 1keV Ar mono ion gun for
(A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
Figure 9.22 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/FTO.

29 | P a g e

Figure 9.23 – High resolution C1s ARXPS spectra of CN/FTO at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.
Figure 9.24 – ARXPS survey analysis of CN/Si, depth profiled with a 1keV Ar mono ion gun for (A)
0s (B) 30s (C) 60s and (D) 90s etch cycles.
Figure 9.25 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Si.
Figure 9.26 – High resolution C1s ARXPS spectra of CN/Si at (A) 0s and (B) 30s etch cycles, using a
1keV Ar mono ion gun, for different θg.
Figure 9.27 – ARXPS survey analysis of CN/PTFE, depth profiled with a 1keV Ar mono ion gun for
(A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
Figure 9.28 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/PTFE.
Figure 9.29 – High resolution C1s ARXPS spectra of CN/PTFE at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.
Figure 9.30 – ARXPS survey analysis of CN/Acetate, depth profiled with a 1keV Ar mono ion gun
for (A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
Figure 9.31 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Acetate.
Figure 9.32 – High resolution C1s ARXPS spectra of CN/Acetate at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.
Figure 9.33 – AFM of pure B-doped Si substrate shows a relatively smooth surface with only
nanometer roughness.
Figure 9.34 - XPS 1keV Ar mono ion gun depth profiles of CN/SiO2 for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.35 - XPS 1keV Ar mono ion gun depth profiles of CN/FTO for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.36 - XPS 1keV Ar mono ion gun depth profiles of CN/PTFE for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.37 - XPS 1keV Ar mono ion gun depth profiles of CN/Acetate for (A) survey spectra, (B)
C1s spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.38 - XPS 1keV Ar mono ion gun depth profiles of CN/Tape for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.39 - XPS 1keV Ar mono ion gun depth profiles of CN/Si for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
Figure 9.40 - The XPS obtained C KLL spectra for CN samples containing only C-N and C=N bonds.
Figure 9.41 - The weighted Gaussian fitted 1st derivative C KLL spectra for CN samples containing
only C-N and C=N bonds.
Figure 9.42 - The XPS obtained N KLL spectra for CN samples containing only C-N and C=N bonds.
Figure 9.43 - The weighted Gaussian fitted 1st derivative N KLL spectra for CN samples containing
only C-N and C=N bonds.
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Figure 9.44 - The Avantage obtained N KLL spectra for CN samples containing only sp2 and sp3 C
and N bonds.
Figure 9.45 - The Avantage obtained 1st derivative N KLL spectra for CN samples containing only
sp2 and sp3 C and N bonds.
Figure 9.46 - The weighted Gaussian fitted 1st derivative N KLL spectra for CN samples containing
only sp2 and sp3 C and N bonds.
Figure 9.47 - The Avantage obtained N KLL spectra for CN sample, DCDA, containing only sp, sp2
and sp3 C and N bonds.
Figure 9.48 - The weighted Gaussian fitted 1st derivative N KLL spectra for DCDA.
Figure 9.49 - The Avantage obtained N KLL spectra for CN sample, Urea, containing only sp, sp2 and
sp3 C and N bonds with sp2 O contribution.
Figure 9.50 - The weighted Gaussian fitted 1st derivative N KLL spectra for Urea.
Figure 9.51 - The Avantage obtained N KLL spectra for HQRV synthesised GCN films, synthesised
at: (A) 650oC, (B) 700oC, (C) 750oC, (D) 800oC and (E) 900oC for 20hrs at 20oC/min heating rate,
with the films containing unknown sp2 N and C bonds.
Figure 9.52 - The Avantage obtained 1st derivative N KLL spectra for HQRV synthesised GCN films,
synthesised at: (A) 650oC, (B) 700oC, (C) 750oC, (D) 800oC and (E) 900oC for 20hrs at 20oC/min
heating rate, with the films containing unknown sp2 N and C bonds.
Figure 9.53 - The Avantage obtained N KLL spectra for HQRV synthesised GCN films, synthesised
at 700oC for 20hrs at heating rates of: (A) 5oC/min, (B) 10oC/min, (C) 15oC/min, (D) 20oC/min and
(E) 30oC/min, with the films containing unknown sp2 N and C bonds.
Figure 9.54 - The Avantage obtained 1st derivative N KLL spectra for HQRV synthesised GCN films,
synthesised at 700oC for 20hrs at heating rates of: (A) 5oC/min, (B) 10oC/min, (C) 15oC/min, (D)
20oC/min and (E) 30oC/min, with the films containing unknown sp2 N and C bonds.
Figure 9.55 - The Avantage obtained N KLL spectra for yellow CN powder containing unknown sp2
N and C bonds.
Figure 9.56 - The Avantage obtained 1st derivative N KLL spectra for yellow CN powder containing
unknown sp2 N and C bonds.
Figure 9.57 - The Avantage obtained, and deconvoluted, N1s high resolution spectra for the model
compounds.
Figure 9.58 - (A) XRD pattern of the PTF materials synthesised at 40-80oC shows increasing
crystallinity for increasing synthesis temperature. (B) The low angle peak between 1-2o 2θ suggests a
mesoporous structure. (C) The peak at 24-27o 2θ is associated with a s-triazine structure whereas the
peaks at 22-23o 2θ and 43o 2θ is associated with a phenolic structure.
Figure 9.59 - Raman spectroscopy spectra, with a UV wavelength laser, of the PTF materials
synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 300-2000cm-1.
Figure 9.60 - Raman spectroscopy spectra, with a visible (green) wavelength laser, of the PTF
materials synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 750-2000cm-1.
Figure 9.61 - Raman spectroscopy spectra, with a near-IR (red) wavelength laser, of the PTF materials
synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 750-2000cm-1.
Figure 9.62 - (A) 13C CPMAS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
31 | P a g e

Figure 9.63 - (A) 13C NQS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
Figure 9.64 - (A) 15N CPMAS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
Figure 9.65 - (A) UV-Vis reflectance (%) spectra of the PTF samples synthesised at 40-80oC with 1,4dioxane alongside (B) the Kubelka-Munk obtained F(R) as a function of energy (eV).
Figure 9.66 - BET analysis of the PTF synthesised at 40-80oC with 1,4-dioxane, presenting
volume@STP (ml) vs. Relative Pressure (Pa).
Figure 9.67 - CA photodegradation under UV light exposure for 6+ hrs.
Figure 9.68 – 13C CPMAS SSNMR spectra of the PTF materials synthesised with 1,2dichlorobenzene at: 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 9.69 – 13C NQS SSNMR spectra of the PTF materials synthesised with 1,2-dichlorobenzene at:
40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 9.70 – 15N CPMAS SSNMR spectra of the PTF materials synthesised with 1,2dichlorobenzene at: 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
Figure 9.71 - (A) UV-Vis reflectance (%) spectra of the PTF samples synthesised at 40-120oC with
1,2-dichlorobenzene alongside (B) the Kubelka-Munk obtained F(R) as a function of energy (eV).
Figure 9.72 - BET analysis of the PTF synthesised at 40-80oC with 1,2-dichlorobenzene, presenting
volume@STP (ml) vs. Relative Pressure (Pa).

32 | P a g e

List of Tables
Table 1.1 - XPS binding energies for various functional groups commonly found in g-C3N4 synthesis.
Table 2.1 - Total angular momentum J for the different subshells in accordance with j-j spin orbit
coupling.
Table 5.1 - Surface roughness values of CN/Si deposited at different time steps over different length
scales. Some length scales have no data since the surface roughness of these samples exceeded the
maximum setpoint limit of the AFM.
Table 6.1 - (a) XPS peak assignment of the observed N KLL peaks compared to those calculated by
the equivalent core principle, for NH3 gas. (b) XPS peak assignment of the NH3 heated to 450oC, N
KLL peaks compared to NH3 adsorbed onto Mo2N surface [40].
Table 7.1 - XPS of PTF samples synthesised at between 40-80oC with 1,4-dioxane and depth profiled
by using a 1keV mono Ar ion gun showing (A) C/N and (B) C/O ratios.
Table 7.2 - BET analysis of the PTF synthesised at 40oC-80oC with 1,4-dioxane, presenting
information on specific surface area (m2g-1) and total pore volume (cm3g-1)
Table 7.3 - XPS of PTF samples synthesised at between 40-120oC with 1,2-dichlorobenzene and
depth profiled by using a 1keV mono Ar ion gun showing (A) C/N and (B) C/O ratios.
Table 7.4 - BET analysis of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene, presenting
information on specific surface area and total pore volume.
Table 9.1 - XPS deconvoluted O1s, N1s and C1s peak information for the TGCN flakes produced by
modified PIS.
Table 9.2 - XPS depth profile data tables for the HQRV synthesised GCN films for (A) survey
spectra, (B) high resolution C1s spectra and (C) high resolution N1s spectra.
Table 9.3 - XPS table of data for (A) HCN polymer and (B) filter paper control, prior to filtering.
Table 9.4 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.
Table 9.5 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey
Table 9.6 - (a) 1keV and (b) 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at
20oC/min for 20hrs at varying temperatures for XPS C/N values.
Table 9.7 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
Table 9.8 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
Table 9.9 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.
Table 9.10 - 500 eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs
at varying temperatures for XPS high resolution N1s scan.

33 | P a g e

Table 9.11 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
Table 9.12 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
Table 9.13 - (a) 1keV and (b) 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at
700oC for 20hrs at varying temperature ramp rates for XPS C/N values.
Table 9.14 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
Table 9.15 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
Table 9.16 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.
Table 9.17 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.
Table 9.18 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.
Table 9.19 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.
Table 9.20 - (a) 8keV and (b) 4keV Ar cluster source etching of CN/Borosilicate synthesised at
20oC/min for 20hrs at varying temperatures for XPS C/N values.
Table 9.21 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
Table 9.22 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
Table 9.23 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.
Table 9.24 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.
Table 9.25 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
Table 9.26 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
Table 9.27 - (a) 8keV and (b) 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC
for 20hrs at varying temperature ramp rates for XPS C/N values.
Table 9.28 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
Table 9.29 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
Table 9.30 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.

34 | P a g e

Table 9.31 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.
Table 9.32 - 1keV Ar mono ion gun etching of CN/Borosilicate synthesised at 700oC for 20hrs,
heating at 20oC/min for CN on various substrates, showing XPS C/N values.
Table 9.33 - 4keV Ar cluster source etching of CN/Borosilicate synthesised (i) with a eutectic salt
mixture (Chapter 4) (ii) without a eutectic salt mixture (pure DCDA CN film) at 700oC for 20hrs,
heating at 20oC/min.
Table 9.34 - 4keV Ar cluster source high resolution (a) C1s and (b) N1s etching of CN/Borosilicate
synthesised (i) with a eutectic salt mixture (Chapter 4) (ii) without a eutectic salt mixture (pure DCDA
CN film) at 700oC for 20hrs, heating at 20oC/min.
Table 9.35 - XPS survey analysis of (a) pure DCDA by-products, (b) Chapter 4 CN film by-products,
(c) yellow CN and (d) TGCN powder from Chapter 3.
Table 9.36 - XPS high resolution (a) C1s spectra of pure DCDA CN film by-products, (b) N1s spectra
of pure DCDA CN film by-products and (c) C1s and N1s spectra of yellow CN.
Table 9.37 - CN model compounds measured in Chapter 6, Sections 6.4.3.1 and 6.4.3.2, along with
their graph labels, theoretical sp2 C and N content and C D-parameter and N D-parameter values,
along with errors where “ D ” indicates values obtained through the weighted Gaussian technique “*”
indicates a material that underwent a phase change during XPS characterisation. “#” indicates errors
that were calculated by determining the variation from average D-parameter value with the maximum
and minimum value following each etch cycle, except the initial.
Table 9.38 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution C1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.
Table 9.39 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution N1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.
Table 9.40 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution O1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.
Table 9.41 - CHN Analysis of PTF synthesised at between 40-80oC with 1,4-dioxane showing weight
(%) and atomic (%) of C, N and H content with O content derived from these.
Table 9.42 - XPS survey information of PTF samples synthesised at between 40-80oC post AgNO3
separation, water washing and drying with reactions performed under: (A) dark conditions, (B) FRV
light conditions and (C) UV light conditions.
Table 9.43 - XPS high resolution Ag3d information of PTF samples synthesised at between 40-80oC
post AgNO3 separation, water washing and drying with reactions performed under: (A) dark
conditions, (B) FRV light conditions and (C) UV light conditions.
Table 9.44 - Pt removal with the PTF synthesised at 80oC with 1,4-dioxane, showing XPS survey
spectra for the reaction after 4hrs under UV, FRV and dark conditions.
Table 9.45 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution C1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.
Table 9.46 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution N1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.

35 | P a g e

Table 9.47 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution O1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.
Table 9.48 - CHN analysis of PTF samples synthesised at between 40-80oC with 1,2-dichlorobenzene
showing weight (%) and atomic (%) of C, N and H content with O content derived from these.

36 | P a g e

List of Equations
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃
1

𝜈̅ = 𝜆

−

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

(2.1)
1

(2.2)

𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑

𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝜑

(2.3)

𝐼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐼0 𝑒𝑥𝑝(− 𝑑⁄𝜆𝑐𝑜𝑠𝜃 )

(2.4)

60𝑖⁄ + 20)
∑𝑛=16
𝑖=1,…,𝑛(
16
𝑑𝑝 =
𝑑𝑒|| =

(2.5)

𝜆
2𝜋(𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22 )

𝑛12 𝑛2 𝜆𝑐𝑜𝑠𝜃

2𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

(𝑛12 −𝑛22 )𝜋√𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

𝑑𝑒⊥ =

(2.6)

1/2

(2.7)

(𝑛12 −𝑛22 )𝑠𝑖𝑛2 𝜃−𝑛22

𝑛12 𝑛2 𝜆𝑐𝑜𝑠𝜃

(2.8)

(𝑛12 −𝑛22 )𝜋√𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

𝜆𝑒𝐷.𝐵. = ℎ⁄𝑚𝑒 𝑣𝑒

(2.9)

𝜀 = 𝐴⁄𝑐𝑙

(2.10)

𝐸𝑔 = ℎ𝑐⁄𝜆 = 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂
1

𝑐−1

𝑝
𝑣[( 0 )−1]
𝑝

=𝑣

𝑝

( )+𝑣

𝑚 𝑐 𝑝0

𝐸1 −𝐸𝐿

𝑐 = 𝑒𝑥𝑝 (
𝑆𝑡𝑜𝑡𝑎𝑙 =
𝑆𝐵𝐸𝑇 =

𝑅𝑇

(2.11)

1

(2.12)

𝑚𝑐

)

(𝑣𝑚 𝑁𝑠 )
𝑉

𝑆𝑡𝑜𝑡𝑎𝑙

(2.13)
(2.14)
(2.15)

𝛼
𝑘

𝜔 = √𝑀

(2.16)
𝑑𝐹

𝑘 = 𝑘 ′ + 𝑑𝑧

(2.17)

0

log 𝐾𝑒𝑞 = 𝑛𝐸 ⁄0.0592𝑉
𝑒𝑉 𝑣𝑠. (𝐴ℎ𝜈)1/2

(2.18)
(4.1)

𝐻𝐶𝑁(𝑔) + 𝑁𝐻3(𝑔) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝐻3(𝑔)
𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝑁𝐻3(𝑔)
2𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑙(𝑎𝑞) + 𝐻𝐶𝑁(𝑔) + 𝑁𝑎𝐶𝑙(𝑎𝑞)
37 | P a g e

(5.1)
(5.2)
(5.3)

𝐻2 𝑂(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑁(𝑠) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝑎𝐶𝑙(𝑎𝑞) +
𝑁𝐻3(𝑔) + 𝑁𝑎𝑂𝐻(𝑎𝑞)
(5.4)
𝐻2 𝑂(𝑙) + 2𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 2𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑙(𝑎𝑞) + 𝑁𝐻4 𝐶𝑁(𝑠) + 𝐻𝐶𝑁(𝑔) +
𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) →. ..
(5.5)

38 | P a g e

Acronyms
aC - Amorphous Carbon
aCN - Amorphous CN (Contains C and N but not discernible crystalline structure)
BJH - Barrett-Joyner-Halenda Analysis
BQT - Bent Quartz Tube Setup
βCN - Beta CN (Composed of only C-N bonds)
GW - Global Warming
CBM - Conduction Band Minimum
CC - Climate Change
CFU - Colony Forming Unit
CN - Carbon Nitride (Any material composed of only C and N)
CNT - Carbon Nanotube
COF - Covalent Organic Framework
CPMAS - Cross Polarisation Magic Angle Spinning
DCE - Dichloroethane
FCA - Friedel Crafts Arylation
GCN - Graphitic CN (A material composed of only C-N and C=N bonds, arranged in a
graphitic arrangement)
GHG - Greenhouse gases
GPMS - Gas Phase Mass Spectrometry
HCP - Hyper Cross-linked Polymers
HGCN - s-heptazine GCN (A material where groups of three s-triazine units, composed of CN and C=N bonds only, are linked with other groups by a bridging sp3 N)
HQRV - Horizontal QRV
IS - Ionothermal Synthesis
LQRV-DB - Long QRV with Double Bunsen Heating
MOF - Metal Organic Framework
N-aC - Nitrogen doped aC
N-CNT - Nitrogen doped CNT
NG - Nitrogen doped graphene
NQS - Non-Quaternary Suppression

39 | P a g e

ORR - Oxygen Reduction Reaction
PAH - Polycyclic Aromatic Hydrocarbon
PBS - Phosphate Buffered Saline Solution
PIS - Polycondensation IS
PTI - Polytriazine Imide
PTF - Phenolic Triazine Framework
QRV - Quartz Reaction Vessel
rGO - Reduced Graphene Oxide
ROR - Rate of Temperature Increase Rate
RF - Radio Frequency
SNR - Signal to Noise Ratio
SQRV-SB - Short QRV with Single Bunsen Heating
SSA - Specific Surface Area
TGCN - s-triazine GCN (A material where single s-triazine units, composed of C-N and C=N
bonds only, are linked to each other by a bridging sp3 N)
VBM - Valence Band Maximum
XAES - X-ray Auger Electron Spectroscopy
Yellow CN - Abbreviated to yGCN in some figures, refers to the yellow product formed
when DCDA is heated under dynamic N2 to 50oC.

40 | P a g e

Chapter 1 – Introduction
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Section 1.1 - Background of Climate
Change
Throughout history and leading up to the present day, much discussion has occurred on the
topics of “Global Warming” (GW) and the “Energy Crisis”. Despite the universally accepted
labelling of these terms, a consequence of speculation by the media, scientists and the public
alike, the true cause and consequence of both topics are much maligned with human
intervention believed by most to have a significant impact. To understand the true impact of
the results presented in this thesis, understanding of the problem must first be clarified.

1.1.1 - Climate Change Includes Global Warming
First mentioned in a 1975 science article by geochemist Wallace Broeker, of Columbia
University, GW was first used to describe the increased warming of the global climate
because of increased carbon dioxide (CO2) levels caused by increased human activity [41]. A
more modern definition, as stated by EPA and NASA, indicates that this temperature increase
is a result of a collection of greenhouse gases (GHG) in the Earth's atmosphere, that traps the
infrared (IR) radiation emitted from the Earth’s surface (a product of energy arriving from the
Sun in the form of visible and UV radiation) [42-45]. The effect of these GHGs are much like
a blanket whereby an atmospheric composition of <1% is capable of keeping the Earth's
lower atmosphere 33oC warmer than it would be without them and, much like a blanket,
increasing the layers of these GHGs would result in increased warming, on a global scale.
The source of these GHGs are both natural, in the warm of water vapour and methane, as
well as man-made in the form of burning fossil fuels - as shall be expanded further.
The premise of GW, however, exists more closely with the term “Climate Change” (CC).
Despite some articles claiming that GW and CC are the same thing, the more accurate
definition would be that GW is a cause-consequence to CC in that increasing temperatures
effects climate behaviour with certain alterations in climate behaviour further influencing
temperature change. Though not the same exactly, the two ideas are synonymous thus one
cannot be addressed without discussing the other [46].
CC has its origins further back with physicist Gilbert Plass in 1956 being the first to publish
the term in a seminal study whereby Plass determined a distinct correlation between CO2
levels and average surface temperature where doubling the levels of CO2 in the atmosphere
increased Earth's average surface temperature by 3.6oC, whilst halving the atmospheric CO2
levels reduced surface temperature by 3.8oC on average [47]. This idea supports the notion
that GW is a real phenomenon influenced by specific GHG however, Plass' true insight into
these two concepts was his ability to determine that this increased heating is a naturally
occurring phenomena. Whilst the idea of energy being emitted out of the Earth's ecosystem in
the form of IR radiation was a well-known notion [43, 44], in the late 19th century extensive
studies by Arrhenius and Chamberlin proved that CO2 was responsible for absorbing this IR
radiation [45, 48-50]. Consequently, many years before Plass had statistically determined the
relationship, various scientists had already clocked onto the idea that CO2 was responsible for
gradual warming, which would proceed over a long-time scale thus making it a global
impact. Unfortunately, their studies gave a limited view in that it was solely CO2 responsible
for this behaviour. It was not until Plass' work that water vapour and other naturally occurring
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sources were considered into the radiation balance equation1, and found to also absorb the
same wavelength as CO2 thus contributing to GW. Building upon Plass' work, many more
GHG have since been found with their levels of contribution also having been determined to
a reasonable extent [52]. Whilst much of this evidence points to merely a temperature
increase, as stated previously, CC would be the more suitable way of discussing the
consequence of these GHGs since “Global Cooling” in certain parts of the world was also
predicted thus the use of GW was found to be inherently incorrect. Whilst the temperature
increase itself directly impacts the climate through affecting weather patterns, natural disaster
intensities and frequencies and soil quality [53-55], global temperature has been shown to
vary both ways in accordance with events that occurred millions of years prior to human
intervention in the form of the ice age, carboniferous period etc... These events were
controlled by climate control factors, rather than simply heating control factors, in the form of
“tipping elements” that see-saw beyond their critical points [56] and described by models
such as that supported by Milankovitch Theory. As such, CO2 causing only warming is not
entirely true otherwise climate temperatures would never have resulted in events such as the
ice ages.
To summarise its nature, GW has been found in many studies to be a contributing factor to
CC, which is something that has existed since Earth first had an atmosphere, controlled by
“tipping elements” continuously shifting over a set timescale with some elements having
more significant and global contributions to others. One such element, GHG, have been
shown to affect climate temperature specifically through radiation absorption however,
without its presence, Earth's surface temperature would have dropped considerably to a point
of current life not being possible. Additionally, the source of these GHG is also from Earth's
natural climates in the form of methane, CO2, water vapour etc... all being naturally formed.
This supports the theory that CC, and thus GW, are naturally occurring phenomena.

1.1.2 - Human Impact on Climate Change
GW is a consequence of GHG that prevent some incoming solar radiation from escaping back
into space. While it is true that the gases themselves are naturally occurring and have existed
long before mankind's first breath, there does exist a combined reasoning in that, for the last
two centuries, increased human industrial activity through the form of burning fossil fuels,
deforestation and destruction of coral reefs amongst other activities, has resulted in an
enhanced climate alteration. CC, as stated in section 1.1.1, has been found to alter at a
consistent rate throughout Earth's history however, much research has been performed since
then determining that human activity has enhanced the rate of this change [57, 58].
Though it was speculated for much of the late 20th century that human activity contributed to
CC, it was not until Broeker's article, as claimed by NASA historian Erik Conway, that
statistical evidence and theoretical justification of industrial impact on the climate was first
evaluated to a good extent [41]. Prior to this study, GW and even CC for most people were
unjustified, and sometimes unheard, terms dominated, at the period of the late 70's, by
“inadvertent climate modification” phrases. More specifically, whilst most of the public did
1

Through radiation balancing, and knowledge of the total amount of CO2 in the atmosphere, Plass was able to calculate the
total amount of IR absorbed and determined that there was a deficit amount still being absorbed which could not be
explained by purely CO2 concentration. The contribution determined was of water vapour and some other unknown gases at
the time [47,51].
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not believe in the idea of human activity impacting climate behaviour at all, those of the
scientific community felt strongly that human activity was, in fact, very crucial - at least to
some extent - in CC. However, prior to Broeker's study, it was not known whether aerosol
emissions that cause cooling, would dominate the effect of GHG that caused warming.
Reasons for this lack of knowledge included control of information [59], climate model
behaviour following a natural trend and lack of understanding of the information.
At present, it is well known that burning fossil fuels results in emission of GHG, including
1.7 billion tons of CO2 per year [60], whilst deforestation reduces the amount of GHG,
predominantly CO2, from being removed [61]. Both activities are undertaken by humans on a
large scale thus, through the relationship between GHGs and IR radiation, it is well
understood that this would result in increased absorption thus an increasing global
temperature. As such, from this information alone, humans have contributed to CC through
actively changing the levels of GHGs in the atmosphere. Furthermore, following from studies
of human activity and the climate model behaviour comparing human and non-human
contributions, an additional conclusion is that human activity has contributed to an elevated
temperature increase compared to the natural increase predicted by the climate model, with
non-renewable energy sources being the greatest contributor [62].

44 | P a g e

Section 1.2 - The Big Three Renewable
Energy Sources
Following two million years of human evolution comprising of an exponential growth in
population - a result of rapid advancement in the fields of medicine and education - according
to site frequency spectrum studies amongst other models [63, 64]; the impact of global
resource consumption has escalated to unmanageable levels [65, 66]. This is due to the
demand for materials exceeding that which is available, resulting in several unwanted and
lethal effects including the famously debated CC2 of which much is known with regards to
what it is and how it is being enhanced albeit a fixed solution is yet to be established [67],
given the argument that the GW aspect of CC is impacted by human behaviour.

1.2.1 - Wind and Hydroelectric Energy
In terms of the solutions that have been implemented and will be implemented further, there
do exist some in the form of renewable energy applications such as off-shore wind farms,
hydroelectric power and solar energy albeit the complete replacement of fossil fuel sources
e.g. gas and coal, is far from fully possible both in practice and even theoretically [68].
Practically, a key reason for this improbable replacement is the lack of space available to
build such devices (a consequence of several factors including terrain and population size)
and the expensive build and maintenance price which is inflated relative to current fossil fuel
sources [69]. As well as this key economic factor, which determines the viability of many of
these renewable energy sources as economically unsustainable, there also exist social and
environmental issues with regards to the building of such devices. A key example is the
construction of wind farms. Though they are capable of utilising a renewable energy source,
in the form of wind energy, to create electrical energy via the application of a turbine and
generator amongst other appliances, the construction of these titanic devices has a severe flaw
which, at present, is preventing its regular integration into everyday society....size. Since the
1980's, where these devices could generate only 50-75kW of power, this has increased to
over 20MW as of 2010 unfortunately, the size of such devices has also increased from about
20 m in height to over 110m, a result of the circular area covered by the three blades
increasing from 15m to over 120m in diameter. Consequently, more land is required to build
these devices albeit much of the terrain is left barren [70-72]. To put into numerical context,
most modern wind farms (of 20 turbines) cover a total area of about 1km2 albeit only 1% of
this land is “covered” by the wind turbines with the majority of the site being left
undeveloped thus applicable for farming primarily with housing and large construction being
impossible or very difficult due to political issues, thereby affecting policies regarding
increased housing construction thus, indirectly, leading to social issues with regards to fewer
and more expensive homes [73-75]. This reduces the number of turbines that can be built
onshore which, coupled with the fact that these more powerful and larger turbines need more
flat land, rules out mountainous areas in more windy locations thereby reducing possible
constructs even further. Additional impacts, including noise and general scenic pollution of
these turbines also have a detrimental effect with regards to local farmers and nearby settlers
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The gradual temperature increase of Earth's climate over time at a rate exceeding that of seasonal variation.
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who find these turbines disturbing to both themselves and their livestock. Combined, these
factors have resulted in the construction of offshore wind farms which, though no longer
affecting the human population on land, have resulted in environmental problems for the
oceanic habitats [76]. This terrain issue is also primarily why hydroelectric turbines cannot be
used, since they require to be built near a fast-flowing river or, in the more large-scale sense,
the construction of dams which have their own well-known social-environmental-economic
issues [77]. In particular, not only are they expensive, far more than a wind farm with Itaipu
Dam having costed $20 billion US, but is also permanently damaging to both pre-existing
natural features, with Itaipu dam having drowned the former waterfall known as Guaira falls,
as well as human settlements close to the dam resulting in both human and species relocation
[78-80].

1.2.2 - Solar Energy
The final “Big Three” energy conversion device (the solar panel), although expensive [81],
has an advantage over the other two renewable energy sources in that it can be integrated into
human settlements through its versatility in size i.e. the solar panel can be large, and attached
to housing, or very small and integrated into smaller devices such as calculators or phone
chargers [82-84]. Additionally, it can compensate for its expensive price, something other
renewable energy sources cannot do as readily, through being more versatile and thus more
available on existing devices thereby making it a popular choice for existing research into
improving renewable energy sources to focus on - specifically research into small scale
energy storage devices such as batteries [85-87]. More directly, this research is focused on
improving efficiency of photovoltaic (PV) devices which have, at present, reached an
efficiency of 41.1% using InGaP/GaAs triple-junction PV cells [88-89]. The primary issue
with regards to these inorganic solar devices involves the non-renewable nature of the
materials being combined at present [90]. Though one key aspect of research into PV devices
involves the improvement of device efficiency, a more recent (and potentially more difficult)
aim has been to create this high efficiency with purely organic materials, due to their
renewable and recyclable capabilities [91]. Though the very earliest organic PV devices, such
as indium tin oxide (ITO) [92], were single-layered and only converted <1% of solar energy
into electrical energy, the more recent brand of materials have reached a “large” efficiency of
10% albeit, compared to the inorganic materials, over four times less [93-96]. This has led to
a new field of investigation, the creation of organic-inorganic hybrid materials for solar cell
devices with efficiencies greater than 10% albeit with a versatility surpassing that of purely
inorganic devices with a potential efficiency capability of 90% [97-98].
At present, alongside the lack of a definitive solution for GW, there is a lack of a definitive
material for use in solar cells and ion-battery applications. One such group of materials, and
the topic of conversation for this project, are carbon nitride (CN) based organic materials
which have the capabilities of functioning as both pure organic and hybrid materials
(alongside metal oxide and polymeric materials) for use in such a field. It is to be noted
however, that whilst the materials discussed in this report are renewable and applicable for a
range of other applications, in particular solar cells and ion-battery devices, they have only
currently been discussed for these applications thus the omission of improvements to wind
energy and other alternatives to solar energy is not intended to depreciate their importance to
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tackling GW, but merely to focus the application of the materials discussed in this report for
applications requiring a group of similar material properties, otherwise the scale of this
investigation would remain incomplete.
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Section 1.3 - Carbon Nitride and
Carbon Nitride Related Materials
Materials composed of carbon (C) and nitrogen (N) – and hydrogen (H) - are known as CN,
of which a primary group is known as covalent networks with subclasses such as graphitic
CN (GCN) included. In addition, there also exist covalent networks consisting of C, N and
other elements such as oxygen (O) with one group known as poly triazine covalent organic
frameworks. Despite their chemical differences, both groups are known to produce stable
organic compounds capable of application in photocatalytic devices amongst others.

1.3.1 - Carbon Nitride
CNs are a class of materials composed of C, N and H albeit the multitude of structural
arrangements possible as well as the different techniques currently utilised and potentially
available to be used to synthesise these materials makes them very versatile and thus,
extremely useful. This part of the report will briefly discuss the different types of CN but
focus primarily on GCNs; as these are considered most useful for the purpose of this project
and, as such, the target material aimed for.

1.3.1.1 - Carbon Nitride Structure
CNs are a class of polymeric materials considered extremely useful due to their
biodegradable and renewable constitution as well as their accompanying properties lending
themselves to various applications [99-101]. However, despite being composed of such
abundant and recognised elements, their accepted history stretches only as far back as 1834
where it is currently recognised that Berzelius synthesised the first CN species (C3H3N), as
reported by Liebig in the same year who referred to this first CN material as “melon” [102103]. However, their approach to synthesising this material, as discussed in Section 1.3.1.2,
was unstable and dangerous. Additionally, the structure of “melon”, as determined by
Franklin in 1922 [3, 104-106], was very difficult to assign since, even with the same starting
reagents, a variation in the setup parameters resulted in the chemical content of the “melon”
changing considerably. Particularly, the C, N and H levels were found to alter depending on
various changes to parameters including temperature and pressure [30, 102, 107-109]
amongst others. Consequently, as reviewed by Thomas et al. and Lotsch et al. [4, 110], this
meant that the material “melon” was not a single type of CN but should be used to define a
group of different CN structures where Franklin defined melon as on Eq. 1.1.
(𝐻𝐶2 𝑁3 )𝑥

𝑤ℎ𝑒𝑟𝑒 𝑥 = 1,2,3. . . 𝑛

(1.1)

As such, a more modern definition of “melon” is a linear polymer composed of connected tris-triazines via secondary N [101].
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(a)

(b)

Figure 1.1 - The two most recognised types of CNs are (a) the sp2 dominated GCNs [1] and (b) the sp3
dominated βCNs [2]. H, present in both structures, has been omitted for clarity purposes.

As a result, over 180 years later, various approaches have been utilised to try and create the
“best” CN material [100, 101, 111]. The “best” implying a CN material most useful for the
application it was intended as well as the form most easiest to control since some CN forms
were found to be unstable due to structural and chemical properties [112-114] - this
requirement for stability is a primary reason for why Ionothermal synthesis was the starting
method during this investigation as this approach would theoretically give more stable GCN
species, as confirmed by Algara-Siller et al. and other authors [102, 115, 116]. Despite there
being many reviews on CNs, it was only in the past three decades that interest in these
materials has become more recognised (potentially due to the materials chemical inertness,
solvent insolubility and unknown structure). At present, the two primary types of chemically
inert CNs engineered, of a covalent organic network form, and currently of greatest interest
are GCN and beta CN (βCN) [117-119].
βCN, as presented on Figure 1.1(b), is composed of tetrahedral bonded sp3 C atoms to
trigonal planar sp2 N atoms that requires GPa pressures and 1000's K temperatures to form
[120]. It was first proposed in a theoretical study by Cohen [121] who hypothesised that if a
tetrahedral structure composed purely of C and N could be synthesised, the bulk modules of
the material could potentially be 472(±11)GPa which would make it harder than diamond, of
bulk modules 435GPa whereby the modulus was calculated via the Phillips-van Vechten
scheme3 [122, 123]. Along with Liu, Cohen further hypothesised that C and N, in a 1:1.3
ratio, could form short, strong bonds resulting in a stable crystal lattice of compressibility
comparable to that of diamond, as measured on Mohs scale [124, 125]. This H-free material
was defined to have chemical composition β-C3N4 and has since been synthesised many
times via different setups and techniques. Out of the two CN networks, this is considered the
most difficult to synthesise due to the higher temperatures and pressures generally required,
as well as the low yields [120, 124, 126, 127].
The second most researched form, GCN (Figure 1.1(a)), is composed of covalent bonded sp2
hybridized C and N atoms and sp3 C and N where the honeycomb motif of graphite is
retained making it bound purely by van der Waals forces [4, 128]. Unlike βCN, which was
initially theorised to be harder than diamond and future research subsequently based around
this theoretical research, the evolution of GCN began in 2006 through the application of a
3

An analogous model to the Fermi Energy - Bulk modulus relationship (applicable for semiconductors) albeit for
metals/tetrahedral compounds.
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mesoporous form for catalysing a Friedel-Crafts reaction with the modern day application of
it, as a photocatalyst, discovered in 2009 due to the presence of H in its lattice [129-131]. The
experimental form of GCN is found to be a defect-rich, N-bridged ‘‘poly(tri-s-triazine)’’
whereby the tri-s-triazine ring structure and the high degree of condensation provide this
form of CN with high thermal and chemical stability [109, 110, 114, 115, 132, 133]. The
consequence of N replacement is the widening of the material band gap, making GCN a
suitable medium-band gap, indirect semiconductor [100, 134] like N -doped graphene. The
thickness of single-layer graphene was approximated to be 1.54Å by Nemes-Incze et al. [135]
whereas the thickness of multi-layer GCN was 3.3Å as supported by Zhao et al. and others
[136-139], with slight variations as confirmed by Huang et al. [140], who measured a
thickness of 3.26Å, and Algara-Siller et al. [30], who determined a thickness of 3.28Å. As
confirmed by Mishra and Pathak, Kusano and Hutchings and Lee and Takai [141-144], striazine GCN (TGCN) has a high bulk and Youngs modulus whilst its electrical properties
could be enhanced further by doping with atoms such as phosphorous (P) [145], due to
increased valence electron contribution resulting in enhanced n-type semiconductor
behaviour.

(a)

(b)

Figure 1.2 - The two main forms of GCNs are (a) the s-triazine composed TGCN and (b) the tri-striazine composed HGCN. Both figures were created on Avogadro software and optimised through
the steepest descent procedure.

Whilst βCN has a diamond-like structure, consisting predominantly of sp3 C, GCN has a
planar, graphitic arrangement consisting of sp2 C and was also the primary material of
concern for this project. The history of GCN is more recent and its interest lies in the fact that
it is the most stable, known allotrope of CN that can be formed under ambient conditions
with potentially two forms: TGCN and the theoretically more stable s-heptazine GCN
(HGCN) [4, 146, 147], as presented on Figure 1.2. Triazines are a class of CN heterocycles
which exist in three molecular forms: 1,2,3 triazine, 1,2,4 triazine and 1,3,5 triazine whereby
all of these isomers are of a benzene shape albeit with three C replaced with three N with the
latter form being its most stable, most abundant (being easily derived from 1,3,5 triazine
derivatives such as the commercial resin melamine) and most useful (with application in
various herbicides, oil/gas/petroleum processing as a non-regenerating sulphide removal
agent) [148-151]. In terms of structure, triazines are like other aromatic nitride heterocycles
such as pyridines, diazines and tetrazines albeit with the total number of C replaced being
different. Heptazines are a fusion of three s-triazine rings, thus also known as tri-s-triazine,
with three substituents at the corners of the triangle and are even more stable than s-triazine,
as well as even less reactive and, as such, useful as flame retardants in areas involving
electronics [152-156].
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(a)

(b)

(c)
Figure 1.3 - GCN reaction mechanisms as determined by (a) Franklin [3], (b) Thomas et al. [4] and (c)
Dong et al. [5].
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Ignoring the substituents, the three ring structure itself is known as melem whilst the
polymerised form, with amine (-NH) terminating groups, is known as melon with other
melamine homologues, such as melem, also a possibility - all of these being ideal as flame
retardants [157-160]. GCN was expected in this investigation due to the lower pressures and
temperatures implemented however, whether of a s-heptazine form or s-triazine form was
unknown, with (-NH) terminating groups at the edges of both structures indicating
incomplete polycondensation, resulting in the formation of smaller structures such as
melamine, melem and “melon” however, the order in which they formed was subject to
investigation since the mechanisms depicted in existing literature was not consistent and
applicable on a case-by-case basis, with a couple of these mechanisms presented on Figure
1.3 [4, 30, 102, 161-163].

1.3.1.2 - Carbon Nitride Synthesis Approaches
The very first CN, “melon” was synthesised by Berzelius and Liebig via a process of
combining mercuric chloride and sulphur cyanhalium under “weak warming” resulting in
“strong swelling” and evolution of a sulphurous C - represented by a volatile white gas [103].
This synthesis is essentially the same as the more famous “Pharaohs serpent” experiment
whereby the product of Berzelius/Liebig's experiment, mercury thiocyanate, upon igniting
results in the formation of CN in the form of a snake-like structure defined originally as the
pyrotechnic snakes [164]. However, as well as the exact structure of this material being
initially unknown and only determined by Linus Pauling through crystallography experiments
in 1937 which aided in revealing the s-heptazine form of the material, this process is very
unsafe primarily due to the use of mercury and thus, not a very practical means of creating
CN for industrial use [104, 165]. As well as creating the first s-heptazine structure, Liebig
also synthesised the first triazine-containing CN through the production of melamine by
converting calcium cyanamide into dicyandiamide (DCDA) and then heating this material to
beyond its melting point to produce melamine. Today, industries produce melamine by
decomposing urea into cyanic acid and ammonia (NH3), whereby the cyanic acid polymerises
into cyanuric acid - which then reacts with the NH3 to form melamine [166, 167]. This twostep endothermic-exothermic reaction can be undertaken under a catalysed gas phase setup or
high pressure liquid phase setup with the former process resembling the phase of reactants
used in this reaction for the creation of GCN, which potentially explains why the mechanism
depicted in this report suggests the presence of melamine as well as the possible combination
of NH3 with hydrogen cyanide (HCN), as predicted by Berzelius and Liebig [103].
As well as synthesising several precursor materials, many approaches following from
Liebig's synthesis have been attempted and resulted in the synthesis of a variety of CNs though not necessarily of the more desired graphitic form. Ball milling under an NH3(g)
atmosphere [127] is suitable for CN production however the presence of alternative
atmospheres such as iodine [168] and red phosphorous [169] has resulted in doped CN
species which have allowed for improved photocatalytic and supercapacitive performances.
The application of a ball mill for GCN production has several benefits including its low cost,
mass production capabilities and flexibility for creation of a variety of CN species however,
due to the bulky size of the mill as well as the high energy use (resulting in it having low
efficiency and thus low environmental sustainability), the application of a ball mill for this
investigation was rejected [170].
To create TGCN films, RF sputtering, as performed by Zhang et al. and others [171-174], and
arc vaporisation, as performed by Bendavid and Martin and others for use as surface coatings
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can be used [175, 176]. Unlike ball milling, RF sputtering would have proved more useful in
this investigation due to the capabilities of such techniques to create CN thin films directly
regardless of the type of sputtering technique utilised or the form of CN required, doped or
undoped, as investigated by Schmidt et al., who was able to utilise this technique to
synthesise C and CF based films [172-174, 177-184]. Other forms of sputtering, such as DC
sputtering, are not usually used for CN film synthesis due to RF sputtering having better lineof-sight coverage as well as being cheaper to operate, whilst magneton sputtering, though
previously used was later replaced by RF sputtering due to the latter working well with
insulating the target by avoiding charge-up effects and reducing arcing [185-191].
Additionally, the more recent CN sputtering approaches utilise RF diode technology, due to
this new technology not needing magnetic confinement whilst still retaining uniform coating
[192-194]. In comparison to other techniques, sputtering is more costly however it is often
used for synthesis of boron CN (BCN) which can be used for CMOS back end technology
due to its low dielectric constant [174, 195]. Despite other approaches also applicable for
synthesis of BCN, such as chemical vapour deposition (CVD) and laser deposition, sputtering
is preferred due to the films synthesised proving to be very smooth and adhering to the
substrate easily [119, 136, 196-201]. Arc vaporisation, whereby an electric arc is used to
vaporize material from a cathode target which then condenses onto a substrate to create a thin
film, is also useful for creating CN films with larger grain sizes of fewer orientations for use
as surface coatings due to the high deposition rates with initial issues regarding microdroplet
contamination in earlier setups removed through application of a toroidal magnetic duct,
resulting in high quality film production of materials other than nitrides, such as oxides and
nanocomposites [141, 175, 202-204]. This procedure was not used for this investigation due
to its high cost as well as difficulty in maintenance whereby over exposure of the cathode
spot could result in sample damage, thus needing the magnetic fields, resulting in more
moving parts and making this film procedure complicated. Structurally, despite being a part
of the same CN polymer family, s-triazine ring identification is common for TGCN, as
confirmed by Algara-Siller et al. [30], as opposed to a rod-like structure for CN. Though both
have a C3N4 formula, TGCN is more suitable for energy storage applications [205] and O
reduction reactions (ORR) [206-208], whereby doping the TGCN with additional N active
sites allows it to perform as a suitable semiconductor, albeit less so than ITO [209].
As a result of its low cost, low maintenance and environmentally friendlier approach in
comparison to the discussed techniques (due to the techniques used in this investigation not
requiring external forces e.g. magnetic field, external gas flow to initiate the reaction as
required for the previous techniques) the procedure used in this investigation to synthesis
GCN flakes/powders was based upon the polycondensation approach performed by AlgaraSiller et al. [30] however, as will be discussed later in this report, the innovative method to
synthesise the CN films created in this investigation, despite involving the same starting
reagents, reaction temperature and inert N2 atmosphere as the polycondensation approach,
appeared to have properties overlapping several of the methods discussed previously in this
report - in particular, the existing method appears to be an amalgamation of polycondensation
and atomic layer deposition (ALD). Whilst the techniques of arc vaporisation and sputtering
involve the combination of precursor materials with a substrate, with arc vaporisation in
particular involving gas phase precursors, these approaches are grouped as physical vapour
deposition (PVD) whereas ALD involves sequential use of gas phase precursors whereby the
precursors react with the target substrate sequentially, one after another, for the purpose of
creating a film, usually nanosized with application in semiconductor devices [210, 211].
Whilst the polycondensation approach for synthesising GCN flakes, through the research
conducted by Algara Siller et al. and others, is well documented, knowledge with regards to
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the application of ALD for the synthesis of CN films is less understood [30, 102, 107-109,
114, 116, 212-216]. For the polycondensation approach, information regarding the synthesis
conditions e.g. heating the starting precursors (usually DCDA, cyanamide or urea) to 60oC at
a faster rate results in the CN grain sizes being smaller, as well as the mechanism involved
e.g. Thomas et al. in 2008 as well as other papers determined that the starting precursors
combine to form melon and melamine (with other combinations such as melam and melem)
before eventually turning into GCN, are well understood [4, 102, 109, 130, 163, 217].
However, not only the exact mechanism or conditions, but the ideal setup for performing
ALD of CN is also not understood.
Whilst the use of ALD for creating CN films would theoretically be ideal for application in
semiconductor devices and areas concerned with microelectronics and nanotechnology,
particularly due to ALD's ability to control growth rate with atomic precision, the high costs
(ranging from £200,000 to £800,000 with increasing expenses upon determining ideal
experimental parameters for depositing high quality layers which may take several runs),
slow deposition rate (ranging from 100-300 nm/hr and thus unsuitable for mass production of
thick films) and chemical limitations (the precursor materials have to be volatile albeit not
subject to decomposition and too heat sensitive) make this method difficult to implement for
many processes [211, 218, 219]. The setup used in this investigation, as will be discussed
further into this report, suffered from slow deposition rate, chemical limitations to a certain
extent as well as difficulty in determining the perfect growth parameters however, unlike
conventional ALD setups, the one utilised in this investigation cost about £1000, with
running costs and maintenance very low with the effect of heat and external environmental
gases e.g. O contamination and substrate heating, being a non-factor. Consequently, the
approach used in this investigation is unique and, as such, determination of its performance
through literature is not found. There are, however, approaches in literature which have used
a similar setup to create CN films such as the evaporation technique invented by Aida et al.
[6] who placed the precursor material and substrate within a horizontal test tube, sealed with
cotton wool resulting in substrate coating following heating of the precursor material, as
depicted on Figure 1.4(a). This horizontal heating method is very similar to the pyrolysis
assisted CVD, as seen on Figure 1.4(b), whereby the evaporated precursor material, within a
quartz tube, was deposited onto a quartz substrate at a controlled temperature albeit in both
cases, unlike this investigation, the substrate was subject to high temperature heating thus
preventing the use of low melting point substrates, something which this investigation has
successfully incorporated [7, 100]. ALD has also been utilised for the purpose of synthesising
silicon doped CN based materials, albeit this also includes plasma treatment during the
deposition stage [220].

(a)

(b)

Figure 1.4 - Existing ALD-type CN film synthesis methods as created by (a) Aida et al. [6] and (b)
Karuppannan and Prasantha [7].
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1.3.1.3 - Applications of Carbon Nitride
CNs have a variety of applications, primarily a result of their chemical inertness with such
applications differing depending on their structure. They are thermally stable structures that
have a high melting point and so can be used as flame retardants where, as stated in Section
1.3.1.2, TGCNs are the most resistant. The triazine-containing structure melamine is
extremely useful in industry as a result of several key properties. Much like melon, melamine
can be used as a fire-retardant material (a property that can be greatly enhanced by combining
it with resins). In addition, combining melamine with formaldehyde results in the synthesis of
the durable thermoplastic melamine resin, which is used in high pressure decorative
laminates such as Formica, melamine dinnerware etc... Melamine foam can be used as
insulation with regards to sound proofing whilst sulphating it makes melamine useful as an
admixture for cement, reducing the water content whilst retaining the cements fluidity.
Additionally, melamine is also used as a C and N source for N -doped carbon nanotubes (N CNT), prepared via CVD by pyrolysing melamine under an Argon (Ar) atmosphere in a
horizontal glass tube before performing the N -CNT synthesis in a furnace between 80oC and
90oC [4, 31, 112, 157, 163, 166, 167, 221-224]. For the purpose of this investigation,
melamine was not required but the polymerised form of it, GCN, was. This polymerised form
retains the melamine fire retardness but becomes more useful in areas involving optical and
photocatalytic areas.
Once synthesised, GCN can be used for energy conversion and storage [205] through
functionalising GCN with lithium (Li) for high capacity H storage, as well as a replacement
to existing Li-ion batteries as a result of a high density of Li ions being adsorbed over the Ntriangular holes. This application is also supported by Zheng et al. [99] who proposed that
porous and nanoporous GCN can be used as “multifunctional metal-free catalysts” with
application for fuel cell improvement - as discussed by Jorge Sobrido et al. [102]. This paper
also suggests that nanostructured GCN can be used in photocatalytic applications (as shown
on Figure 1.5) for H production as well as for ORR.
With regards to catalytic applications [5, 131], GCN powder has exhibited considerable
photocatalytic activity with potential application for water reduction and oxidation under
visible light due to possessing a 2.7eV band gap with the presence of a platinum (Pt)
cocatalyst further enhancing this [156]. Through imprinting GCN with a helical morphology
[225], this photocatalytic activity could improve through further promoting charge separation
and mass transfer. A limitation of GCN photocatalysts in comparison to metallic
photocatalysts involves the insufficient absorption of sunlight, as well as the high
recombination rate of the photo-charges [226]. In addition to metallic dopants, GCN
combined with graphene and graphene oxide (GO) [139, 227] can further enhance
photocatalytic activity. Additional applications of GCN composite photocatalysts through
CO2 reduction and pollutant degradation, through loading GCN with gold (Au) nanoparticles,
have also been suggested [228, 229].
In addition to being used in powder form, GCN thin films and nanosheets can be used for
photocatalysts [230] and, when combined with C black (Cblack), for methanol electrooxidation
as a result of enhanced mechanical and acidic resistance [231]. It can also be used for
modifying porous polyethersulphone substrate for preparation of the thin film polyamide
composite forward osmosis membrane when combined with GO [232].
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By replacing C with Si [233], graphitic silicon nitride was predicted to behave as a metal-free
ferromagnet with both charge and spin current rectification properties, allowing memory
properties of a single chip to be enhanced further. Through replacing the C with boron (B),
graphitic B doped nitride can be used in fuel cells and as a water-free lubricant in an
oxidising environment due to their high thermal stability which prevents its expansion in
semiconductor applications, a process which GCN cannot be used for [234, 235].

Figure 1.5 - Hydrogen evolution through photocatalytic water splitting [8]

Additionally, as discussed in Section 1.3.1.2, doping the CN allows for even more
applications with iodine (I) doping [236], resulting in the CN material becoming a better
photocatalyst, phosphorous (P) doping and graphene doping [237], making it a better
supercapacitor, whilst controlled B doping making it useful for use in CMOS back end
technology [86, 87, 145, 153, 169, 195, 231, 238-242]This area of research is yet to be fully
explored and subject to the synthesis approach utilised i.e. certain techniques were found to
create specific doped forms of CN more efficiently than others, but were not explored in this
investigation.

1.3.1.4 - Characterisation of Carbon Nitrides
CNs, due to their chemical inertness and thermal stability, were very difficult to structurally
characterise in 1834, when Liebig first synthesised them. Instead, Liebig's CN was first
characterised in 1937 through use of X-ray crystallography by Linus Pauling [103, 243].
Since then, further techniques have been developed allowing for more complete
characterisation of inert materials such as CN.
In order to determine structural and morphological information about GCN, transmission
electron microscopy (TEM) is frequently used as confirmed by Algara-Siller et al. and others
[30, 187, 244, 245]. Through transmission of a few hundred eV beam through an ultrathin
sample [246], information regarding individual atoms and defects of a crystal can be
performed to distinguish between GCN and βCN [190]. Despite this better than optical
microscopy resolution, TEM suffers from imaging lens aberrations, a feature greatly visible
for high resolution measurements. The grinding-polishing-etching GCN sample preparation
method implemented by Mishra et al. [244] is preferred over the focussed ion beam with
milling used by Eriksson [202]. For this investigation, drop casting the product onto a holeyC substrate was performed where 30mg of GCN into 10ml of N-Methyl-2-pyrrolidone
(NMP), ethanol, acetone and isopropanol (IPA) followed by 10hrs of sonication and
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3000RPM centrifugation for 10mins and, from this, it was determined that GCN was only
soluble, partially, in dimethyl sulfoxide (DMSO) [245, 247].
Table 1.1 - XPS binding energies for various functional groups commonly found in g-C3N4 synthesis.

From TEM, it was expected that GCN should form rough-surfaced layered sheets,
comparable to graphene, whilst retaining an irregular, amorphous, bubble-like appearance
[176, 248-251] albeit a smooth surface with well-formed sheets was determined by
Katsumata et al. [245] whilst an amorphous and polycrystalline phase was found by Mishra
and Pathak [141] suggesting that N removal could increase amorphization of GCN [113]. The
interatomic spacing was measured between to in some studies [30, 139] whilst a 2D
hexagonal graphitic arrangement, similar in appearance to other thin C structures, was
distinguished by other studies [4, 245, 252, 253].
Through use of atomic force microscopy (AFM) in conjunction with transmission electron
microscopy (TEM), layer thickness, morphology and hardness of GCN can be determined
[245, 248, 254]. GCNs tend to be brittle and poorly conductive [209], thus AFM sample
preparation involves them being fixed onto Si wafer and measured under AFM dynamic
mode (AFMDM) - since AFM contact mode (AFMCM) would result in streak artefacts. GCN
poor conductivity is why scanning tunnelling microscopy (STM) is rarely used except to
model density of states or heating failures [201, 255]. AFM and scanning electron
microscopy (SEM) determined that GCNs form rough-surfaced layers with 60-200nm
diameter and 30-40nm thick cauliflower-like grains found within these layers [4, 141, 199,
244]. These cauliflower-like grains were determined to be hexagonal with N doping having
been found to affect their homogeneity [4, 30, 245, 256, 257].
Phase information and crystal size (from the Scherrer relation) of GCN can be distinguished
through use of X-ray diffraction (XRD) [30, 137, 258, 259]. XRD measurements of GCN
suggested a purely amorphous structure [141] with some crystalline features [30, 113, 125,
141]. Two peaks at ∼27.3o, corresponding to interlayer distance 3.26Å, and an amorphous
peak at ∼13.1o for GCN were found [245] with the interlayer distance compatible with TEM
results [30, 139]. These values were consistent albeit Huang et al. [140] determined there to
be a peak at 25o, with a spacing of 3.6Å, whereas Qiu and Guo [139] determined that
graphene-GCN forms a peak at 26.9o, with a spacing of 3.31Å.
X-ray Photoelectron Spectroscopy (XPS) can determine elemental composition and
electronic structure within GCN by using the photoelectric effect [202, 260] with the binding
energies of the primary functional groups found on Table 1.1. From a variety of literature, the
N1s peak lies between 394-407eV and the C1s peak lies between 280-295eV. Through
deconvolution of the peaks it was determined that the location of N-sp2 C, N-sp3 C, N-N and
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N-O had a separation <2eV [4, 190] with the first two types being the most common for GCN
with sp2 being most common for GCN and sp3 for βCN [172, 187]. Though many papers
determined sp2 C/sp3 C = 1.4 [137], Lu et al. measured a ratio of 2/3 [138] whereas Cao et al.
determined a ratio of 0.5, due to the presence of amorphous C (aC) [261]. This residue
seemed to accompany a reduction of N [262]. Whilst the intensity of N was dependent on the
type of dopants present, such as O [139], incomplete polymerisation reduced N/C [263].
Along with XPS, Fourier Transform IR spectroscopy (FTIR) determined chemical bond
information about GCN. Whilst some IR is transmitted through the sample, the remaining is
absorbed by the material resulting in a molecular absorption and transmission spectrum
whereby different bonds correspond to different spectra [14]. Through this characterisation
technique it was determined that GCN had a fullerene-like structure [264] containing C=N,
C-N and C-C bonds in addition to NH2 and NH at 3150cm-1 and 3500cm-1 respectively [113,
265]. Bending and stretching vibrations at 810cm-1, corresponding to s-heptazine rings, and
stretching vibrations of aromatic GCN heterocycle bands between 1200-1600cm-1 were
determined, corresponding to condensed GCN heterocycles [137, 139, 265, 266] A peak at
2200cm-1 was found in some investigations which, in comparison with Raman spectroscopy
data, corresponded to C ≡ N [187].
In combination with XRD, Raman spectroscopy was utilised to identify the phases of GCN
[190, 263] whilst, in combination with FTIR spectroscopy and XPS, it provided evidence of
the presence of certain bonds [187, 267]. It was determined that overlapping D and G peaks,
of intensities ID and IG, at 1400cm-1 and 1600cm-1 (corresponding to graphene) were formed
with IG ≈ 2ID after deconvolutions were performed.
UV-visible spectroscopy (UV-Vis) found a band gap between 2.68-2.72eV for GCN, with
vapour condensation resulting in the slight variation [268]. This was higher than the 1.62.0eV band gap measured for TGCN [30] with absorption of GCN ranging between 420480nm [245]. Additionally, the semiconductor-like absorption spectra [4] had a strong peak
close to 400 nm [245] with redshift due to multiple GCN phases [269] and increasing
nanocrystalline size of the material with increased conjugation and delocalisation [270].
Fluorescence spectroscopy determined the peak wavelength through exciting the electron and
determining the wavelength at which maximum fluorescence occurs. Existing literature
showed that most peaks maximised around 420nm [270].

1.3.2 - Phenolic Triazine Framework
Phenolic Triazine Frameworks (PTF) are a class of polycyclic aromatic hydrocarbons (PAHs)
composed of C, N, O and H with potential application in photocatalytic devices. Much like
TGCN, PTFs are derivatives of graphene (through presence of aromatic groups) containing
the s-triazine sub-units, with an atomically precise structure however, whereas ideal TGCN is
composed of C, N and H, PTFs also contain O. This allows for greater flexibility in how to
tune the band gap of the materials, for further applications that TGCN struggles to impact.

1.3.2.1 - Phenolic Triazine Framework Structure
Composed of C, O, N and H, PTFs are a class of PAHs, considered to be the basis of most
organic chemistry, with strong electronic and self-assembling properties enabling them to be
hugely influential for novel device fabrication in areas such as organic electronic devices
[37].
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Figure 1.6 - PTF monomer unit created on Avogadro software and optimised through the steepest
decent procedure.

As with most organic aromatic molecules, including TGCN, PAHs are considered derivatives
of graphene with the earliest papers on these class of materials referring to PAHs as 2D
graphite segments, composed of only sp2 C [271-278]. Whilst earlier attempts to synthesise
PAHs resulted in the formation of environmentally unfriendly, carcinogenic materials [279,
280], the first high molecular weight, analytically pure PAHs were initially synthesised in the
early 20th century with R. Scholl and E. Clar being considered as the leading pioneers in this
area. As a result of their large size and the topological arrangement of the benzenoid rings
which compose these systems, PAHs are thermally and chemically very stable. As deduced
from Clar's “Aromatic Sextet rule” [273], PAH molecules can be formulated by circles in a
monocyclic system; this representing the six π-electrons in a benzene system as opposed to
non-benzenoid structure represented by the Kekule style. This implies that the reason larger
PAHs are more stable than smaller systems are a result of there being more sextets present,
resulting in increased isomer stability. Compared to pure C aromatic structures, such as
graphene, PAHs consisting of heteroatoms are rare due the structure becoming less stable
however by connecting aryl subunits through covalent and H bonding, conjugation in
heteroatom PAHs are maintained which results in enhanced electronic properties whilst
maintaining structural integrity of the molecule [281]. Consequently, most PAHs of
applicable value, such as PTF, are composed of more convenient sub-units such as s-triazine
as a result of them being more capable of forming multiple H bonds [282, 283].
The PTF structure of greatest interest for this project, as presented on Figure 1.6, was 2,4,6tris(2,4,6-trihydroxiphenyl)-1,3,5-triazine whereby the unit cell was a construct of two
aromatic environments [37]. The first being the 1,3,5-triazine region, which is consistent with
the repetitive unit forming TGCN, whilst the second environment was a graphene system
with hydroxy groups attached to the C atoms not linked to a s-triazine group. As with TGCN
and other PAHs, the stability of this PTF increases with size however, the addition of O into
the structure allows for this PAH to have a programmable edge structure and size, more so
than TGCN, resulting in the formation of liquid crystalline phases and supramolecular
architectures as well as electronic and structural properties better than TGCN. In the case of
PTF, placement of Orth hydroxy substituted aryl groups in the 2,4,6 positions of the 1,3,5triazine structure results in the formation of intramolecular H bonds between the central striazine -N and the hydroxy groups of the attached aryl groups [284-286]. As for other PAHs,
the retention of a conjugated system allows for the PTF to maintain its structural stability
whilst enhancing its electronic properties and, for this particular molecule, the hydroxy
groups allow for conjugation between the s-triazine ring and pendant aryl groups with the O
in the -OH group allowing for fine tuning properties, with the affects more prolific in
oligomers and polymers [287-289].
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1.3.2.2 - Phenolic Triazine Framework Synthesis
Approaches
Due to their self-assembling properties, PTFs are relatively easy to form (more so than
TGCN) thus there already exist many well-established synthesis techniques in existing
literature.

Figure 1.7 - Suzuki cross-coupling schematic for PTF synthesis [9]

The first of these techniques is Suzuki cross-coupling, as observed on Figure 1.7. This
technique is associated with the interaction between an organohalide and an organoborane
which, alongside a palladium (Pd) catalyst and base, results in a coupled product, usually in
the form of C-C bonds. The mechanism begins with oxidative addition of the organohalide to
the Pd(0) catalyst, which results in Pd(II) complex formation, and a hydroxide/alkoxide base
molecule then replaces the halide in this Pd complex with another adding to the organoborane
to form a borate reagent (resulting in increased nucleophile properties). The R group in the
borate then replaces the halide anion in the Pd complex, through trans metalation with
reductive elimination resulting in the final coupled product and regenerated Pd(0) catalyst
[290]. From a range of star-shaped triaryl-pyrimidines produced in good yields under Suzuki
conditions with arylboronic acid in addition [291], to long organic structures such as TPFF(MB)3 and TPF-F(MB)5 [292, 293] Suzuki coupling has shown to produce a good yield of
long chained PAHs under mild conditions which are both cheap and self-controlled, with
inorganic by-products easily removed however it is prone to the creation of products via side
reactions thus making it difficult to control overall reaction products.
Nitrile Trimerization has also been successfully incorporated in order to form PAHs. This
technique works by having three nitrile molecules, in close proximity, interact to form a
cyclic group under the presence of a metal catalyst whereby a metal-nitrile complex forms
prior to two of the nitriles combining and a third combining via several potential ways
including cyclo-addition and reductive elimination [294, 295]. As well as forming s-triazine
specific structures, such as 2,4,6-Tris{p-(N-oxy-N-tert-butylamino)phenyl}triazine [296], this
technique has also been shown to produce star-shaped oligomers with 1,3,5-triazine cores
[297] much like Suzuki coupling. However, much like Suzuki coupling, nitrile trimerization
is unable to produce s-triazine structures where the terminating groups are something other
than H-terminated [298].
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Following from this, organometallic reagents have successfully been used to replace the Hterminating groups with other functional groups where iodo- and di-iodo-1,3,5-triazine
derivatives readily undergo an iodine to magnesium exchange, resulting in mono and dimagnesiated s-triazine groups however, this literature (as well as others incorporating this
technique) has shown only mono or di-aryl substitution and not complete substitution [299,
300].
Consequently, as reported by Conn and Eisler, Friedel-Crafts arylation was the ideal
technique to incorporate in order to fulfil complete terminating group substitution in addition
to high sample purity, without the need for chromatography, as well as high yield [37]. As a
result, this was also the technique utilised in this report to synthesise the PTF PAH and, as
such, shall be discussed in greater detail further in the report.

1.3.2.3 - Applications of Phenolic Triazine Framework
As a result of their organic self-assembling properties, allowing for fine tuning capabilities,
PAHs are extensively used in various applications.
Planar, aryl-substituted s-triazine systems are utilized frequently as structural units in
coordination cages, which are types of coordination compounds containing cavities that can
engage in host-guest chemistry (a process present in proteins whereby multiple molecular
ions are held together by forces other than covalent bonds, thus giving a unique structure
allowing for applications where molecular recognition is key e.g. DNA formation) [301]. Due
to their self-assembling properties, PAHs have unique structures that can be controlled to an
excellent degree via a variety of techniques, as mentioned in Section 1.3.2.2. Consequently,
this allows them to be used in the same way ligands are used in life sciences. PTFs have only
recently been synthesised due to their highly functionalised, symmetrical structures making
them more difficult to control thus it is only recently that their self-assembling, reusable and
cavity-containing structure has been utilised in such manner [37, 302].
It is understood that both N content and micro porosity are essential for selective CO2
capture, at ambient pressures, by a solid physisorbent [303, 304]. Compared to most PAHs,
PTF contains a higher overall N content and an ultra-microporous structure thus, in a selected
study by Travis et al. [305], the 2,4,6-tris(2,4,6-trihydroxiphenyl)-1,3,5-triazine structure was
found to perform better in CO2 capture applications compared to other C based structures.
Additionally, owing to PAHs high surface area, extended π-conjugation as well as micro
porosity, recent studies have found that the PAH TDFP-1 has shown great promise for
application as a high performance capacitive energy storage material at 354 F/g with good
cyclic stability at 95% retention of initial capacitance after 1000 cycles with additional
supporting evidence supporting this application [306].
Silica gel microspheres, decorated with PAHs with s-triazine based frameworks, have also
been shown to be an improved phase for high performance liquid chromatography, by having
the s-triazine covalent organic frameworks (COFs) improve existing chromatography
separation and selectivity of the microspheres [307]. In relation to chromatography, s-triazine
based COFs have also been used in conjunction with high performance liquid
chromatography to determine the presence of phenol in environmental water samples [308].
Photocatalytic H evolution, through fast and facile production of s-triazine based COFs have
also been demonstrated in literature [309-314]. Due to their π -conjugated system, making
them good semiconductors with tailored band gap capabilities; as well as their high N
content, allowing for co-catalyst loading due to the ability to stabilise metal
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ions/nanoparticles under harsher than normal conditions; COFs with initially low
photoactivity has been shown to be converted to a photocatalyst with high activity within a
few minutes [315]. This behaviour is analogous to TGCN, owing to the s-triazine structure of
the material [30].

1.3.2.4 - Characterisation of Phenolic Triazine Framework
An abundance of characterisation techniques has been utilised to determine the nature of the
PTF and, due to its similar structure to TGCN, many more techniques can also be utilised to
characterise this material.
Nuclear magnetic resonance spectroscopy (NMR) gives great insight into the H bonding
pattern at the core of this structure. As discussed in great depth by Conn and Eisler [37],
NMR was able to determine the formation of intramolecular H bonds between the parahydroxy groups and the s-triazine structure, despite the steric bulk present at the orthopositions. Furthermore, the broadness of the ortho-hydroxy peaks confirmed that despite
providing conjugation to the structure, the centred most H bonding network was the weakest
for symmetrical PAHs. This insight allowed Conn and Eisler to optimise the structure of the
PTF by deducing which functional groups provided the most stable structure, whilst retaining
the materials good electronic properties. Application of 1H-NMR was also used to determine
the presence of certain chemical groups within the COFs thus allowing for the synthesis
procedure to be optimised for the purpose of removing impurities and excess solvent [305,
316].
In combination with NMR, XPS has also been used by a variety of researchers, especially for
monolayer COFs, to determine the chemical structure of the material. Not only was this
technique capable of deducing the nature of the covalent links between the porphyrins
composing the 2D structure [317], but it was capable of determining the level of completion
of the reaction, by determining the structure of the final chemical state, the presence of
impurities and, depending on the specific bond location, whether the functional group was
undergoing stretching or not [318, 319].
Structural information of PTF, as well as most COFs, could be obtained through application
of powder XRD. This characterisation technique could be utilised to determine the crystalline
nature of the material with peak widths and ratios potentially applicable for determining the
optimum ratio of starting reagents needed to optimise the structure. XRD also found that the
synthesised framework was not only stacked but was a combination of higher and lower
organised fractions i.e. the framework was not structurally similar throughout but had regular
levels of variation [320]. Despite this irregular crystallinity, XRD also determined the
structure to possess high surface area, favouring the potential for high CO2 uptake. This
variation in crystallinity, generally favouring lower crystallinity for COFs but high surface
area, was found in other studies [305, 316, 321, 322]. The variation of these surface areas
ranged from 500-2000m2g-1 with higher crystalline COFs tending to have the higher surface
area and so better CO2 uptake. For PTF, the presence of a s-triazine group would result in
XRD patterns similar in structure to that of TGCN albeit with a variation as a result of the
para-hydroxy constituents.
Alongside XRD and XPS, FTIR spectroscopy can also be used to determine structural and
chemical properties of the materials. For s-triazine based COFs, such as PTF, the expected striazine structure is expected to result in the presence of a peak ranging between 13001600cm-1 with variations depending on the level of crystallinity of the material, the presence
of impurities and stacking. This technique could also determine the level of completion of the
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reaction by comparing the final product and the starting material, since bonds such as C=N
and C=C noticeably stretch in aromatic structures compared to linear chains, represented by
the reduction in the wavenumber location of the monomer peak [316, 319, 320, 323].
UV-Vis can also be used to determine the degree of planarity in the COFs [37] whereby
ortho-groups were found to limit the conjugation in these groups, resulting in reduced red
shift of the peak appearing on the spectra. The reduction in absorption can characterise
decreasing conjugation, allowing structural stability of the COF to be determined.
Furthermore, UV-Vis absorption data could also be used to determine the band gap and how
certain functional groups result in its variation, thus providing insight into fine tuning the
materials semiconducting properties [324, 325]. From UV-Vis measurements, the band gap
values range between 2-2.9eV, like that of GCN albeit with greater band gap control.

63 | P a g e

Section 1.4 - PhD Motivation of Study
The primary objective of this project was to investigate the synthesis of CN materials, of
which the products synthesised were characterised and then utilised for various applications;
with application as a photocatalytic material being the most pressing. A secondary objective
of this project was to explore the synthesis of covalent organic frameworks, similar in
structure and structure to the CN materials, with a strong focus, once again, on the application
of these materials in photocatalytic applications.
In order to complete these objectives successfully, the primary and secondary objectives were
split into smaller key aims to which experimentation and analysis was performed separately as shall be further discussed in their relevant chapters in this thesis. The aims researched for
this project were:
1. Upon development of the CN project, by Dr. Robert Palgrave and Thermo Fisher
Scientific in early 2014, the initial aim was to synthesis the CN material in its more
recently discovered highly ordered crystalline s-triazine, or s-heptazine, graphitic form
(TGCN or HGCN) [30].
2. The next aim was to synthesise CN films through an innovative one-step vapour
deposition procedure with properties, ideally suitable for photocatalytic applications
much in the same way as the TGCN/HGCN powders.
3. Through implementation of the Pseudo-ALD vapour deposition procedure, CN was then
coated onto various metal oxide (titanium dioxide and vanadium oxide) to create a hybrid
organic-inorganic material for enhancing photocatalytic activity further [326-328].
4. Through lack of information with regards to the film growth process, another aim was to
look into the mechanism behind the CN film growth with focus on how the growth
occurred, through observation of the chemical mechanism, and how the growth was
affected by various external parameters including temperature, time and pressure amongst
others.
5. To investigate the effect of etching the films in order to determine the difference between
the surface and bulk of the CN films, as well as to determine how cluster etching and
mono beam etching would affect these differences.
6. To investigate how altering starting material, both with and without a eutectic salt
mixture, would affect the CN films synthesised.
7. To investigate the exfoliation properties of the material in various solutions for the
creation of single-layered CN sheets.
8. To investigate the intercalation properties of the material for sodium and lithium, for
determining the materials potential as a charge storing device.
9. To compare the photocatalytic properties of the CN material with the properties of a
solid-state synthesised PTF.
10. To determine the effect of changing reaction parameters and starting reagents on the
properties of the PTF.
11. To determine the potential for porosity inducing techniques to be applied to the PTF to
determine the potential for synthesis of a microporous PTF.
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Chapter 2 – Experimental
Methods
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Section 2.1 – Synthesis Techniques
Despite there being a variety of approaches to synthesising graphitic carbon nitrides (GCNs),
as reviewed in Chapter 1, the initial synthesis approach utilised in this investigation was a
modified Polycondensation Ionothermal Synthesis (PIS) approach, as utilised by Algara
Siller et. al. [30], which was used to synthesise s-triazine GCN (TGCN) flakes. Following
from this, a vapour deposition approach - similar in behaviour to Chemical Vapour
Deposition (CVD) and Atomic Layer Deposition (ALD) - was then utilised for the purpose of
synthesising GCN films, onto a variety of substrates. Friedel-Crafts Arylation (FCA) was also
utilised for the synthesis of the TGCN analogue, Phenolic Triazine Frameworks (PTF),
through reaction of several different starting reagents.

2.1.1 - Principles of Polycondensation Ionothermal
Synthesis
PIS is comprised of two separate reactions: a Polycondensation (PC) reaction and an
Ionothermal Synthesis (IS) reaction. PC forms polymer units through successive monomer
bonding whereby the larger final product formed, from the combination of these monomers,
are condensed during the bonding process, which occurs in a gaseous state with any byproducts other than the polymer also remaining in a gaseous state [212, 329]. IS describes the
process of using ionic liquids as both the solvent and the structural directing agent or
template in solid formation whereby this process is analogous to the more conventional
hydrothermal synthesis, which utilises water as the solvent [213, 215, 330, 331]. In IS there
exist two routes of reaction: either in a solid-state setup or a solution phase, whereby the
latter is preferred due to the application of lower temperatures (resulting in the reagents less
likely to react to create products that are more thermodynamically favourable than the
product required) as well the easier control - allowing for the formation of meta-stable
product stages. Consequentially, PIS refers to the use of ionic liquids as a solvent and
structure directing agent for the synthesis of polymers through co-ordinating the starting
monomer units in a gas/liquid phase. Co-ordination polymers, such as metal-organic
frameworks (MOFs), have low thermal stability thus synthesis of these materials through
techniques such as solvothermal synthesis results in incomplete structures. Furthermore,
polymers are more likely to collapse upon removal of the ionic liquids than, for example,
zeolites thus it is more common for IS of polymers to involve a eutectic salt mixture [330,
332-335].
With regards to synthesis of TGCNs, the first successful incorporation of IS was achieved by
Bojdys et al. [109] who created crystalline, condensed CN of form g-C3N4, composed of
hexagonally arranged s-heptazine sheets stacked in a graphitic, staggered, arrangement and
held together through C-N and C=N covalent bonds with each s-heptazine group connected
via tertiary amino groups [336]. In this approach a eutectic salt mixture of lithium chloride
(LiCl) and potassium chloride (KCl) was used as the solvent and structural directing agent
with more recent studies, such as that by Algara-Siller et al, utilising lithium bromide (LiBr)
and potassium bromide (KBr) salt mixture to synthesise s-triazine sheets [30]. Whilst the striazine composed TGCN has been successfully synthesised in laboratory conditions, the sheptazine (tri-s-triazine) composed s-heptazine GCN (HGCN), presented by Bojdys et al. has
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only been predicted by DFT simulations [337]. HGCN is considered the most stable form of
2D GCNs under ambient conditions but, as of present, unable to be produced under
laboratory conditions. In both cases, the starting carbon (C) and nitrogen (N) precursor
materials (cyanamide [109] and dicyandiamide (DCDA) [30]) do not immediately form
HGCN and TGCN, but form several meta-stable states including melamine, melam and
melon at temperatures exceeding 56oC (this high temperature also makes it impossible to use
conventional solvents thus a eutectic salt mixture is required). As determined by Jargens et al.
[338], the stages between the starting precursor and the final GCN product involves transition
through meta-stable states via de-amination and formation of aromatic units which are
controlled through changing the temperature, moisture content and pressure amongst other
external experimental parameters. As determined by Bojdys et al. and Algara-Siller et al.,
changing the temperature of the reaction, the rate of temperature increase and the ratio of the
chosen salt mixtures has profound impacts on the structural properties of the final TGCN
product [30, 107].
The biggest challenge with regards to PIS use for TGCN synthesis is with regards to kinetics,
where there being a high probability of the reaction failing to go to completion with the bulk
reaction remaining at the melon stage [338]. The use of a eutectic salt mixture reduces this by
allowing the reactions to proceed beyond 40oC, whereby most conventional solvents
vaporise, in a molten salt environment that is highly stable at high temperatures as well as
non-corrosive [339].

2.1.2 - Principles of Vapour Deposition
Vapour deposition describes a family of techniques that, under a pressure lower than
atmospheric pressure, deposit layers of material atom-by-atom or molecule-by-molecule on a
solid surface. The thickness of this material can range from millimetres, down to atomic
scales whereby layering results in the formation of optical coatings. Whilst Physical Vapour
Deposition (PVD) uses a liquid or solid source material, CVD utilises a chemical source
whereby the latter also contains further sub classes including ALD, which is a thin film
deposition technique that synthesises films based upon a sequential use of a gas phase
mixture whereby, usually two, chemical precursors react with the substrate surface, under a
gas phase, sequentially and in a self-limiting manner albeit under a vacuum with precursor
pressure and sticking probability affecting the film growth cycle [135, 210, 211, 219, 220].
The first successful incorporation of CVD into CN synthesis was by Zhang et al. who utilised
rf plasma assisted CVD to synthesise Beta CN (βCN), the 3D diamond-like CN [340]. Two
years later, plasma assisted CVD, and then later microwave-plasma assisted CVD, was found
to result in hexagonal CN synthesis through direct combination of methane (CH4) and N by
chemical transport from a hollow graphite cathode where it was found that the film
preferentially grew around defects on the substrate e.g. scratches [200, 341-343]. Around this
time, the application of s-triazine composed starting precursors were also utilised via this
CVD approach to create crystalline CNs [344]. Pyrolysis assisted CVD was then utilised to
create nanostructured CN films, via a two-zone approach [7, 345]. Due to the better film
control and lower reaction temperatures needed with ALD, its application for CN synthesis is
more recent due to the ultra-high vacuum (UHV) conditions required, thus it was only in
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2016 that successful application of ALD to synthesise highly conformal, atomically thick
silicon doped CN was possible [220, 346]. However, it was not until 2017 that the use of a
pseudo-ALD/CVD approach was utilised to create GCN films [32].
Despite the higher conformity and purity of synthesised films, as well as the lower reaction
temperatures required compared to alternative techniques, a major issue with conventional
CVD and ALD is the high vacuum conditions required in order to run the experiments thus
maintenance and costs are generally higher. Furthermore, as discussed in Chapter 1, both
techniques require the substrate to be heated in previous investigations as well as the
inclusion of an external gas flow to force the reaction gases into the ALD coating chamber.

2.1.3 - Principles of Friedel-Crafts Arylation
FCA was lastly utilised for PTF synthesis whereby two arene groups couple directly with
assistance from a Lewis acid4 and protic acid5, as described via the Scholl reaction [347]. The
exact mechanism behind arylation is not well understood but it is found that certain activation
groups e.g. methoxy, improve yield and selectivity [348].
For gas storage, materials known as synthesised reticular organic frameworks, grouped into
two forms: MOFs and covalent organic frameworks (COFs) have recently been synthesised.
This broad grouping refers to extended crystal structures comprised of repeating units which,
as a result of the utilisation of rigid bonding, creates intrinsic porosity within the material.
Whilst MOFs are 3D organic-inorganic hybrid networks with a metal centre bonded to
multiple linking ligands, COFs (which are the interest of this investigation) are a form of
microporous organic polymer networks, composed entirely of organic porous, light organic
elements: C, N, oxygen (O) and hydrogen (H). These are structured to incorporate porosity
into monomeric building blocks [349]. These building blocks are based upon aryl groups that
incorporate rigid bonds that link polymer subunits together, to form larger rigid frameworks
which contain narrow mesopores and micropores (e.g. COF-10) [350]. To obtain this
porosity, polymers minimise void space by maximising the attraction between constituent
groups whereby the use of rigid monomeric units and linkages is crucial for micro porosity
[351].
Despite there being a variety of usable synthesis techniques, COFs are synthesised through
condensation reactions which have resulted in long range ordered, crystalline materials
however they tend to be complicated to perform (and determine the mechanism of) as well as
requiring expensive reagents and catalysts, as well as being difficult to isolate. The solution
to this was to incorporate single-step FCA couplings which utilise metal-chloride catalysts to
link the rigid building blocks e.g. FeCl3 catalyst to connect 1,3,5-triphenylbenzene building
blocks for CO2 uptake [352].

4

A chemical species that contains an empty orbital.

5

An acid that can donate protons during dissociation.
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Section 2.2 - Characterisation Technique
Several characterisation techniques were essential in proving the synthesised material to be
GCN however, depending on the form of the final material synthesised i.e. flake or film, the
characterisation setup utilised had to be altered accordingly. This section will discuss the
theory and the working mechanisms of the characterisation techniques utilised in this project
with greater emphasis placed on the working mechanism with respect to the sample.

2.2.1 - X-ray Diffraction
Through application of the Bruker D4 Endeavour and the Stoe Stadi P capillary
diffractometer, for flake and powder samples, and the Siemens D500, for film samples,
crystallinity of the GCN and PTF materials was determined.
When light passes through a prism, or water droplet, a spectrum is created, as described by
the principle of electromagnetic dispersion [352]. Much in the same way, when X-rays,
which are EM waves of a specific wavelength, are directed onto a 3D structure with a crystal
lattice i.e. mineral, part of the beam gets diffracted, as per a natural diffraction grating [354].
This diffraction angle is affected by the atomic composition and arrangement of the crystal
lattice composing the minerals. Each mineral has a unique “fingerprint”, meaning that they
each have a unique combination of atomic composition and crystal lattice arrangement, thus
X-ray diffraction (XRD) can be used to determine these minerals by assigning each a
characteristic d-spacing value. This d-spacing value refers to the space between adjacent
atomic planes in the crystal lattice. From a practical perspective, there exist numerous XRD
techniques however the theory behind each technique is based upon the same principles. In
all techniques, an X-ray source is generated in a vacuum tube (whereby the wavelength of the
source is dependent upon the source material from which it is emitted from e.g. copper (Cu),
molybdenum (Mo) etc...), known as a cathode ray tube (CRT). Upon being directed onto the
sample of interest, depending on the nature of the sample as discussed previously, the X-ray
source is diffracted onto a detector whereby the received signal is converted into a binary
count rate. Upon varying the angle between the X-ray tube, sample and detector during the
measurement sequence, scans are produced (counts per second) [355, 356]. Whilst the CRT
generated X-ray, prior to sample interaction, is monochromatic and collimated, the
interaction between the sample and X-ray results in constructive interference that satisfies
Bragg's law and presented on equation 2.1.
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(2.1)

where:
n = Order of the diffracted beam
λ = Wavelength of the incident X-ray beam (nm)
d = D-spacing. Distance between the adjacent atomic planes in Å
θ = Angle of incidence of the X-ray beam (angle between X
ray tube, sample and detector)
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As implied from Eq. 2.1, by performing measurements of the sample at a fixed wavelength at
various 2θ, all possible diffraction directions of the sample can be obtained if the sample is
randomly oriented. A peak would be present if the set angle corresponded to a specific
orientation and, once several peaks are identified a pattern can be obtained (whereby this
pattern is simply a sum of diffraction patterns produced at each phase in a mixture albeit
relative amounts of phases cannot be determined from relative peak intensities) from which
d-spacing can be calculated and used to identify the material where Rietveld refinement can
be utilised to determine crystal structures of unknown crystalline materials [355, 357, 358].
However, only crystalline materials can be indexed whilst amorphous materials, represented
by a broader peak, cannot. Whilst amorphous samples are represented by a broader peak,
peak broadening can also indicate the presence of small crystalline sizes in nanocrystalline
material, stacking faults and even instrument errors. Additionally, homogeneous, singlephased samples are preferred when dealing with new materials since XRD favours heavier
elements thus only partial information for heterogeneous samples can be obtained with multiphase samples of new or unknown structures6. Upon acquisition of multiple peaks of a
crystalline structure, peak fitting through incorporation of Miller indices can be performed,
with either empirical knowledge of the materials or Rietveld refinement to determine weight
fraction of individual phases, in a many-phase system.
The first set of samples prepared were TGCN flakes, discussed in Chapter 3, and these were
characterised through application of the Bruker D4 Endeavour. Prior to mounting the flakes
onto the D4, they were ground finely through use of an agate7 pestle and mortar in order to
achieve good signal-to-noise ratio (SNR) by avoiding intensity fluctuations, spottiness and
preventing orientation effects of each individual granule in the powdered samples - since
specimen displacement would result in systematic errors. However, if ground too finely the
presence of lattice distortions and the formation of a Beilby layer (amorphous layer outside
the grains) would become paramount [360, 361]. If the D4 sample holders were filled too
much, or too little, a shift in the overall XRD pattern could result thus a clean, sterilised glass
slide was swept across the top of the holder to remove excess powder, whereby the smooth
top layer is especially essential for thin films to avoid shadowing affects however, for both
types of samples the final product had to be dried of any liquid contamination which would
increase background noise. The sample holders for the TGCN powders utilised were formed
from plastic, with a cavity in the centre, or from plastic containing a Si [100], P-type boron
(B) - doped crystal at the centre with a cavity, to place the powders inside. An issue with the
plastic holders is with regards to the presence of an “amorphous” hump at 13o 2θ (Copper
(Cu) anode tube) thus a Si cavity, which produces no background noise between 20o-120o 2θ
(Cu anode tube) was preferred. Zero-background holders, such as ZBH-32, would have been
an ideal replacement to these plastic and Si sample holders however were not utilised since
the TGCN peak, expected at 27o 2θ (also commonly observed for other GCNs), was within
the “no-background” region of the Si holders with ZBH-32 predominantly utilised for lowangle XRD analysis. Additionally, the sharp peaks, associated with noise from the Si [100]

6

In this context, “unknown samples” refers to XRD patterns of minerals not found in the existing XRD database.

7

Agate is extremely non-porous, thus massively reducing contamination from lodging onto the pestle and mortar surfaces making it effective from preventing cross-contamination between different materials [359].
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material, were much lower in intensity than the expected TGCN peak, thus were not an issue
in final measurements [362, 363].
Following from the production of TGCN powders, the second set of samples prepared were
GCN films (coated onto a variety of substrates), as discussed in Chapters 4-6. These were
also characterised on the Bruker D4 Endeavour, initially, but then later transitioned to the
Siemens D500 of Cu-Kα radiation source (1.5418Å), as presented on Figure 2.1(a), due to the
length of scan time required to achieve respectable data quality. Sample preparation
technique for both instruments was very similar with most criteria required for powder
preparation, also holding true for film preparation with some differences. To begin, unlike the
powder, the films could not be packed tightly into a Si [100] cavity D4 sample holders, due to
the structural properties of the film being inadequate for this, thus they had to be placed onto
plastic sample holders with a larger cavity, through utilisation of blu tack, where they were
placed as parallel to the base of the holder as possible with the top of the film at the same
height as the top edges of the sample holder to prevent the X-rays from scattering off the
edges of the sample and creating interference peaks in the pattern. Not only would this result
in “plastic” interference, but also blue-tack interference if any of the blu tack was exposed to
the X-ray. These holders, and film set-up, was also utilised for the Siemens D500 with an
additional follow-up step required [10]. The holder, with the attached film inside, was then
placed inside a steel casing and placed onto the sample holder inside the D500 (whereby the
casing was held in place through the effects of a magnet). In terms of working principle, both
the D4 and D500 function in the same manner, as presented on Figure 2.1(b), with a rotating
stage and detector concept (as opposed to the stationary stage preferred for crystalline films,
such as that utilised by the Bruker D8 Discover [364]). To perform measurements on the
D500, the GCN film (coated onto silicon dioxide (SiO2) substrate and cut into a 20mm x
20mm grid prior to blu-tack fixing) was scanned between 5o-60o 2θ in Bragg-Brentano
geometry, at a step size of 0.05° 2θ at 50s per step.

(a)

(b)

Figure 2.1 - (a) Photo of the Siemens D500 XRD system [10]. (b) Most XRDs contain an X-ray
source, a sample (diffractor) placed on a rotating sample holder and a rotating detector [11].
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Figure 2.2 - The STOE Stadi-P capillary system, utilised for powder characterisation, is based upon
Debye-Scherrer geometry [12].

A supporting XRD system utilised in the latter chapters of this report, Chapters 6 and 7,
involved the application of the STOE molybdenum (Mo) Stadi-P diffractometer due to its
ability to measure air and moisture sensitive samples more effectively than other XRD
techniques. Whilst the principles of this XRD are the same as the aforementioned systems,
this XRD functions slightly differently and is much more flexible in how it performs
measurements [365]. For the GCN, the STOE Stadi-P diffractometer, with Mo source, was
utilised with the sample setup based upon Bragg-Brentano geometry i.e. the sample was fixed
and did not rotate. With regards to sample preparation, the powders were compressed
between two zero-scattering foil sheets prior to sample mounting. The system utilised for the
PTF, in Chapter 7, was based on the same Stadi-P diffractometer setup however was based
upon the Debye-Scherer geometry, much in the same way the D4 and D500 are, as presented
on Figure 2.1(b). A major difference was with regards to the sample preparation whereby,
following grinding, the powders were placed into a glass capillary tube and flame sealed,
before mounting onto the system as presented on Figure 2.2. The capillary was then rotated,
to change the orientation of the individual powder grains to maximise the number of grains
that satisfy Bragg's condition at a given time, and measured under transmission geometry
mode (as opposed to reflection mode) due to the system’s ability to minimise preferred
orientation effects. An issue with utilising flat-plate sampling, such as the D4 and D500, is
with regards to the amount of sample being illuminated. Whilst knowledge of the GCN XRD
pattern was well known, from existing literature, knowledge of the PTF XRD pattern was
unknown, thus utilising a system that minimised any orientation preferences would be more
ideal thus the STOE Stadi-P system was used for the PTF powder and not the TGCN powder.

2.2.2 - Raman Spectroscopy
Upon interaction with a molecule or crystal, photons are found to scatter elastically, if the
energy of the scattered photons matches that of the incident photons (Rayleigh scattering), or
inelastically, where the energy of the scattered photons is different to that of the incident
photons (Raman scattering). Discovered in 1928, Raman scattering is a non-destructive
technique, found to detect the difference in energy between the incident and inelastically
scattered photons, associated with different vibration modes. This energy difference is
represented by arrows of different lengths, commonly referred to as the Stoke and Anti-Stoke
scattering where Stoke scattering refers to the emission of an inelastically scattered photon of
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energy lower than the incident photon, whilst Anti-Stoke scattering refers to emission of an
inelastically scattered photon of energy higher than the incident photon. As presented on
Figure 2.3, whilst the Stoke-shifted scattering is more commonly observed in Raman
spectroscopy measurements, Anti-Stoke scattering (which is always weaker than Stokes
shifted scattering) is more common for molecules existing in a vibrationally excited state at
vibrational frequencies less than 1500cm-1, predominantly at room temperature. The
information contained in both shifted-scattering processes are the same thus if information
from Stoke shifted scattering cannot be obtained, as a result of low detector response, AntiStoke shifted scattering data can be analysed instead.

Figure 2.3 - Raman scattering energy level diagram suggests two types of shifts: (a) Stoke shifting and
(b) Anti-Stoke shifting.

Through utilisation of the Renishaw InVia confocal microscope, as seen on Figure 4, under
excitation of a 327 nm laser source for the GCN and PTF samples and excitations of 785 nm
and 532 nm for the PTF only, between 200-1500cm-1 at 30 s acquisition time per scan in air
(under ambient conditions), observation of local and collective bond vibrational modes as
well as rotational low frequency modes within the GCN films was performed in order to
produce various peaks, corresponding to different atomic bonds within the structure [366,
367]. In order to obtain readings [368], the photons from the monochromatic laser interacts
with the electric dipole of the molecules being measured, whereby in quantum mechanics this
scattering is described as an excitation to a virtual state lower in energy than a real electronic
transition with very similar de-excitation and change in vibrational energy. These shifts are
detected by the spectrophotometer, where the base laser power is blocked by the second filter
and if a shift has occurred the system, or in this investigation the solution, contains
vibrational energy. For different chemical bonds, vibrational energy varies thus the shift is
slightly different and this can be represented by Equation 2.2.
𝜈̅ = 𝜆

1

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

−

1
𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑

(2.2)

where
𝜈̅ = Raman Shift (cm-1)
λ = Wavelength of the incident and scattered laser photons (cm)
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Figure 2.4 - Photo of the Renishaw InVia multiline Spectroscope. The spectrum was generated by
locating and focussing on the film on the black platform manually.

This shift is a direct consequence of incoming photons exciting molecules to higher,
quantized vibrational states known as normal modes of vibration of the molecule (where the
vibration is composed of intramolecular vibrations, crystal lattice vibrations and rotational
vibrations). These normal modes are affected by molecule bending motion, stretching motion
and out-of-plane deformations that changes a planar structure to a non-planar one. As with
XRD, different molecules have their own “fingerprint” vibrational modes, influenced by the
molecules atomic mass, chemical bond strength and atomic arrangement. Due to this
quantized nature, Raman spectroscopy intensities are governed by selection rules whereby the
dipole moment P is found to be directly proportional to an external electric field E : P= α E
where α is the molecule polarizability - which relates to the ease at which electron cloud
distortion is possible for the molecule. This induced dipole is what is responsible emitting
and scattering light at frequencies comparable to the incident light. Raman scattering is a
direct consequence of a change in polarizability dα/dQ ≠ 0 where Q is the normal coordinate
of the vibration. This is analogous to attenuated total reflectance IR (ATR-IR) spectroscopy
where a net change in molecule dipole moment is what results in the vibrational modes. The
intensity of the Raman bands depends predominantly on the magnitude of the polarizability
change so, if the external electric field (formed from the molecular bonds) change
polarizability very little, the Raman spectroscopy bands obtained will be observed as very
weak.
Sample preparation involved placing the synthesised films onto a black platform, for support
with the black colour utilised to prevent background fluorescence, directly under the light
source passing through the magnifying lens which was then used to focus the image through
application of a CCD camera through application of the XY control knobs and coarse/fine Z
controls. Once the image was perfectly focussed, the dials were rotated in order to generate
the laser for performing spectroscopy, which was achieved through use of the accompanying
software, where other than for laser power control, which had limited values due to the use of
a filter as described on Figure 2.5, served no other key function apart from display purposes.
Direct power control of the laser was impractical due to the laser taking too long to shift
between different power levels. Through the application of high numerical aperture optics
[369], the laser light was focussed onto the centre of a very small sample allowing for in-situ
measurements.
Measurement errors would have occurred due to the science of the laser interaction and,
unlike the previous errors, these errors could not be removed as efficiently. In combination
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with Raman scattering, which is deemed weak by Mowry et al. [369], intense Rayleigh
scattered light may have been present, potentially interfering with the final spectrum.

Figure 2.5 - Basic Raman spectroscopy setup utilising high numerical aperture (NA) optics.

2.2.3 - X-ray Photoelectron Spectroscopy
Photoelectron spectroscopy relies on a 1:1 exchange between photons and electrons, in a
UHV system to prevent photoelectron interaction with the atmospheric gas phase molecules,
where the electrons omitted from the material originate from the molecular inner band.
Through analysis of these photoelectron's kinetic energy distribution (number of emitted
electrons as a function of their kinetic energy), compositional and electronic state information
about the samples surface can be obtained however, this is also influenced by the energy of
the incoming monochromatic photons. As defined by Einstein's relation, these incoming
photons have energy E=hν where h = Planck Constant (Js) and ν =
Incident radiation frequency (Hz). In X-ray photoelectron spectroscopy (XPS), soft X-rays of
energy range 200-2000eV are used to ionise the inner shell of a molecule to examine corelevels whilst Ultraviolet (UV) photoelectron spectroscopy (UPS) uses vacuum UV radiation
of energy range 10-45eV to ionise the outer shell of a molecule to examine valence levels,
thus making it more surface sensitive. Considering conservation of energy laws, which states
that the combined energy of the neutral atom and incoming photon must equal the energy of
the ionised atom and outgoing photoelectron, Equation 2.3 is formed, with a visual
representation as presented on Figure 2.6 [260, 370].
𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝜑

(2.3)

where
E = Energy of the outgoing Photoelectron
hν = Energy of the incoming photon (X-ray or UV)
BE = Binding energy (Energy difference between ionised and neutral atom, with
respect to the Fermi level)
Φs = Spectrometer work function (Energy difference between Fermi level and vacuum
level – usually negligible in XPS)
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Figure 2.6 - Photoelectron spectroscopy schematic. (A) Incoming photons of energy hν interacts with
electrons from the molecular valence/core level. (B) Photoelectrons of kinetic energy = hν - BEWork Function are released where BE is binding energy.

Figure 2.7 – Basic setup of XPS system.

Following the photon emission and sample interaction stage, after escaping the sample, the
photoelectrons are then transferred through a hemispherical8 energy analyser, as presented on
Figure 2.7, which disperses the electrons with respect to their kinetic energies, through
application of an electric field and, if necessary, this is followed by electron multiplication to
enhance the signal amplitude for the purpose of improving the quality of the output spectra
displaced. The peak intensities correspond to the chemical concentration present within the
sampled region however, for GCN based structures, s and p electrons can incite weak spinorbit coupling and large relaxation times, making them suitable for spintronic devices but not
for ferromagnetic devices unless hydrogenated to form weak dangling bonds [371]. Due to
the expected graphitic nature of the synthesised GCN films, this effect was likely for all. BE
arises from the contraction of outer electronic orbitals following emission of a core
photoelectron in XPS, which results in a core hole, where this photoelectron is screened by
either the valence electrons from the same system it was omitted from (intra-atomic
relaxation) or from local environment electrons just outside of the atom (extra-atomic
relaxation). As a result, factors other than the energy level of the photoemission affect the BE
including oxidation state of the atom (where a more positive oxidation state results in higher
BE due to there being additional Coulomb interactions between the photoelectron and ion

8

Though the energy analyser can assume many forms, the concentric hemispherical form is the most common in modern
XPS systems.
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core) and the local chemical and physical environment. Consequently, chemical shifts for the
same bonds in different systems is a regular occurrence [372].
Much like for other spectroscopy techniques, purer samples in XPS are signified by narrower
peak widths, which are affected by the electron analyser resolving power, line-width of the
incident radiation (controlled by use of monochromators) and the intrinsic width of the initial
level and the lifetime of the final state. However, unlike conventional non-vacuum-based
spectroscopy techniques, the strength of the bond between the sample and substrate is
paramount to avoid poor data due to causing pressure within the chamber to reach unsafe
levels, preventing measurements albeit this was more of a problem during flake and powder
measurements. Additional purity issues are related to the deposition of adventitious C (advC)
on the surface of the GCN films, making it difficult to distinguish the contribution of this
advC from the C of the film. Through use of the K-Alpha TM+ Compact XPS system
(composed of a 72W monochromatic Aluminium Kα (AlKα) radiation of energy 1486.6eV
and a dual beam flood gun, to compensate for sample charging), introduced by Thermo
Fisher scientific in 2006, as shown on Figure 2.8 [13], BE and percentage composition for
surfaces of the GCN and PTF, synthesised in this investigation, were determined in order to
obtain surface chemistry information. For the TGCN flakes (Chapter 3) and PTF powders
(Chapter 7), surface measurements were only performed whilst for the synthesised films
(Chapters 4-6) depth profiling was also performed to tackle this surface contamination issue.
Through application of an Argon (Ar) monoatomic ion beam source under a vacuum (∼
5×10-8mBar), information with regards to the bulk of the film could be obtained - for the
purpose of 3D chemically mapping the GCN film deposited on various substrates.
Application of Ar cluster source etching under a vacuum (∼5×10-8 mBar) determined
information with regards to GCN stability. In particular, whether the ion gun energy
destabilised the bulk of the films chemically and structurally - an effect explored further in
Chapter 5.

Figure 2.8 - The K-Alpha Compact XPS system, created by Thermo Fisher scientific in 2006 [13]

Nitrogenated amorphous C (N-aC) is magnetically active thus all the products, whether flake
or film, are fixed securely to avoid pull-off due to the XPS magnetic field [341, 373, 374].
The samples were secured onto a Cu-Al holder with the films placed onto the grid with
isopropanol (IPA) cleaned metal tweezers, and secured with Cu fastenings in a manner so as
to avoid shadowing other samples on the grid, whereas the flakes and powders were secured
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through placing and flattening them, with IPA cleaned spatulas, onto double-sided C tape.
Application of double-sided tape was also utilised for films of a very small size albeit this
was avoided due to the difficulty in removing the films after and due to out-gassing of the C
tape during chamber vacuum pump-down.
Once inside the XPS, X-ray energy between 200-2000eV was directed towards the sample
under 10-6Pa vacuum, through a micro-focussed probe, resulting in photoelectron emission,
as described previously. Whilst generally surface sensitive, at higher energies, electrons
beyond 10nm (the maximum sample thickness XPS can measure without etching) are
emitted, scatter and result in broad peaks beyond 1400eV. Because of the 1:1 photon to
photoelectron exchange, a single spectrum for systems is ideally expected however this is
only the case for electrons omitted from the s orbitals. For electrons omitted from a p or d
orbital, closely spaced doublets arise because of spin orbit coupling. With reference to the d
orbital, a system with outer shell configuration p6d10 undergoing photoexcitation will
transition to a state of p6d9 however, due to the d orbital having non-zero orbital angular
momentum, coupling between the unpaired spin and orbital angular momentum will occur, an
effect also experienced by electrons omitted from the p or f shell, as outlined on Table 2.1.
This coupling is modelled by either LS coupling (where L is the angular momentum vector of
the system and S is the spin-angular momentum vector of the system) or j-j coupling (where J
refers to the total angular momentum of the system). Through application of LS coupling, the
new system results in multiple degeneracy states where, for example, ionised palladium ( Pd )
results in 2D5/2 and 2D3/2 where the 3/2 and 5/2 refer to the total angular momentum of the
system with J= 5/2 being the system with the lowest BE, due to having an outer shell more
than half-full. On the XPS spectra, the relative intensities of these two degeneracies refers to
the probability of the system transitioning to either state upon undergoing photoionization
[375, 376].
Table 2.1 - Total angular momentum J for the different subshells in accordance with j-j spin orbit
coupling.

Subshell Total angular momentum J value Area Ratio
s

1/2

N/A

p

1/2 and 3/2

1:2

d

3/2 and 5/2

2:3

f

5/2 and 7/2

3:4

A sister technique to XPS is Auger Electron Spectroscopy (AES) whereby after the core (Kshell) electron has been ionised through the effect of high energy electron bombardment, the
electron in the band directly above (L1 shell) drops down and transfers energy to the electron
in the bands above L2,3 causing this low energy electron (Auger electron) to be released [258,
377]. Though this technique is useful at determining surface properties of the element, the
final kinetic energy is difficult to interpret i.e. it is impossible to determine if the electron
energy measured is the auger electron or the ionised electron. As such, the detection of the
electron energy by XPS is considered simpler and the chemical shifts easier to interpret, due
to the presence of only one electron and its high resolution, albeit difficult to use for
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measuring surface properties of the material at high energies, for which UPS is preferred
[378].

2.2.3.1 - Angle Resolved X-ray Photoelectron Spectroscopy
To determine variation of the chemical constituents of the GCN film at the near-surface,
Angle Resolved XPS (ARXPS) was performed through application of Thermo Fisher’s Theta
Probe system. XPS of the film surfaces was performed at 16 angular channels (out of a total
of 96 possible angular channels) between 20o-60o.
Whilst most of the technical features e.g. vacuum strength, ion beam source etc... of XPS
remains the same for ARXPS, the key difference involved the behaviour of the Theta Probe
system upon performing measurements. Although angle-resolved measurements can be
performed through application of the K-Alpha system, sample tilting is required (which is
very difficult to perform in most situations). Through application of the Theta Probe, sample
tilting is not necessary since the whole range of data, between the specified angles, are
collected simultaneously with the 2D detector collecting angular range in one direction and
kinetic energy in the other.
To understand this procedure, the relationship between the intensity of the emitting electrons
and the sample depth is necessary. In conventional XPS, there is a 1:1 exchange of photon to
electron where, in terms of intensity Iphoton = Ielectron. For an infinitely thick substrate, Ielectron =
I0 where I0 is constant. However, for ultra-thin samples or for samples where information of
the top few nm is essential e.g. semiconductor devices, the sample depth d becomes relevant
to the analysis. In most situations, this depth is unknown and, whilst most conventional
techniques can calculate this depth using more intrusive methods such as atomic force
microscopy (AFM), profilometry and even XPS depth profiling etc..., ARXPS utilises the
non-destructive angle of emission θ of the emitted electrons to determine d , through use of
the Beer-Lambert law, as defined by Equation 2.4 and presented on Figure 2.9, where it is
found that the angular distribution of the emitted electron intensity has a cosine dependence
Itotal ∝ cos θ [379, 380].
𝐼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐼0 𝑒𝑥𝑝(− 𝑑⁄𝜆𝑐𝑜𝑠𝜃 )

(2.4)

Whilst similar angular dependent techniques, such as XRD, requires either sample rotation or
gun rotation, the theta probe can acquire simultaneous angular data through the physical
feature of the detector itself. As presented on Figure 2.9, by thinking of the angular channels
to be equivalent to bins on the detector surface ranging from between 20o-80o, the angular
resolution of each of these bins is expected to be 60o/16 =3.75o which, physically means that
these channels are filtering electrons detected within a 3.75o range. As such, the angles that
were detected by the ARXPS theta probe system were governed by Equation 2.5.
60𝑖⁄ + 20)
∑𝑛=16
𝑖=1,…,𝑛(
16
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(2.5)

Figure 2.9 - The detector of the theta probe can be thought of as “bins” which control the angular
channels which controls angular resolution. Resampling can only be achieved for angular channels
less than the maximum.

With regards to intensity of acquired data, as governed by the Beer-Lambert law, signal
intensity falls off exponentially with increasing sample depth however, for the theta probe,
angle of emission also plays a significant factor. As presented on Figure 2.10, at higher
angles (those more parallel to the surface), vertical emission depth into a sample reduces, thus
the obtained signal intensity is much lower. Whilst this naturally results in poorer resolved
data, it also counteracts the impact of metal over non-metal peak domination (an effect
present for near-normal emission XPS).

Figure 2.10 - The theta probe procedure to calculating sample thickness abides by the Beer Lambert
law.

2.2.4 – Attenuated Total Reflectance FT-IR
Through use of the Bruker Alpha Platinum ATR-IR system, as presented on Figure 2.11,
information with regards to film structure with respect to chemical bonds was determined for
the synthesised GCN films (Chapter 4) and the PTF powders (Chapter 7) whilst the Thermo
Nicolet 6700 infrared (IR) spectrometer was utilised for the TGCN flakes (Chapter 3).
Whereas the samples were placed directly onto the ATR-IR crystal grid as-prepared, prior to
characterising, the TGCN flakes were ground in a 1:100 ratio with potassium bromide (KBr)
powder and formed into a pellet, prior to Fourier transform IR (FTIR) spectroscopy
characterisation, to dilute the sample to prevent absorbing all of the bands in IR spectrum. As
well as the difficulty in measuring films with FTIR spectroscopy, ATR-IR spectroscopy was
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preferred due to its higher resolution, as a result of its lower SNR, with the thicker surface
coating nature of the film being difficult to dilute for FTIR spectroscopy measurements
without damaging the structure. For the purpose of the films measured in this report, 256
repetitions were performed at 4cm-1 steps between 400-4000cm-1. Repeats over different parts
of the films were also performed with the final ATR-IR spectroscopy spectra created through
averaging the repeats, in order to remove random errors.

Figure 2.11 - The Bruker Alpha Platinum ATR-IR system setup utilised [14]

In ATR-IR spectroscopy, an IR beam is transmitted through the sample in the form of
standing waves known as “evanescent waves”, which are formed from the IR beam reflecting
from the internal surface of a high refractive index crystal, where the evanescent waves
transmits orthogonally into the sample which is in direct contact with the crystal. Prior to
passing into the sample, the incident IR beam is interferometer-encoded where a “heartbeat”
signal is formed from the IR beam reflecting off two mirrors within the detector after
interacting with the sample until it is Fourier transformed into a frequency spectrum via
accompanying software [14, 381, 382].

Figure 2.12 - ATR-IR spectroscopy relies on the interaction of an evanescent wave, ATR-IR crystal of
refractive index n1 and sample of refractive index n2 [15].

As presented on Figure 2.12, when the angle of the incident IR beam (θ), of wavelength (λ),
exceeds the critical angle (θc) where θc=sin-1(n2/n1), total internal reflection occurs - an
environment resulting purely in ATR-IR spectroscopy spectral results. If the angle is not met,
a combination of ATR-IR spectroscopy spectral results as well as external reflections will
occur and this usually occurs if: θ < θc, n1 is too low, n2 is too high or a combination of these
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effects [383]. Additionally, ATR-IR spectroscopy measurements are also impacted by the
depth of penetration (dp) of the IR beam into the sample, which is defined as the distance
required for the electric field amplitude to fall to e-1 of its surface value as represented by
Equation 2.6.
𝑑𝑝 =

𝜆
1/2
2𝜋(𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22 )

(2.6)

As the evanescent wave progresses further into a sample, its strength decays exponentially
with depth of penetration ranging from 0.5-5μm. As such, in order to compare the sample
absorbance of ATR-IR spectroscopy measurements with transmission data from conventional
FTIR spectroscopy, evanescent wave volume needs to be determined. This wave volume is
commonly referred to as effective penetration depth (de) of the IR beam which is unique for
parallel polarisation (de||) (Equation 2.7) and perpendicular polarisation (de⊥) (Equation 2.8)
where, for an unpolarised IR beam: de= (de|| + d e⊥)/2.
𝑑𝑒|| =

𝑛12 𝑛2 𝜆𝑐𝑜𝑠𝜃
(𝑛12 −𝑛22 )𝜋√𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

𝑑𝑒⊥ =

2𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

(2.7)

(𝑛12 −𝑛22 )𝑠𝑖𝑛2 𝜃−𝑛22

𝑛12 𝑛2 𝜆𝑐𝑜𝑠𝜃
(𝑛12 −𝑛22 )𝜋√𝑛12 𝑠𝑖𝑛2 𝜃−𝑛22

(2.8)

From the above data set, qualitative analysis of a sample can be obtained from ATR-IR
spectroscopy by a single reflection measurement but, through increasing the effective path
length (EPL) by increasing number of reflections (NR) within the crystal, quantitative
analysis can be performed where EPL= NR × de. This is why more data repetitions are
required. A final factor affecting the ATR-IR spectroscopy data acquisition, is quality of the
crystal and quality of the connection between the crystal and the sample. If the crystal is
defected, or damaged, the reflections will not occur effectively whereas, for irregularly
shaped, rigid or porous sample, high pressure is required in order to maximise the amount of
sample in contact with the crystal to increase sample absorbance and, consequently, reduce
reflected signal entering the detector. Therefore spectrometers, such as the Bruker Alpha
Platinum ATR-IR spectrometer, contain an overhead clamp, as presented on Figure 2.11.
An IR spectrum is obtained from this technique due to atomic resonance frequencies of
molecules lying within the IR range absorbing some of the signal at specific wavelengths.
Unlike XPS and Raman spectroscopy, the IR beam in ATR-IR spectroscopy is not
monochromatic but covers a range of wavelengths - as represented by the x-axis of the IR
spectra - with molecules of certain types absorbing IR of specific wavelength and appearing
closer to 0% transmittance in the IR spectra - representing by “negative” peaks. Analogous to
Raman spectroscopy, ATR-IR spectroscopy relies on the net change in molecule dipole
moment and this is what results in the vibrational modes of functional groups being detected
by the system and creating a spectrum. Upon acquisition of this frequency spectra, two
primary pieces of information can be deduced which are the films functional groups (usually
lying between 1500-4000cm-1), that usually contribute to a materials chemical reactivity and
can be further divided into five regions; and the fingerprint region (between 500-1500cm-1)
which is used to identify the unknown material by determining the materials stretching and
bending vibrations [14, 381, 382]. Whilst the entire ATR-IR spectroscopy spectra is one
single piece of data, identification of individual peaks (identified through application of the
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three-point spacing method) is usually performed in the functional group region with the
pattern of the peaks in the fingerprint region being used to determine the unknown material
due to individual materials having their own unique patterns. Much like XRD and Raman
spectroscopy, the molecules local chemical and physical environment influences the strength
of the functional group's vibrations thus the location of a functional group in one molecule
will not be the same as in another molecule. Unfortunately, for unknown samples, either
those with unknown elements or an unknown structure (as was the case for this
investigation), the fingerprint region cannot be used as efficiently due to the reliance of a
standard library to compare the patterns.

2.2.5 - Transmission Electron Microscopy with
Energy Dispersive X-ray Spectroscopy
Transmission Electron Microscopy (TEM) is used to provide high resolution, usually submicrometre to nanometre scale, images of samples through the interaction of high energy
electrons and specimen.

(a)

(b)

Figure 2.13 - (a) A schematic of a typical liquid-N2 cooled TEM system, such as (b) the Jeol 2100
[16].

In this investigation, the Jeol 2100F 200kV TEM was used to obtain high resolution images
of the TGCN flakes and GCN films. Through use of the procedure discussed by Katsumata et
al. [245], a few drops of TGCN-dimethyl sulfoxide (TGCN-DMSO) solution were deposited
onto a holey-C grid (used due to its relative cheapness despite Au grids being more inert).
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After being left to dry-fix in air, in order to prevent vacuum pull-off, the sample was inserted
into the liquid-N2 cooled TEM chamber, under vacuum. The GCN films were directly
deposited onto a holey-C TEM grid through direct vapour deposition (Chapter 4). The grid
was then placed into an acetone-cleaned TEM sample holder and inserted into the liquid-N2
cooled TEM vacuum chamber of pressure 10-6 Pa [384].
During TEM measurements, as presented on Figure 2.13, a few hundred eV electron beam
was transmitted through an ultra-thin sample, interacting as it passed through, and obtained
images of the sample due to the small de Broglie wavelength of the electrons λeD.B. as
represented by Equation 2.9.
𝜆𝑒𝐷.𝐵. = ℎ⁄𝑚𝑒 𝑣𝑒

(2.9)

where
h= Planck constant
me = Electron mass
ve = Electron velocity ∝ V= Accelerating voltage
As determined by Equation 2.9, λeD.B. ∝ 1/ve for incoming electrons, emitted from a cathode.
Therefore, faster electrons can resolve smaller structures thereby increasing the microscopy
resolution [385]. This allowed individual atoms and accompanying defects to be resolved for
3D crystalline structures although imaging lens aberrations at high resolutions affected the
final image - as observed in the form of blurriness. This velocity is controlled by an
accelerating voltage, applied when the electron passes through the anode, thus a stronger
anode or longer chamber would result in faster electrons however, as well as blurriness,
increasing the electron energy too much would result in structural damage of the material - as
was the case for the PTF material when exposed to the TEM beam. Additional affects,
especially common for amorphous or weakly bonded samples, would be drift at high
resolutions where the narrowing of the beam results in excitation of the film surface resulting
in sample movement - an effect making still image acquisition difficult to achieve.
Upon exiting the anode, the electrons are then directed into a vacuum tube where they are
controlled by electromagnetic (EM) lenses, formed by coils around the tube, which direct the
electron beam to the centre of the tube where there is a very thin specimen/sample located
part-way down the tube - in this investigation, the specimen was the GCN coated Cu grid.
This EM lens is what allows TEM to obtain higher resolution images than conventional
optical microscopes where, in order to obtain images of the GCN on the TEM grid, in
addition to keeping the sample clean prior to chamber insertion, camera magnification and
light intensity were controlled [386].
Whereas some areas of the sample allow electrons to transmit through unaffected, other
regions can absorb varying amounts of electrons whilst some even scatter the electrons as a
result of the negatively charged electrons being repelled by the nucleus of the atoms
composing the sample. Consequently, electrons that do reach the detector reach it with
varying energies which results in the sample depth appearing as a contrasting greyscale on
scanning electron microscopy (SEM) software. In this greyscale, darker regions refer to areas
of the sample with higher electron absorption whilst brighter regions absorb less electrons.
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This implies that the darker regions contain more matter (or are composed of high atomic
number elements) than the brighter regions, which could be a result of the sample being
thinner or there being spaces between the material. As such, by using more energetic
electrons they are more likely to penetrate the sample and so, increasing the voltage results in
TEM image quality to improve however, if energy is increased too much, the electrons could
overcome the repulsive force exerted by the atomic nuclei in the sample and destroy the
sample as mentioned previously. An issue with using TEM for PTF and other organic
materials, such as GCN, is with regards to the similar atomic numbers composing the sample.
This results in the contrast of the image being poorer, which could be improved by staining
the samples with heavy metals such as osmium (Os) or lead (Pb) [387].
The TEM also contained an attached SiLi detector energy-dispersive X-ray spectroscopy
(EDX) system, cooled with the same liquid-N2 as required for TEM cooling, which was
utilised in order to determine if the material was GCN through the excitation of the sample
via X-rays in a manner similar to that used for microscopy techniques. The emitted X-rays
were then converted into voltage signals via a detector and then, after having been sent
through a pulse processor whereby the signals are measured, displayed. Whilst difficult to
obtain accurate values for C and N , due to their low energy Kα radiation which are very
strongly affected by sample geometry and usually only measured with EDX if the sample is
highly crystalline (which was not the case for the films prepared in this investigation) the
presence of these was used as an indicator rather than statistical information (for with other
techniques were utilised) simply to confirm if GCN was the film being measured by the TEM
[341].

2.2.6 - Scanning Electron Microscopy
Through application of the Jeol 6100F Field Emission SEM microscope and the Jeol 7500F
Field Emission SEM microscope, information with regards to the microscopic surface
structure of the GCN films, deposited onto several substrates, was obtained [17, 388].
SEM is the direct improvement to standard optical microscopy whereby the problem of a
high objective lens, with its short focal length, increasing the aperture angle whilst decreasing
the field depth for optical microscopes, does not exist for SEM due to it having a long
working distance and a small aperture resulting in a smaller aperture angle thus a better field
depth. However, whilst optical microscopy can be performed in air, SEM requires the use of
a vacuum due to the electrons being more easily absorbed by air molecules.

Figure 2.14 - A simple SEM resembles a simple TEM albeit with inclusion of a scan generator [17].
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SEM, as presented on Figure 2.14, works through the use of electrons which are emitted from
a hot cathode source, such as a tungsten (W) filament, with the additions of a positively and
negatively charged plate making this emission system into a basic electron gun whereby the
speed of these electrons is controlled by the magnitude of the voltage on the charged plates.
To form a perfectly vertical beam of electrons, electromagnetic mirrors (analogous to the
optical mirrors used in optical microscopy) are utilised whereby focal length can be
controlled through altering the current flowing through the coils. Through addition of a
condenser lens, to control the beam size where the relationship between beam size SNR is
proportional to resolution i.e. high SNR is found for higher resolution images, and an
objective lens, to focus the beam onto the sample, the typical TEM system is created as
discussed in Section 2.2.5. To convert TEM into an SEM, the scanning concept was created
whereby a scan generator can be combined to a scanning coil to scan across the sample and,
in combination with a CRT, generate an image. This image is formed through the electron
beam interacting with the sample by either transmitting directly through, creating a secondary
electron through interacting with the sample atom's electron cloud and by interacting with the
nucleus to create backscattered electrons. Whilst the secondary electrons are used to create a
surface profile of the sample whereby electrons excited near the surface form the image, the
backscattered electrons provide insight into the depth of the sample resulting in density
information. These emitted electrons are then detected, with a positive bias placed across it to
attract the electrons more effectively with a higher bias resulting in a greater collection of
electrons thus better resolution. Contrast and brightness can also be tuned with a more
thorough discussion presented by SEAL laboratory [17]. As well as scanning across the
surface of the sample, cross-sectional area SEM (CSASEM) was also performed by obtaining
SEM images of the side of the films in order to observe high resolution images of the film
resting on the surface of the target substrate. In both situations, sample preparation was the
same but with additional care taken when cutting the films for CSASEM.
Unlike TEM, whereby sample preparation involved the film being thin enough for the beam
to transmit through, SEM films could be much thicker however sample preparation required
the films to be conductive (to dissipate the charging created by the electrons in the beam) thus
prior to sample mounting onto a Cu holder, the films were Au coated, with Cu tape used to
bridge the connection between the holder and the films - since the films have a thickness and
Au coating was incapable of coating the sides of the films. Following this coating, the films
were then placed into a vacuum chamber of pressures 10-6mBar and focussed on the
accompanying software, which was then adjusted through zooming in and focussing to obtain
μm and 100'snm resolution images although, unlike TEM, only surface feature could be
determined and not atomic structures.

2.2.7 UV-Visible Spectroscopy
2.2.7.1 UV-Visible Spectroscopy of Graphitic Carbon
Nitride Films and Phenolic Triazine Framework Powders
Through application of the Lambda 950 UV-Visible (UV-Vis) spectrophotometer, with the
UV source generated from W-halogen and deuterium lamps, information with regards to the
GCN films was obtained between the range of 200-1500cm-1 and the PTF powder between
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the range of 300-2500cm-1 at 5cm-1 steps. The general theory behind UV-vis spectroscopy
involves a sample's ability to absorb light within the specified wavelength range i.e. a
material with a lower band gap will have a step profile observed at higher wavelengths due to
their energies required to jump from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) being significantly lower as represented by
Planck's law. Through determining the transmittance and reflectance ratios between the
intensity of the light passing through the sample and the intensity of the light before it passes
through the sample, information with regards to the film’s absorbance can be determined.
This absorbance can then be used in order to create Tauc plots which provide information
with regards to the materials band gap [389].
In a typical UV-Vis system, upon being generated by a UV source, the incident beam is
separated into monochromatic components through application of a diffraction grating or
prism where each monochromatic beam is then split into two equal-intensity components, by
a half mirror device as presented on Figure 2.15. Whilst one component, of intensity I, is
directed through the sample being measured, another component, of intensity I0, is directed
through a reference, with both components then being measured by the detectors and
compared. This process occurs for all monochromatic components within the defined
wavelength range being tested. If the sample does not absorb the component beam, I= I0
which is represented on the generated spectra as Absorbance (A) = 0 (or Transmittance (T) =
1.0) however, if absorption does occur then I< I0 and so A > 0 (or T < 1.0) where T= I/I0 and
A=log(I0/I). Whilst some samples can be measured as-prepared, with the Lambda 950 being
able to measure the properties of films directly, some highly absorbing samples have to be
diluted in solution or “thinned” through use of a transparent solution mixture e.g. ethanol,
water etc... and placed into quartz cuvettes. Solvents containing double or triple bonds, as
well as heavy atoms, are avoided due to their higher absorbency with thick substrates/films
also problematic. As a result of different samples having different absorbance values A,
which are proportional to the sample molar concentration “m” in a cuvette, molar absorptivity
ε is used as a normalising constant for the different compounds, as defined by Equation 2.10.
𝜀 = 𝐴⁄𝑐𝑙

(2.10)

where
l = length of light path through the cuvette in cm
c = concentration of absorbing species in unit volume
The Lambda 950 is a single-beam spectrophotometer, as presented on Figure 2.16, thus the
reference measurement must be performed prior to performing the sample measurement
(which results in a longer scan time but provides greater flexibility with respect to types of
measurements that can be performed). For reflectance mode, the reference reading is
performed through covering both openings of the sample holder/detector regime with
perfectly white, reflecting grids. Only in transmittance mode are blank/reference samples
required. Sample measurements were both in accordance with the Lambda 950 manual with
films secured using blu tack [390]. Whilst conventional UV-Vis spectroscopy characterises
samples between the range of 200-800cm-1, the Lambda 950 can characterise samples
between 200-4000nm. This is because the spectrophotometer consists of two independent
light sources consisting of a W -filament source and a halogen or deuterium lamp where at
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different points in the scan, the light sources will switch to normalise the intensity of the light
source. The switch between light sources for the Lambda 950 utilised in this investigation
was at 840nm.

Figure 2.15 - A simple schematic setup of a UV-vis system [18]

Figure 2.16 - UV-vis was performed using the Lambda 950 spectroscope.

2.2.7.2 - UV-Visible Spectroscopy and Photoluminescence
Spectroscopy for Triazine Graphitic Carbon Nitride Flakes
UV-Vis, with the Spectramax M5, and photoluminescence (PL) spectroscopy, with the
Horiba Scientific Fluoromax-4, determined the band gap of the TGCN flakes.

Figure 2.17 - Basic principles of UV-vis [19]

For both techniques, the flakes were dissolved in separate solutions of DMSO, H2O and IPA
with some dissolving issues arising for the heterogenous products created. By placing 0.5ml
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of the solution into a 96-well plate, UV-Vis measurements were taken whilst PL samples
were prepared through use of a quartz cuvette.
Through use of the SoftMax Pro Software Version 5, a UV-Vis absorption spectrum, with the
background removed, was obtained by the spectrophotometer by measuring the intensity
ratios of the reflected light and transmitted light, as shown on Figure 2.17. To remove random
fluctuations associated with the uneven solution surface, the photometer scanned 9 points per
well plate.
The absorption wavelength λ is dependent on the energy gap Eg between the HOMO energy
level EHOMO and the LUMO energy level ELUMO, represented by Equation 2.11.
𝐸𝑔 = ℎ𝑐⁄𝜆 = 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂

(2.11)

For PL spectroscopy, through choosing specific absorption wavelengths (for emission
profile) and excitation wavelength (for absorption profile), TGCN band gap was determined
however, due to the spectrofluorometer only capable of measuring a single cuvette per
measurement background data could not be removed automatically. PL is separated into
fluorescence and phosphorescence where excitation of an electron through applying energy,
may result in radiative and radiationless relaxations including vibrational relaxations and
intersystem crossing where such effects diminish the emitted signal intensity in comparison
to the absorbed signal intensity. For fluorescent materials, correction for source intensity and
detector response can results in the excitation and absorption spectra overlapping.

2.2.8 - Profilometry

Figure 2.18 - The DektakXT Surface profiler was utilised in order to perform profilometry [20].

Through application of the DektakXT surface profiler, as seen on Figure 2.18, alongside the
Vision64 software, step height of the GCN films (synthesised on borosilicate glass) was
determined through use of a 5μm radius stylus, with a 65μm scan range and 5mg force during
a standard scan (whereby the scan is performed across the sample surface although each scan
requires a separate reference point due to the “Tower Down” function being utilised before
each measurement). Additional parameters were kept at their default values including speed
and resolution [391, 392].
In order to perform the measurements, the films (cleaned as best as possible to prevent
contamination from affecting the final measurements) were placed onto two blank
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borosilicate substrates, on the sample stage, in order to prevent the pressure of the stylus from
damaging the non-measured side of the film. Due to the unknown nature of the synthesised
films, the “Hills and Valleys” profile was used after switching on the power, initialising the
xy-stage and using the “Tower Down” and “Tower Up” buttons to focus the film on the “Live
Video” display.
Upon determining the measurement parameters, the xy-position and theta position of the
stage were set such that the area of the film of interest was placed directly under the stylus.
Following this, step profiles were measured at 40s duration (per film), with a scan length of
2000μm and resolution of 0.17μm. Several repeats at different parts of step-edges of the films
was performed to reduce the impact of random errors, associated with contamination and
uneven film thicknesses.

2.2.9 - Mass Spectrometry (Gas Phase)

Figure 2.19 - A typical MS system setup schematic [21].

Mass Spectrometry (MS) measurements were performed, for the GCN reaction under a gas
phase, during this investigation through application of the RC RGA analyser standard system
which comprised of a HAL 7 RC interface unit, a 5-inch single filter HAL 201 probe
(installed within the vacuum system) and radio frequency (RF) head - all connected through
the application of a dozen different types of cables whilst run through application of Hiden's
MASsoft software under Windows [393]. Through application of this setup, MS can be
utilised to measure the masses within a sample by ionising the chemical species within the
sample and sorting the ions with respect to their mass to charge ratio and displaying this in
the form of a mass spectrum which is used to determine the isotopic signature of the sample,
particle/molecule masses and to elucidate molecule's chemical structures [394, 395].
The mass spectrometer, as presented on Figure 2.19, achieves this by vaporising a highly
volatile sample (to reduce the energy cost and equipment damage) and then ionising into
constituent parts. This is the first part of a standard mass spectrometer, known as the “Ion
Source”. These ions are then repelled away towards the analyser where, during travel, they
are affected by forces arising from electric and magnetic fields from the analyser, which
result in velocity changes dependent on their size and charge in accordance with Newton's
and Lorentz force laws which are:
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1. Newton's second law of motion: 𝐹𝑁 = 𝑚𝑎 where m is the molecules mass and 𝑎 =
(𝑎𝑥 , 𝑎𝑦 , 𝑎𝑧 ) is the acceleration vector, which is a 3D vector dependent upon the molecules
velocity 𝑣 = (𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧 ) in the x , y and z direction as well as the time step t where 𝑎 =
𝑑𝑣
⁄
𝑑𝑡
2. Lorentz Force Law: 𝐹𝐿𝐹 = 𝑞(𝐸 + 𝑣 + 𝐵) where q is the molecules charge, 𝑞𝐸 =
𝑞(𝐸𝑥 , 𝐸𝑦 , 𝐸𝑧 ) is the 3D electric force vector that controls the molecules speed and 𝑞𝑣 × 𝐵
is the magnetic force vector that controls the molecules direction where 𝑣 = (𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧 ) is
the molecules 3D velocity vector and 𝐵 = (𝐵𝑥 , 𝐵𝑦 , 𝐵𝑧 B ¯ is the 3D magnetic field vector
This means that during ionisation and travel towards the mass analyser, the position of the
ions (or how much they are deflected during their travel to the analyser more specifically) on
the analyser/Faraday collectors will vary depending on how heavy they are as a ratio of how
high their charge is (as well as the type of charge + or -) thus, upon passing through the
analyser to the detector, information with regards to the nature of the element (i.e. what it is),
its chemical composition in the original sample as well as the isotopic composition of its
constituents will be determined. This allows for the application of mass spectroscopy in
isotope dating and trace gas analysis. A major issue with mass spectrometry is regards to over
pressure [393]. Despite containing an overpressure detector in-built in the ion source,
whereby the pressure must be sufficient before the filament can be switched on, there is still a
possibility that the filament will switch on under high pressures and, if this occurs, the
filament would be damaged. A control utilised during this investigation was to connect an
external pressure gauge linked to the interface to allow the pressure to be monitored
manually. Additional issues with regards to the pressure control is with regards to the amount
of vapour given off by the product being tested. If too much sample is placed inside the
spectrometer, pressure would also increase resulting in filament damage whilst volatile gases,
that condense upon contact with room temperature substrate, would cause blockage within
the system affecting future measurements thus, in both cases, only a small amount of sample
is tested at a time to prevent these affects from occurring.

2.2.10 - Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a thermal analysis characterisation technique which
measures mass of a sample, over time, as a function of temperature change. Through this,
information regarding a material’s thermal stability, phase transitions and solid-gas reactions
e.g. oxidation is provided [396]. TGA was performed predominantly for the PTF, through
application of the Setaram Setsys 16/18 machine with vertical overhead hanging balance.
Heating up to 1080oC at 2oC/min under an Ar atmosphere was performed, with background
runs (on an empty crucible) subtracted from the data using accompanying software.

2.2.11 - Brunauer-Emmett-Teller Gas Adsorption
Brunauer-Emmett-Teller (BET) was utilised in order to determine the effect of physical
(generally multilayer) adsorption of gas molecules, on a sample surface, for the purpose of
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determining that samples specific surface area [397]. The gas molecules tested are chemically
inert and utilised at their specific boiling points. This allows the sample specific surface area
(SSA) to be tested at various temperatures and different measurement scales however, this
means that the SSA is a scale-dependent property which changes based on the adsorbate
molecule used and the adsorption cross-section, thus each sample does not have a “true” SSA
value but various values.
From this SSA BET measurement, SSA of the PTF powders was calculated and measured by
N -adsorption at 77 K, on a quantachrome IQ2 sorption analyser. The technique utilises
Langmuir theory [398], which considers monolayer molecular adsorption, and develops this
to consider multilayer adsorption with three key assumptions:
1. Gas molecules are physically adsorbed on a solid in infinite layers
2. No interaction exists between each adsorption layer
3. Langmuir theory is applicable for each layer
From these three assumptions, the BET equation is obtained on Equation 2.12, with the BET
constant c defined by Equation 2.12.
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where
p = equilibrium pressure of the adsorbates
p0 = saturation pressure of the adsorbates
vm = monolayer adsorbed gas quantity, in unit volume
v = adsorbed gas quantity, in unit volume
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where
E1 = Heat of adsorption for the first layer
EL = Heat of adsorption for the higher layers i.e. heat of liquefaction
R = Gas Constant
T = Temperature of Reaction
Plotting Equation 2.12, with p/p0 on the x -axis and 1/v[(p0/p) -1] on the y -axis, results in an
adsorption isotherm, commonly known as a BET plot. In this plot, a straight line is formed
when 0.05<p/p0 <0.35 is satisfied. From this plot, the gradient of the slope A and the y intercept I can be used to calculate the monolayer adsorbed gas quantity vm and the BET
constant c where vm = 1/(A+I) and c=1+ A/I. Once obtained, the total surface area S total and
the specific surface area (SBET) of a sample can be determined as presented on Equations 2.14
and 2.15.
𝑆𝑡𝑜𝑡𝑎𝑙 =
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𝑆𝐵𝐸𝑇 =

𝑆𝑡𝑜𝑡𝑎𝑙
𝛼

(2.15)

where
N = Avogadro number
s = Adsorption cross section of the adsorbing gas species
V = Molar volume of the adsorbate gas
α = Mass of adsorbent or sample
The values obtained in the analysis of the PTF sample, were multi-point from a minimum of
three points under the relative pressure (P/P0) range of 0 - 1Pa, whereby under a minimum
temperature of 150oC for 12hrs, under a vacuum pressure of 10-5bar, samples were degassed
prior to analysis.

2.2.12 - Atomic Force Microscopy
Through application of the Bruker Veeco Dimension 3100 (Figure 2.21) and Bruker
Dimension Icon, AFM was used to determine the force interaction between a cantilever tip
setup with a sample, as shown on Figure 2.20, with surface roughness of a few nm being
measurable [23]. The forces generated via this interaction include the normal contact force,
which is a result of the downward pressure of the tip on the sample surface and used to define
the samples compressibility, and a frictional force, which arises from Coulomb repulsion due
to the interaction of the tip electrons and the sample electrons at the nanoscale and used to
define surface roughness of the sample. When performing a detection, these forces are
combined and if they change, cantilever deflections are measured through use of a Class 1
laser and photodiode setup, such as that shown on Figure 2.22, whereby the laser was
reflected off the back of the cantilever, which is highly reflective, and focussed into a
photodetector through use of a mirror. Errors with respect to time delay were negligible as a
result of the photon speed being sufficiently high and the distance travelled being sufficiently
low. The photodetector will then compose xyz -information about the cantilever and send it
through the feedback loop to the piezo tube. This piezo is oscillated at a fixed amplitude and
an operating frequency close to the cantilever resonance. In order to reduce laser related
errors, the back of the cantilever is reflective to maximise the light deflected into the detector.
If damaged, replacement of the laser takes around 30 - 40s however manual alignment of the
laser with the detector and probe is required.
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Figure 2.20 - Schematic interpretation of the interaction between an AFM probe and a scanned
material's surface [22].

AFM was utilised to understand GCN film growth at various stages of film formation (as a
function of time, with all films procured at 70oC, heating at 2oC/min). This analysis was
predominantly based upon the physical growth mechanism of the GCN film on B-doped Si
substrate to determine if the film growth was random, layer-by-layer or island growth. This
was investigated through observation of the films surface roughness, as well as 3D mapping.
Powder samples were not characterised using this technique, due to the difficulty of fixing
these materials onto the substrates, and only films were characterised. Orientation effects, as
well as difficulty in obtaining structural information is also why neither the TGCN flakes nor
the PTF powders were characterised by AFM. In addition, if the graphene flakes were not
perfectly flat there would likely be “double imaging” artefacts present as a result of the tip
measuring more than one region of the TGCN or PTF at once. Additionally, even if these
powders were flat and perfectly layered, the flakes and powders may have been of varying
sizes (more-so given the polymeric nature of both materials) thus radio wave interference
would have been an issue.

Figure 2.21 - The Bruker Veeco Dimension 3100 AFM as situated on top of a vibration resistant
platform during measurements [23].

After the samples were prepared, they were mounted onto a vacuum generating sample
holding rotating (as opposed to magnetically holding the sample, a vacuum was used to hold
the sample) platform, through use of sterilised metal tweezers. Once accomplished, the holder
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was placed underneath a scan head, held together by levelling screws to prevent “smearing”
effects, containing the tip cantilever setup as shown on Figure 2.22.
Through application of a very fine, chemically inert and electrically conductive Al tip
connected to a piezoelectric device, the sample was scanned to reveal atomic-scale
information. High aspect ratios can be achieved by tip etching, but it is easier to connect a
molecule, such as carbon nanotubes, to the end of a tip in order to interact with the sample
surface and acquire nanoscale imaging information on semiconductor devices [399]. A
variety of AFM tip coatings are used to measure the different forces. Au coated tips measure
covalent bonding of biological molecules in addition to their interaction with a surface whilst
diamond tips are used for wear resistance measurements. A magnetic tip coating can detect
magnetic properties of surfaces.
For larger samples, AFM contact mode (CM) can be used to define surface roughness, if the
sample surface is not too uneven, to prevent tip-surface collision, or too brittle, to prevent the
tip from scratching the sample surface. When taking measurements with the AFM, the tip
would be in contact with the surface in CM thus if the flakes were weakly bonded to the
sample there would be a high chance of the particles sticking to the tip resulting in “streak”
imaging artefacts [24, 400]. Sample damaging, as a result of AFM CM, was also an issue for
the more physically stable films. Furthermore, for hard samples, CM could blunt the tip and
result in spatial resolution and depth perception of future samples being lost thus, for
obtaining information about surface adhesion, fracture and deformation of the system, metalcoated tips could be used as discussed by Jiang et al. [401]. To solve this issue, Dynamic
Mode (DM) was used whereby cantilevers of stiffness k and mass M are oscillated at an
angular frequency ω, just above the sample surface as defined by Equation 2.16. Most
samples, especially organic ones, form a thin layer of water contamination at their surface
thus cantilevers can get stuck in this region, and so stiffer cantilevers are utilised. While this
mode improves lateral resolution of softer samples, DM also removes much force
information about a sample and so is preferred for more fragile samples where long-range
information is important. The majority of errors in AFM DM were more likely to have arisen
from information loss as a result of the cantilever vibrations being too far from the resonant
frequency of the sample, which could be controlled by modifying the setpoint and auto tuning
the resonance frequency via the accompanying AFM software, and from potential cantilever
damage.

Figure 2.22 - A typical AFM laser-photodiode setup utilising a feedback loop circuit [24].
𝑘

𝜔 = √𝑀
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(2.16)

If the sample surface is very uneven, ω will change frequently and this will be detected as the
feedback. This feedback would then result in the amplitude and phase of the initial signal
changing - a result of the normal contact force F between the tip and surface changing with
respect to separation z as defined by Equation 2.17, where k' is the cantilever stiffness at
equilibrium.
𝑑𝐹

𝑘 = 𝑘 ′ + 𝑑𝑧

(2.17)

Through application of Equation 2.17, AFM can be used to measure surface adhesion and
stiffness of the sample, through the tip pushing into the surface, and bond rupture and
molecular pulling through the tip pulling away [400]. This measurement was attempted since
the repulsive forces can be used to analyse shielding effects and van der Waal's force, the
attractive forces (which result in the cantilever being pulled into the surface) can be used to
determine chemical bond interactions within the measured samples.

2.2.13 - Cyclic Voltammetry
Cyclic voltammetry (CV) is an electrochemical technique used to study electroactive species,
due to its capability of observing redox behaviour over a wide potential range which it
represents on a voltammogram (the electroanalytical equivalent to a conventional spectrum).
This technique can obtain qualitative information about the presence of intermediates during
redox reactions, under various conditions, as well as determine the reversibility of said
reactions [25]. Additional applications of CV involve its use in determining a systems
electron stoichiometry, analyte diffusion coefficient and formal reduction potential.

Figure 2.23 - A typical excitation signal for CV is a triangular waveform, of 40s cycle, with switching
potentials on the y-axis between 0.8V to -0.2V with respect to the reference electrode [25].

CV measurements are performed by cycling the potential of an electrode, which is immersed
in an unstirred9 solution, and measuring the resultant current generated. A CV system is
composed of an electrochemical cell, a potentiostat, a current-to-voltage converter and a data
acquisition system. A simple electrochemical cell consists of an electrolyte solution, which is
used to provide ions to the electrodes during the redox process, two electrodes: a reference
9

Mass transport of an analyte to the electrode surface, in an unstirred solution, occurs through diffusion alone. As defined by
Fick's law, this allows the analyte's diffusion coefficient to be calculated [404].
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electrode (e.g. AgCl), which is used as a control to the working electrode potential
(commonly known as the excitation signal), thus is required to have a stable well-known
potential value [25, 403]. The excitation signal, as represented by the triangular waveform
linear potential scan on Figure 2.23, sweeps the potential electrode between two values
known as the switching potentials; this is where the excitation signal causes the potential to
scan negatively at first, followed by a reversal in scan direction, of which results in the
potential sweeping in the reverse direction.

Figure 2.24 - CV voltammogram for a single-electron redox reaction [25, 26]

The second electrode used is a working electrode (e.g. GCN films), which is the electrode
where the analyte interaction occurs, as represented by electrochemical half-cell reactions. A
third auxiliary electrode (platinum (Pt)) is used in order to conduct electricity from the signal
source to the working electrode without compromising the reference electrode's stability by
passing current over it [25, 403]. This counter electrode is isolated from the working
electrode, by use of a glass frit, to prevent any by-products it generates from contaminating
the main solution. The potentiostat produces a potential, through use of DC power, which can
be maintained and determined accurately, whilst allowing small currents to be drawn into the
system without changing the voltage. The current-to-voltage converter measures the resultant
current generated whilst the data acquisition system is what produces the linear potential
scan, known as a voltammogram, as presented on Figure 2.24 for a single electron (e-) redox
reaction, as represented by the half-cell equation: M+ + e- ↔ M where M is the total sample
mass. In the linear potential scan, the slope represents scan rate.
During this potential scan, current measurement at the working electrode allows the creation
of a cyclic voltammogram: current vs. potential, as a function of time, whereby this resultant
current is known as the response signal. From Figure 2.24, redox is represented from the
process between (a) to (d) - defined by the potential being negatively scanned to cause a
reduction - and from (d) to (g) - defined as oxidation - where (d) is defined as the switching
potential. Whilst reduction results in a cathodic current ipc, which corresponds to the cathodic
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peak potential Epc at (c) that is reached upon complete reduction of the substrate at the
electrode surface, anodic current ipa corresponds to the anodic peak potential Epa and is
reverse to the reduction behaviour but for oxidation. Through finding the mean of Epc and
Epa, the formal reduction potential can be determined and used to identify the species.
From this, analyte concentrations can be calculated directly through application of the Nernst
equation (since solution concentration ∝ current in a reversible system). The Nernst equation
can determine cell potential, under non-standard conditions, by relating the measured cell
potential to the reaction quotient10 Q, thus allowing the determination of equilibrium and
solubility constants.
0
0
Under standard conditions 𝐸 0 = 𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
− 𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
, the Nernst equation can be derived
from Gibbs free energy: ΔG=-nFE where n is number of electrons transferred in the reaction,
F is the Faraday constant and E is the potential difference. Through further derivation of the
equation [404], E can be related to Q, in equilibrium, through use of an equilibrium constant
K which is found to be inversely proportional to the standard potential, as measured via CV,
of the reaction. This is represented by Equation 2.18.
0

log 𝐾𝑒𝑞 = 𝑛𝐸 ⁄0.0592𝑉

(2.18)

where
K= Keq =1 represents the system in complete equilibrium
K<1, E0>1 represents a system where product formation dominates
K>1, E0<1 represents a system where reactant formation dominates
A major limitation with CV is with regards to ion quantity within the electrolyte solution. For
CV to create the necessary voltammograms, enough ions must be detected thus, the number
of ions needed must be quite high. This means that, unlike the previous techniques, a lot more
sample has to be synthesised for the working electrode, as well as the appropriate electrolyte
has to be chosen - which, for the purpose of GCN and organic materials - is limited and no
way of determining other than trial and error. Additionally, whilst CV can determine a
materials capacitance (by determining the area between the forward and reverse scans for
scans following the initial scan), samples that are not very stable in the electrolyte or at
certain currents, damage easily thus the multi-cycles required to get accurate capacitance data
cannot be performed for these samples. Additionally, not only can current damage unstable
samples, but some samples retain charge hence background charging following increased CV
cycling will reduce the detection limit and so limit the maximum scan rate allowed.
Furthermore, the effects of slow heterogeneous electron transfer and chemical reactions
cannot be distinguished from each other thus, in systems where both processes occur, only
simulations can be used to separate their contributions to the rate constant obtained.

10

The reaction quotient measures the relative number of reactants and products, present during a reaction at a specific point
in time.
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2.2.14 - Gas Chromatography
Gas Chromatography (GC) was used in this investigation to measure the amount of H being
emitted from GCN in an ethanol/water solution. The purpose of this technique is to separate
and analyse compounds that can be vaporised, without decomposing for the purpose of
testing sample purity as well as to determine components of a mixture.
As presented on Figure 2.25, upon being injected into the chromatographic column head
(whereby this injection is done as quickly as possible since slow injection results in poorer
data resolution and band broadening), the gaseous sample is then transported through the
column (which contains a liquid stationary phase which is adsorbed onto the surface of an
inert solid) by flow of an inert, carrier gas e.g. N2, which also contains a “molecular sieve
system” to remove water and other impurities.

Figure 2.25 - Components of a typical GC system [27].

Through application of the GC CP 3800, H emission was measured for this investigation for
both the GCN sample and the PTF powders. This system relies on the microsyringe injection
into a rubber septum into a flash vaporiser port, at the head of the column, method of gas
injection where the port is 50oC hotter than the boiling point of the least volatile component
of the sample being tested. As presented on Figure 2.26, the split/splitless two-mode capillary
column CP-1177 injector was utilised due to the lower volume of gas required [405]. Upon
injection of 1μl gas, the sample enters a heated chamber containing a glass liner and, under
split mode, can leave by three routes through effect of the carrier gas. The vaporised solvent
and solutes, along with the carrier gas, can pass onto the column, but most exit through the
split valve with the purge outlet preventing septum bleed components (components part or
trapped by the septum) from entering the column.

Figure 2.26 - GC split/splitless two-mode capillary column CP-1177 injector [27].
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Upon entering the column, the vaporised sample gases (under influence from a carrier gas)
are collectively known as the mobile phase. This mobile phase then passes through a
stationary phase, located either on the inside walls of the capillary tube directly or that has
been adsorbed into a thin layer of support material before placing onto the inside walls. This
stationary phase, usually a viscous liquid silicone-based material, results in the various
constituents of the mixture reaching the detector at different speeds and times as a result of
the analyte gases having a different partition coefficient. This coefficient is what controls the
differential retention of the gases in the mobile phase, to the stationary phase [406]. Upon
reaching the detector (of which the CP 3800 has several, whereby different detectors can
detect different components under different conditions), the velocity and time of the
separated components are then plotted onto a Chromatogram which plots intensity/response,
as a function of time (time for analyte component to reach the detector).
Due to the high temperatures located in the column, organic samples such as peptides and
protein chains cannot be characterised with this technique, due to the high temperatures
denaturing them. Additionally, even through use of a thermally stable component, low
volatile samples cannot be tested as easily due to their high retention causing the gases to
become trapped in the stationary phase. Furthermore, through application of the system
without a suitable carrier gas, not only can the column and septum get damaged beyond
repair as a result of the sample gas, but the type of carrier of gas can also impact the quality
of the column.

2.2.15 - Solid State Nuclear Magnetic Resonance
In this investigation, a variation of nuclear magnetic resonance spectroscopy (NMR) known
as solid-state NMR (SSNMR) was utilised in order to determine the PTF structure (Chapter
7), by means of analysing the samples 1H, 13C and 15N spectra chemical shifts. This was
achieved by using the Bruker AscendTM NMR system [407].
Elements such as C, N and H are composed of three vital sub-atomic particles: electron,
protons and neutrons. Whilst the centre-most point of an atom is the nucleus (composed of
protons and neutrons) the outer most region is surrounded by an electron cloud. This electron
cloud plays crucial roles in spectroscopy techniques such as XPS and Raman spectroscopy.
NMR relies on the influence of the nuclei with the atoms in-built magnetic field, in a process
to absorb and re-emit electromagnetic radiation. The energy of this radiation, as governed by
the relationship between Maxwell’s equation and Planck law, is at a specific resonance
frequency, as controlled by the energy of the magnetic field as well as the magnetic
properties of the atom’s isotopes. Such an affect is currently applicable in a variety of
existing technologies, such as Medical Resonance Imaging (MRI).
The in-built magnetic properties of the isotopes are determined by the individual spin
properties of the nucleus, of which there are three scenarios:
1. For isotopes of an even number of protons and neutrons, the resultant spin of the nucleus
is zero i.e. there is no spin.
2. When there are an odd number of both protons and neutrons, the nucleus has a whole
number integer spin.
3. If the combined protons + neutron number is odd, the nucleus has a half-integer total spin.
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As such, NMR can only be performed on species such as 1H, 13C and 15N etc…

Figure 2.27 - Upon applying a magnetic field to a nucleus containing an overall spin I, the primary
level will split into multiple magnetic levels m.

To understand this process, the case of level splitting under an applied magnetic field must be
described quantum mechanically [408, 409]. A nucleus of overall spin I, equalling to a halfinteger, will have (2I+1) possible orientations of the same energy. When a magnetic field is
applied, these levels will split to form equally spaced sub-levels termed magnetic quantum
numbers m, as presented on Figure 2.27, which form either parallel (lower energy state) or
anti-parallel (higher energy state) to the applied magnetic field of strength B0. As a
consequence of the nucleus spinning on its axis, exact parallel/anti-parallel formation cannot
be achieved, thus precession about the magnetic field in the manner similar to presented on
Figure 2.28, at an angle with angular velocity (known as the Larmor frequency) ω0 = γB0
occurs where γ is the magnetogyric ratio (a fundamental constant that is different for different
nuclei) relating the magnetic moment of a nucleus μ to I i.e. μ = γIħ. This precession results
in the formation of an electric field of frequency ω0 thus, upon irradiating the samples with
EM waves of frequency equal to the electric field frequency, resonance behaviour occurs
which results in the protons absorbing the energy and being promoted to a higher energy
state. This proton resonance frequency is what is usually reported as the magnet's nuclear
field strength (B)11. From this, the energy of the split levels can be determined where E= γħmB and the difference between the levels is ΔE= γħB. This means that for isotopes with a
large magnetic field or a large magnetogyric value (usually larger nuclei), the energy
separation is greater.

Figure 2.28 - Interaction of the nucleus, spinning on its axis, and the applied magnetic field results in
precession around the applied magnetic field.

11

B ≠ B0 because of electron cloud shielding.
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Upon being excited to a higher energy state, the Larmor precession of the nuclei also changes
and, if this continues, the number of states at higher energies would equal the lower energy
population and spin system saturation, resulting in no more radiation absorption. This
population distribution is described by Boltzmann which has been used to determine that the
difference in population between the lower and higher energy states is very small. To prevent
the radiation absorption from completely balancing out the distribution, relaxation processes
occur. Whilst radiative relaxation is expected, its contribution is insignificant in comparison
to the faster non-radiative longitudinal and transverse relaxation processes which are fast
enough to prevent saturation, but slow enough to prevent line broadening. Whilst the
longitudinal relaxation are a consequence of the lattice field (created by the sample)
interacting with the high energy spin state of the nuclei i.e. spin-lattice relaxation (often
“observed” by sample heating), the transverse relaxation are a consequence of neighbouring
nuclei spin-states, of different magnetic quantum states, interacting i.e. spin-spin relaxation.
Whilst the latter results in line broadening, the former process fails for lattice mobilities that
are too high [410].
B0 ≠ B due to the impact of nuclear shielding whereby the s-electrons circulate around the
applied magnetic field and, in turn, generate their own individual magnetic fields Be which
opposes B0, thus reducing its overall strength in a upfield-shift process known as diamagnetic
shift. Consequently, the strength of B0 used is always slightly higher than the actual energy
required for the nuclei to absorb at their transition frequency. p-electrons, due to having no
spherical symmetry, have a strong magnetic field which results in a down-field de-shifting
i.e. paramagnetic shift. In 1H NMR, only a small range of shifts are observed due to there
being no p-electron contribution thus in the case of increasing electronegative species,
electron density around the proton decreases thus resonance occurs at lower field strengths.
This process of chemical shift relates the effect of nuclear shielding to applied magnetic field.
For higher level spectra e.g. 13C and 15N, p-electron contribution results in a greater range of
shifts.
Two types of NMR techniques exist, with regards to sample preparation: solution NMR
(SNMR) and SSNMR. Whilst SNMR requires the measured sample to be immersed into a
deuterated solution, SSNMR does not have this restriction. Consequently, the SSNMR
sample can be reused after characterisation however, much more sample is required. In
addition, SNMR requires the sample to be dissolved into the solution which makes large
chain molecules such as proteins and COFs difficult to measure which is why the PTF in
Chapter 7 was measured through use of SSNMR. Furthermore, in SNMR, large molecules
result in stronger spin-spin relaxations thus peak broadening becomes an issue as a
consequence of increasing linewidths whereas in SSNMR, the dipolar relaxations which
result in this relaxation are negated by either spinning the samples at high speeds or by using
rf pulses [410]. Consequently, sample size restriction does not apply to SSNMR although
microcrystal samples are preferred.
An issue with SSNMR is with regards to the samples having a directional dependence.
Unlike SNMR, the samples are naturally oriented in more directions thus allowing for sharper
signals by motionally averaging the anisotropic spin interactions. As such, only for samples
with an absolute orientation (usually controlled by a magnetic field) are the spectra accurate
in SSNMR. This is why techniques such as high resolution magic angle spinning [411], to
artificially average the spin interactions to compensate for lack of sample mobility; and cross
polarisation MAS (CPMAS), which relies on nuclei being dipolar coupled or spinning at the
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magic angle to balance the precession between the proton and the target material, were
utilised for PTF. Despite these improvements, samples that tend to have structural disorder or
are inhomogeneous will still result in poorer spectra relative to SNMR. These poorer spectra
are represented by broad lines which translate to lower sensitivity (since the signal spreads
over a wider frequency range) and poorer resolution (a consequence of peak overlapping at
lower resolutions).

2.2.16 - Dynamic Light Scattering
Dynamic Light Scattering (DLS) was utilised in this investigation to determine the size of the
GCN particles after exfoliating them into various solutions (Chapter 6).
This procedure works by illuminating the target sample (which is floating in the solution)
with a laser beam, as presented on Figure 2.29. This laser beam then scatters off the floating
particles whereby the fluctuations of this scattered light are detected at a known scattering
angle θ by a fast photon detector. This scattering, on a microscopic level, provides
information about the particles motion through relating the diffusion coefficient of the
particles D, found by computing the intensity fluctuations through an intensity correlation
function of the particles, to the particles radius R, via the Stoke-Einstein relation 𝐷 =
𝑘𝐵 𝑇
⁄6𝜋𝜂𝑅 where kB is Boltzmann's constant, T is temperature of solution and η is the
solution viscosity. In this investigation, these values were already known about the particles
being tested and the solution being used, thus were simply put into the program, with the
software automatically outputting sample size information [28, 412].

Figure 2.29 - Dynamic Light Scattering setup used for determining particle sizes in a solution [28].

2.2.17 - Carbon/Hydrogen/Nitrogen Analysis
Carbon/Hydrogen/Nitrogen (CHN) analysis was performed in order to measure the C, N and
H content in both the GCN flakes and PTF powders. About 2-3mg of weighted sample is
placed inside a foil-capsule and then placed in a sample autoanalyzer. Once inside the
autoanalyzer chamber, excess O is introduced into the system prior to increasing the
temperature to up to 99oC, in order to prevent carbon monoxide formation. Upon
mineralising, the gaseous products then interact with a tungsten trioxide (WO3) catalyst, in a
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mixture of H2O + CO2 + NOx + O2 (excess). This mixture then passes through Cu granules,
inside a silica tube, where they are held at 50oC to bind the O and reduce the NOx to form:
CO2 + H2O + N2. Additional traps can also be included for other species e.g. SO2 etc...
Following this, the new mixture is passed through a zone chromatographer, where they are
separated based on quantity and species at a defined pressure state [413].
Though accurate, with a 500ppm detection limit on 2mg of C and N, the technique is difficult
to perform on metal, phosphorous and fluorine containing samples, due to by-product
interference.
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Chapter 3 - Part I The
Synthesis of Triazine
Graphitic Carbon Nitride
Flakes Through a Modified
Polycondensation
Ionothermal Synthesis
Approach
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Section 3.1 - Introduction to Triazine
Graphitic Carbon Nitride
The purpose of this investigation was to apply the Polycondensation Ionothermal Synthesis
(PIS) approach in order to synthesise s-triazine graphitic carbon nitride (TGCN) flakes, as
performed by Algara Siller et al. [30], but with improved synthesis success rate by modifying
the existing procedure.

3.1.1 - Background
In 1834, carbon nitride (CN) was first recognised through obtaining evidence of the nitrogen
(N) precursor material “melon” as confirmed by Liebig [103]. Following from this
breakthrough, various authors went on to successfully synthesise CN through various
techniques with the primary issue being that these products were amorphous [105, 188, 217,
374, 414]. This was impractical with regards to device implementation and it was not until
2008 that Bojdys et al. [109] first synthesised graphitic CN (GCN), and then eventually
TGCN which formed interfacially, both at the liquid-gas interface within the reaction and on
the quartz glass reactor surface of a sealed quartz ampule as discussed by Algara-Siller et al.
and Cooper and Bojdys [30, 108].
It was expected that combining dicyandiamide (DCDA) with a dry, eutectic mixture of
lithium bromide (LiBr) and potassium bromide (KBr) under a vacuum with step-increases of
temperature up to 600oC, would result in the formation of TGCN flakes as proven by AlgaraSiller et al. [30] (even though the presence of salts was not essential [415]), who further
speculated that direct condensation of the product onto quartz tubes might allow for TGCN
thin film production onto a planar substrate, a prediction claimed by Cooper and Bojdys
[108].

3.1.2 - Aim and Motivation of Investigation
Despite TGCN flake formation already having been successfully reported in literature, the
synthesis procedure implemented by Algara-Siller et al. [30] involved a low success rate
primarily through the involvement of a high pressure within the reaction vessel causing the
ampule to explode. Following from the existing analysis available of the reaction mechanism,
at this point, it was widely accepted that the emission of ammonia (NH3) from the reaction
process was primarily responsible for this high-pressure build-up within the quartz tube.
Through replacement of the sealed quartz tube in the PIS setup performed by Algara-Siller et
al. [30], with an open quartz tube connected to a dynamic vacuum, this investigation
attempted to reduce the pressures within the quartz ampule by removing the NH3 produced
(which was suspected of simply being a by-product rather than a key component of the
reaction mechanism [4]) in an attempt to improve the success rate of TGCN formation per
reaction by reducing quartz ampule destruction. Confirmation of the results of this setup was
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accomplished through characterisation via microscopy, spectroscopy and diffraction
techniques (with the techniques themselves discussed in Chapter 2) with a long term aim of
improving product purity, primarily through reducing the amount of oxygen (O)
contamination, with the eventual aim of using this product in devices including for catalytic
applications [4].
For the purpose of this investigation, three key aims were investigated:
1. To synthesise TGCN (or HGCN) flakes with PIS
2. To improve the synthesis success rate in comparison to existing literature
3. To confirm use of the TGCN flakes in various applications
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Section 3.2 - Triazine Graphitic Carbon
Nitride Flakes Experimental Method
Through combination of a carbon (C) and N rich starting precursor material, DCDA, with a
LiBr + KBr eutectic salt mixture TGCN flakes were produced in the same reaction
mechanism as Algara Siller et al. [30]. However, as opposed to performing this reaction in a
sealed quartz tube environment, a system with only one end of the quartz tube sealed and the
other end connected to a continuous vacuum were utilised.

3.2.1 - Reaction Mixture Preparation
In this investigation, 99% DCDA (Figure 2.1) underwent ionothermal condensation (IC), in
combination with a eutectic salt mixture, and contributed to the final TGCN production [30,
416] since investigations by Liebig and others determined that whilst DCDA and any of its
derivatives formed s-heptazine/s-triazine groups [103, 104], DCDA formed the more
crystalline structure [336, 417]. However, pyrolysis of the more toxic urea at 550oC under
ambient pressures produced s-heptazine GCN (HGCN) without any salts [146].

Figure 3.1 - A molecule of DCDA is composed of two C, four N and four H atoms (C2N4H4).

For the purpose of this investigation, an oven dried eutectic mixture of 0.78g LiBr (99%) and
0.72g KBr (99%), obtained from Sigma Aldrich, were ground finely with 1g DCDA where
the masses were chosen from Bojdys et al. [30, 109, 418]. The use of a eutectic mixture
consisting of group 7 salts was centred around the investigation by Sundermeyer et al. who
demonstrated that organic reactions can be performed in these molten salts due to their good
solvating properties [339], resulting in the formation of highly crystalline TGCN. Though the
eutectic mixture is not essential [102, 419], it is used due to its structure directing properties
which improve TGCN crystallinity [420].
Alternative group 7 salts can be used but Br salts provided the best results with respect to
TGCN crystallinity and size [107].
Prior to being ground together, the three reagents were dried inside a 120oC vacuum oven for
16hrs, to remove any water, and then, along with the pestle and mortar, glass seal and the
quartz glass tube (which itself was placed inside a 120oC drying oven for 24hrs to remove
excess water) were transferred into a glove box where the reagents were ground and
transferred into the quartz tube, which was then sealed with the glass seal. This preparation
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process was used to minimise O and water contamination. Once removed from the glove box,
the quartz tube was then connected into the setup on Figure 3.2.

3.2.2 - Modified Polycondensation Ionothermal
Synthesis of Triazine Graphitic Carbon Nitride
Flakes
The modified PIS setup on Figure 3.2 consisted of an acetone + dry ice-cold trap which
condensed any gases formed during the reaction in order to prevent them from flowing into
the vacuum pump and damaging it. Though liquid- N2 would have been more suitable,
difficulty of overnight use prevented this from being a possible alternative. The two active
components were the main apparatus tested during the reaction and these were the cylindrical
tube heater and the vacuum pump. The purpose of the dynamic vacuum was to remove any
gaseous contaminants and to reduce the pressure within the quartz tube in order prevent the
quartz tubes from exploding12 - whereby the pressure was monitored through a pressure
gauge connected in parallel.
From Algara-Siller et al. [30] and through use of the model on Figure 3.3, heating at
10oC min-1 up to 200oC at 1hr exposure was used to dry the sample. This was followed by
heating at 5oC/min (to allow ample time for the environment within the quartz tube to adjust
to the temperature change) up to 400oC (4hrs exposure), in order to decompose DCDA into
its precursor states and to melt the Br mixture [107]; and heating at 5oC/min up to 600oC (36 48hrs exposure), in order to transition these states into heterocyclic rings to form the final
product [107, 109].

Figure 3.2 - The modified PIS technique used to synthesise TGCN flakes.

The vacuum strength in the reaction was controlled through use of a rotating seal connected
to the quartz tube. It was decided through repeated trials that a vacuum resulting in 7Torr of
12

The reaction performed by Algara-Siller et al. [30] failed 2 out of 3 times due to the quartz tube exploding as a result of
high pressures forming from the reaction.
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pressure at 200oC and a vacuum resulting in 200Torr at the other temperatures produced the
ideal conditions for creating TGCN as presented on Figure 3.4 where the dark yellow
inhomogeneous sample at the bottom, potentially PTI/Br [30], proved too difficult to remove.

Figure 3.3 - (1) Heating at 10oC/min, the temperature was ramped up to (A) 200oC and held for 1hr.
(2) The temperature was then ramped at 5oC/min up to (B) 400oC and held for 4hrs. (3) The
temperature was then ramped at 5oC/min up to (C) 600oC and held for 36 - 48hrs.

Extraction of the homogeneous black product, found on the side of the tube above the dark
yellow region at room temperature, with a separation that fluctuated depending on several
factors including the temperature rate used and sample dryness, was achieved through
snapping open both ends of the tube (as opposed to the centre to prevent glass contamination)
and then pipette squirting with DI water. A limitation with this technique involved the
amount of wastage since a new test tube had to be used per reaction. Furthermore, due to the
small size of the quartz tube, a thermometer could not be used to measure the temperature at
the bottom of the tube exactly. Lastly, the “hot zone” inside the cylindrical tube heater was
found to be 2cm smaller than the height at which the total reagent covered in the quartz tube
with the actual temperature being 2oC lower than that presented on the temperature control.

Figure 3.4 - The precursor mixture after 600oC heating for 48hrs shows a long, homogeneous black
region sandwiched between a light-yellow, gaseous region at the top and a dark yellow-brown solid of
extreme hardness at the bottom.

Once the flakes were extracted, they were cooled for 2hrs with the black bits extracted since
these were expected to be TGCN [30]). The removal of the water-soluble KBr/LiBr
contaminants [421-424] from this black product was achieved through washing with warm DI
water, mixing vigorously for a few minutes and leaving to agitate for a 4hrs before decanting.
Excess DCDA was removed through dimethyl formaldehyde (DMF) washing and 5mins of
centrifuging at 3900RPM, with use of the Heraeus Biofuge centrifuge where, water washing
before and after DMF washing was performed followed by ethanol washing to remove any
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excess water, followed by oven heating at 80oC overnight to remove any excess ethanol from
the surface of the black flakes. Though this process purified the product, it involved product
loss in addition to taking an extra day of preparation prior to characterisation.
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Section 3.3 - Results and Discussion
Following the synthesis of the flakes by modified PIS, they were then characterised to
determine if their chemical and physical structural properties were like the TGCN flakes
produced by Algara-Siller et. al. [30]. In addition, the application of these flakes, as well as
application of the modified procedure, were also investigated to identify long term benefits of
this new product and technique over existing synthesis approaches.

3.3.1 - Triazine Graphitic Carbon Nitride Flake
Characterisation
By analysing the chemical and structural properties of the synthesised flakes, they were
confirmed to be GCNs containing s-triazine units i.e. TGCN.
The techniques utilised to characterise these flakes included:
•
•
•
•
•
•

X-Ray Photoemission Spectroscopy (XPS)
Fourier Transform Infrared (FTIR) Spectroscopy
Raman Spectroscopy
X-ray Diffraction (XRD)
Transmission Electron Microscopy (TEM)
Atomic Force Microscopy Dynamic Mode (AFM DM)

A description of these techniques, as well as how they were implemented for the
characterisation of the TGCN flakes, is discussed in Chapter 2.

3.3.1.1 - X-ray Photoelectron Spectroscopy
The purpose of utilising XPS was to determine several key pieces of information with respect
to the TGCN flakes:
•
•
•
•

To determine surface purity of the TGCN flakes
To determine general surface chemistry information of the TGCN flakes
To determine surface functional group information of the TGCN flakes
To determine electronic structure information through analysis of the materials' valence
spectra

From the initial survey of the black flakes produced, following the cleaning and drying
procedure, there was evidence of C, N and O with <1.6at% Br, as presented on Figure 3.5,
with further details presented in the Appendix on Figure 9.6 and Table 9.1. Whilst AlgaraSiller et al. [30] determined N1s and C1s to be roughly equal, Lu et al. [138] found N1s C1s
= 0.66 whilst Huang et al. [161] determined that the peak intensity of N1s was higher than
C1s with a slightly lower O1s peak.
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Figure 3.5 - XPS of the flakes produced by modified PIS. (A) The survey shows presence of O1s, N1s
and C1s. (B) High resolution C1s analysis shows evidence of C=O, C=N, C-C and either C-O or C-N
bonds as well as a π - π * feature. (C) High resolution N1s analysis shows evidence of sp2 N and sp3
N. (D) High resolution O1s analysis indicates the presence of O=C and O-C bonds.

As presented on Figure 3.5(A), the survey spectra confirmed that the flakes produced
contained 44.6 at% C and 44.4 at% N with the remaining 11.0 at% assigned to O from
external contamination to create C-O and C=O bonds (and potentially even H2O) since the
DCDA used, prior to drying, contained very little O, as presented in the Appendix on Figure
9.3. Repeated synthesis resulted in very similar C/N/O percentages, within error. From high
resolution C1s analysis, on Figure 3.5(B), several environments were determined with the
peak at 285.1eV likely associated with adventitious C (advC) [262], with potential C-N
contribution [30, 138, 161, 172, 181, 190]. 800oC is required to completely decompose aC
[217] however aC decomposition to remove C-C bonds cannot be implemented since GCNs
decompose at 750oC [137, 425]. The C1s peak at 286.6eV was likely due to C-N and C-O
bonds [30, 138, 161, 172, 181, 190]. Whilst the peak at 288.0eV is most likely C=N
associated, the peak at 299.0eV is C=O associated [30, 138, 161, 172, 181, 190], although
deconvolution of the O1s spectra, on Figure 3.5(D), suggests that C-O contributions should
be much higher than C=O, although this could suggest the presence of O-H groups, which are
also found at higher binding energies. Finally, the s-triazine nature of the TGCN material is
supported by the presence of a peak at 290.2eV which is associated with the π - π *
transitional state, commonly found in conjugated aromatic systems [289, 313, 314, 426].
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Figure 3.6 - XPS valence band measurements of the TGCN flakes (A) revealed a valence band
maximum (VBM) of 2.5eV. Through application of valence band analysis of GCN (B & C) [29],
evidence of sp2N can be determined, alongside C2p π -bonds and C2p & N2p σ-bonds regions.

Upon deconvolution of the N1s spectra, on Figure 3.6(C), a peak at 399.1eV, associated with
sp2 N bonding, and another at 400.3eV, associated with sp3 N bonding, were determined [4,
7, 30, 137, 138, 190]. However, despite some authors claiming to be able to deconvolute the
N1s spectra into sp2 and sp3 peaks, care had to be taken when performing this analysis
approach since charging effects and other N environments can exist which could confound
this interpretation. An alternative approach to determining sp2 and sp3 N environments in CN
materials is discussed in Chapter 6 of this report. The ratio sp3N/sp2N=0.38 which matches
the ratio of 0.33 expected from TGCN within experimental error as determined in Chapter 1,
Figure 1.2(a), between sp2 N (within the aromatic structures) and sp3 N (also known as the
bridging group) for TGCN and HGCN. Whilst polymelon, a single monomer of HGCN with
the edges of the structure terminated with amine groups, would have given a value of 0.66,
melamine (a single monomer of TGCN with the edges terminated with amine groups) would
have given a value of 1 suggesting the product formed is unlikely to be these metastable
states. The slightly higher value could have been associated with the presence of amino
groups terminating the edges of the structure, resulting in smaller flakes being produced and
the slight increase of the sp3 N levels with FTIR spectroscopy used to determine this.
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Additionally, whilst separation between the two peaks was expected to be 0.8eV [30], the
1eV separation measured strongly suggested that the product was not TGCN exactly.
From Algara-Siller et al. and others [30, 138, 139, 172], high O1s levels were observed,
suggesting that this contamination is a systematic effect formed after removing the products
from the quartz tube and exposing to the atmosphere. Through analysis of this O1s spectra on
Figure 3.5(D), two peaks at 531.6eV and 533.4eV were deconvoluted where the peak at
533.4eV was due to O=C or O-H groups e.g. water, from external contamination. The larger
peak, at 531.6eV was associated with O-C bonding, with O-N bonds unlikely through lack of
evidence in the N1s spectra. As presented in the Appendix for Chapter 3, O1s contribution is
also unlikely to have resulted from the reagents however, since the final product formed is
black, as opposed to white, and DCDA is soluble in DMF whilst TGCN is not thus, after
washing the black flakes with DMF any excess DCDA is already removed. A further
limitation with XPS is that it is difficult to determine whether the O is bonded to the advC
layer or to the TGCN directly since perfect peak deconvolution is restricted by charging and
statistical errors. Finally, the instrument itself could also be a limiting factor since different
chemical environments have separations which are much smaller than the resolution of the
instrument.
XPS valence band analysis of TGCN between -5-15eV, as presented on Figure 3.6(A), shows
two distinct peaks centred at 4.2eV and 10.2eV. Through application of the valence band
models on Figure 3.6(B & C), the peak at 4.2eV is potentially associated with C2p π-bonding
and sp2 N in planar graphitic structures, if N < 30 at% as shown on Figure 3.6(B) - which is
15 at% less than that measured for TGCN in this investigation. The peak at 10.2eV is found
in a region associated with C2p and N2p σ-bonding. The TGCN valence band does not
appear to match any of Chen's CN models exactly (which were synthesised by pulsed laser
deposition). The presence of N results in the formation of the peaks in Figure 3.6(A), since
there are no peaks located within this range for purely aC, and it is likely that the higher N
content is the reason why the TGCN valence bands are different to those measured by Chen.
However, for N < 40 at%, Chen's model on Figure 3.6(C), still appears different indicating
that both N content and environment may also influence the location of these peaks. In
particular, the intensity of the peak in region 1, for the models, appears to increase with the
FWHM decreasing as a result of increased energetic N, inducing graphitisation of the TGCN.
This graphitisation, in combination with the high N content, could also explain why the peak
at 2.3eV in (A) shifts to higher binding energies and increases in intensity since graphite has
predominantly C-C π-bonds. Based on the behaviour of the models, as well as the high N
content in TGCN as measured by XPS, the presence of an s-triazine unit could be supported
by the higher intensity of the region 1 peak, than the region 2 peak. An extended scan of the
TGCN flake reveals a potential peak in region 3, above 13eV, which is likely associated with
polymetric GCN (due to its association with 2s and 2p electrons) but not observed on the
models [185, 190]. All these factors support that the TGCN flakes produced have a high
percentage concentration of s-triazine units.

3.3.1.2 - Fourier Transform Infrared Spectroscopy
The purpose of using FTIR spectroscopy to characterise the TGCN flakes was:
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•
•
•

To determine the functional groups, present in the material, for comparing with the results
expected via XPS
To determine the presence of contamination, in particular O related - which could be
compared with XPS
To determine the presence of a heterocyclic group in the material, owing to a potential striazine (or s-heptazine) group presence

Although XPS provided accurate chemical data, FTIR spectroscopy suitably determined the
functional groups found in the final product, as well as confirming some of the bonds found
via XPS, as presented on Figure 3.7.
In comparison with XPS and with confirmation from Algara-Siller et al. and others [7, 30, 87,
138, 183, 265, 427], FTIR spectroscopy showed evidence of C-N and C=N (which could also
have been C-C and C=C since the two peaks overlap) whilst presenting evidence of a O-H
group (potentially atmospheric water vapour) as represented by the double peak at 3400cm-1.
The location, and low intensity of this peak in comparison to what is commonly observed for
O-H only peaks in existing literature, could also suggest the presence of an amine group
terminating the edges of the TGCN/HGCN structures. The presence of this amine group,
despite not being directly observed in XPS, would support the slightly higher C/N ratio of
0.38 found from XPS. The second defining feature of this FTIR spectroscopy spectra was the
presence of a s-triazine/heterocycle peak at 790cm-1 which is likely associated with either a striazine or s-heptazine group, although distinguishing the two with FTIR spectroscopy and
XPS cannot be achieved without input from other methods.
Despite evidence of a heterocycle structure and amine group, there are also two peaks at
2250cm-1 where one is associated with CO2 whilst the other is common for triple bonded
structures which, in this case, are either C≡C or C≡N . Whilst the first bond is likely
associated with aC, as confirmed from the XPS peak at 285.21eV, the latter is characteristic
of DCDA contamination. As presented in the Appendix, on Figure 9.4, DCDA's spectra
appears to overlap with exception that the triple bond is more intense and there is a distinct
lack of a heterocycle peak, as expected. As such, there may be some DCDA contamination
which can be removed through washing it for longer in DMF at higher temperatures.

Figure 3.7 - FTIR spectroscopy of the TGCN flakes, synthesised by modified PIS, ground with KBr to
make a pellet.
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After repeated measurements, the spectra intensity varied considerably for the different
samples however, whereas the XPS variation was likely due to surface chemical composition,
FTIR spectroscopy variation may have been influenced more by the KBr discs where a
thicker disc resulted in less intense peaks, such as the heterocycle at 800cm-1 being removed
thus maintaining a constant a constant disc thickness proved a severe limitation.

3.3.1.3 - Raman Spectroscopy
Raman spectroscopy was utilised for TGCN flake characterisation by providing more
structural information with regards to the chemical information. This technique was used:
•

•

To confirm the graphitic nature of the material through analysis of the vibrational modes
present and comparing with structural information found from XPS and FTIR
spectroscopy
To determine the presence of amorphous elements in the structure, as supporting
information for XRD and microscopy techniques discussed in the latter sections

TGCN, dissolved in DMSO, was drop cast onto Si substrate at 200(±5)oC. Following this,
low frequency vibrational and rotational modes within the solution were observed, providing
evidence for graphitic-like structures [428]. Figure 3.8 was obtained through averaging
several experiments to remove random errors which could arise at higher laser intensities.
Although a low laser power minimised sample damage, the resultant peaks had poor
resolution due to their being high fluorescence, a result making the presence of aC residue
very suspect - more than likely considering the presence of aC having been confirmed by
XPS and FTIR spectroscopy [186, 267].

Figure 3.8 - Raman spectroscopy, under a UV laser, of the modified PIS synthesised TGCN flakes
reveals two broad peaks between 1300-1700cm-1 and 2200-2600cm-1.

Scans of the reagents, as presented in the Appendix on Figure 9.5, revealed several defined
peaks not present in the modified PIS synthesised TGCN on Figure 3.9 suggesting this
blackness was not due to excess reagents – thereby supporting the results obtained from XPS
which ruled out any contribution of excess reagents in the final product spectra.
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Figure 3.9 - Optical image of the TGCN being characterised by Raman spectroscopy.

UV Raman spectroscopy of the black flakes revealed broad peaks, presented on Figure 3.8.
After considering the background fluorescence (a consequence of excess DMSO on the
substrate, as a result of the drop cast process, and other background interference), overlapping
D and G peaks between 1300-1700cm-1 and a 2D peak between 2200-2600cm-1 were
observed. The broad, overlapping G and D peak is key for amorphous CN (aCN) [414, 429]
whilst the 2D peak is less frequent and associated with graphitic structures [430], supporting
the FTIR spectroscopy results that this product contains a heterocyclic group.
Whilst the G peak at 1600cm-1 corresponds to vibrational modes arising from the Γ point of
the first Brillouin zone [431], relating it to C-C stretching (a feature present in all sp2 C at
1585cm-1 [432], with red-shifting to 1600cm-1 possible under N doping due to electron
donation into the structure) the D peak represents the dominant sp2 peak of disorder, existing
due to transverse phonons being close to the K point in the Brillouin zone, and varies in size
from 7cm-1 to 100'scm-1 for defective C samples, whilst lying between 1200-1500cm-1.
Additionally, the G peak expands if the material has been exposed to extreme changes in
strain, temperature and doping where the latter two were more relevant for this investigation.
As such, with the unlikely inclusion of an advanced defect peak D', caused by intravalley
double resonance [433], the broad peak between 1300-1700cm-1 is likely to form for this
product. The presence of a broad 2D peak is also common for amorphous sp2 C structures
[432] but reduces if many-layers of C-O bonding is present [191, 434]. This O was also
confirmed by XPS, with C-O bonding suspected upon high resolution photoemission analysis
of the C1s and O1s spectra, as well as from the FTIR spectroscopy spectra. Whilst aC
removal has been discussed previously, O removal may be achieved through performing the
reaction under a N2(g) atmosphere [435].

3.3.1.4 – X-ray Diffraction
Whereas the previous characterisation techniques utilised obtained chemical information
about the TGCN flakes, with only some information with regards to the physical structure,
XRD was utilised to fill this gap by:
•
•

Determining the extent of crystallinity (or amorphousity) of the flakes in the bulk of the
structure
Obtaining dimensional information for the purpose of analysing the 2D nature of the
material

Powder XRD, through application of the Bruker D4 Endeavour, determined the TGCN
crystallinity and lattice spacing with the presence silicon grease used resulting in a high
background as observed on Figure 3.10.
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The XRD pattern presented on Figure 3.10 corresponds to a partially crystalline material,
where the crystallinity is represented by sharp peaks at 27.7(±0.4)o 2θ and 22.3(±0.4)o 2θ
whilst the amorphous structure is represented by the broadening at the base of the
27.7(±0.4)o 2θ peak and the broad peak at 12.2(±2)o 2θ where the errors were calculated from
peak FWHM. The presence of this amorphous nature can be contributed to the presence of
aC, as determined through XPS, FTIR spectroscopy and Raman spectroscopy.

Figure 3.10 - Powder XRD pattern of the modified PIS synthesised TGCN flakes, between 5-60o 2θ,
0.05o steps at 20s/step accumulation.

The peak at 27.7(±0.4)o 2θ is characteristic of heterocyclic C structures, as supported by
Raman and FTIR spectroscopy, and is present in all GCN investigations [30, 137, 231, 245,
268]. This peak is very close to the graphite [002] peak position [4] and is associated with
interlayer stacking of aromatic systems - a feature eluded to by Raman spectroscopy.
Through the application of Bragg's law, where the wavelength of the X-ray used was , a dspacing of 3.22(±0.05) was calculated (as determined by Bojdys et al. [109]) where the
difference was due to strong binding between the heterocyclic layers and electron localisation
[222]. The slight broadness was due to stacking disorders for many-layered samples where
the stacking is dominated by non-directional π - π interactions, where these disorders could
have been a consequence of the C-O presence observed by Raman and FTIR spectroscopy.
As found by Algara-Siller et al. [30], there was a smaller peak at 25o 2θ (Figure 3.6) representative of Br contamination, of which was found from XPS analysis.
The broad peak at 12.2(±2)o 2θ, with an interlayer spacing of 7.25(±1.02) [130, 137, 222,
245, 268] is associated with interlayer stacking. In particular, the spacing of this peak is very
close to the size of one s-heptazine unit (with errors resulting from tilt angularity in the
structure) which was found to be 7.13Å with the large width representative of aCN [163] or,
as determined in Chapter 2, could be the result of the XRD interacting with the plastic sample
holder, although the peak is too defined is be a result of this entirely [362, 363]. This
essentially suggests that the flakes produced may have been more HGCN related, than TGCN
[102].
There was also a smaller crystalline peak at 22.3(±0.2)o 2θ which was not found in any of the
existing GCN investigations, thus its nature is unknown but corresponds, somewhat, to the
more crystalline (C3N4)4 structure [212]. From XPS, the nature of this peak was potentially
Br albeit the exact structure of this Br contamination was difficult to deduce due to lack of
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additional peaks to index and pattern match, although along with the peak at 25o 2θ the
source may have been related to ammonium bromide (NH4Br).

3.3.1.5 – Microscopy Techniques
3.3.1.5.1 – Transmission Electron Microscopy
From TEM measurements on Figure 3.11, granule-like structures, resembling circular sheets,
with short-range crystalline order were observed at 50nm resolution on Figure 3.11(A) where
Dai et al. [137] observed large circular sheets embedded with smaller particles at this
resolution and Thomas et al. [4] observed platelet-like layers at 500nm resolution. Through
observation at higher resolution (Figure 3.11(B)), small particles exhibiting network-like
structures were observed and analogous to that mentioned by Dai et al. and others [137, 139].
This ordering could have been associated with in-plane organisation due to s-heptazine units
however, due to high resolution drift effects, a hexagonal honeycomb structure of 2nm
diameter with a unit cell [30], could not be resolved.

Figure 3.11 - TEM images of the modified PIS synthesised TGCN flakes dispersed in IPA and placed
onto holey-carbon substrate at (A) 50nm resolution and (B) 10nm resolution.

3.3.1.5.2 – Atomic Force Microscopy
The short-range crystalline ordering, with long range disorder, was confirmed from AFM DM
analysis, as presented on Figure 3.12(A) where grain-like structures, found to be relatively
circular with a 30nm diameter and 20nm step-size were observed for TGCN drop-cast onto Si
substrate. Whilst grain sizes between 10 - 30nm were observed by various authors [141, 229,
248] step-sizes varied from a few nm [254] to a few 10's nm [244] where the larger
thicknesses were associated with layering of the TGCN, a feature evident in Figure 3.12.
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Figure 3.12 - AFM DM images of the modified PIS synthesised TGCN flakes dissolved in DMSO and
fixed onto Si substrate at (A) 250nm resolution and (B) 50nm resolution

3.3.1.6 – Summary
Based on the discussed characterisation techniques, several important conclusions were
determined with regards to the chemical and physical properties of the synthesised black
flakes:
1. Upon implementation of XPS and FTIR spectroscopy, with supporting information from
Raman spectroscopy, the black flakes were confirmed to be CN with some evidence of
HGCN/TGCN features
2. Through implementation of high resolution XPS photoemission analysis, as well as FTIR
spectroscopy, Raman spectroscopy and XRD, the black flakes were confirmed to be
composed of a heterocyclic structure, most likely of a s-triazine or s-heptazine form
3. Through analysis of XPS, XRD and Raman spectroscopy, the material was found to
contain high levels of aC (most likely advC)
4. Through analysis of XPS and XRD, the material was found to contain Br contamination,
although it was confirmed that this was not directly a result of excess reagent contribution
5. XPS, FTIR spectroscopy and Raman spectroscopy also confirmed the presence of O
contamination
6. XRD, TEM and AFM confirmed the material to have short-range crystalline ordering
with layering also observed
7. TEM and AFM confirmed the material to be composed of granule-like structures,
common for GCN structures
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3.3.2 - Triazine Graphitic Carbon Nitride Flakes:
Potential for Applications
Once the flakes synthesised had been confirmed to be TGCN, and the synthesis procedure
shown to be more efficient than previous attempts to synthesise the TGCN flakes, their
potential for applications was investigated.

3.3.2.1 - Band Gap Tuneable Applications
3.3.2.1.1 – Background
GCN, and TGCN, is known to be a very good material (whether alone or as a hybrid
composite material) for use in photocatalytic devices, with regards to H evolution [115, 225,
229, 248, 436-438]. A second application of the TGCN is with regards to energy storage
materials e.g. rechargeable batteries, due to Li+ intercalation occurring in more sites
compared to graphite, as a result of intra layer voids present and intercalation between layers
[86, 102, 111, 205, 306, 439, 440]. One key reason for such wide applications of TGCN is
due to its renewable properties, being composed of C, N and H (according to CHN this is
28.9at% C, 22.4at% N and 35.2at% H ), this material is both considered environmentally
friendlier than conventional inorganic catalysts. Additionally, the quantity of these
components is in high abundance in the world, thus acquisition of enough starting reagent is
also not an issue. Furthermore, TGCN is also considered to have a large tuneable band gap,
thus making it useful as a large band gap semiconductor [32, 102, 132, 441, 442].

3.3.2.1.2 – Characterisation
Prior to testing the material directly with regards to the applications/devices specified, the
band gap of the material was first determined in order to determine its electronic structure
configuration, a property well known for TGCN.
Through Ultraviolet-Visible (UV-Vis) spectroscopy and Photoluminescence (PL)
spectroscopy the absorption range and band gap of the black flakes produced were
determined. Figure 3.13(A) is the absorption and fluorescence spectra of TGCN dissolved in
DMSO whilst Figure 3.13(B) is an absorption and fluorescence spectra of TGCN dissolved in
water, it was determined that the TGCN was insoluble in water but soluble in DMSO [4,
137].
Through use of existing literature and by trial and error based on the Spectramax M5 UV-Vis
machine limitation, wavelengths between 200 - 800nm were used with measurements taken
every 10nm. Background readings of the DMSO and polymer well plate was removed,
resulting in the presence of negative peaks in the UV-Vis spectra. Lastly, as a result of the
Beer-Lambert Law, the volume of solution inside the well-plate affected the UV absorbed
thus a variable micropipette was used to keep the volume fixed at 0.4ml with crosscontamination between samples avoided through using alternating wells.
A ±8nm error was included, representative of the peaks FWHM. Whilst the absorption peak
at 290(±8)nm on Figure 3.13(B) was a result of C presence in the TGCN structure, and
synonymous of graphite and graphene oxide (GO) [443-445], the broader peaks on Figure
3.13(A) were characteristic of TGCN [115, 156, 268]. As a result of the absorption spectra
lying between 20 - 800nm, the structure was found to have a π - π * functional group which is
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characteristic of organic compounds that do not contain any metallic substances, confirming
the lack of K or Li in the product. Additionally, when the π - π * transitions are delocalised
over a larger area, the UV-Vis spectra are red-shifted and broadens, as was the case on Figure
3.13, represented by a change in colour. This effect also occurs, albeit less significantly, with
increasing conjugation in the structure where the very large red-shift suggests the product
formed had a ring structure in addition to many double bonds spread across itself - as
confirmed from FTIR spectroscopy and XPS, with the π - π * having been confirmed by
Raman spectroscopy.

Figure 3.13 - (A) UV-vis absorption spectroscopy for the modified PIS synthesised TGCN flakes
dissolved in DMSO, with fluorescence measurements in the insert and (B) UV-Vis absorption
spectroscopy for the modified PIS synthesised TGCN flakes dissolved in water, with fluorescence
measurements in the insert.

From the Planck-Einstein relation, TGCN band gap was found to be ∼1.9eV (through use of
650nm as the cut-off wavelength), a value lying within the 1.6-2.0eV range of TGCN [30]
and of the order of small bandgap semiconductors such as GaAs (1.43eV) and GaP (2.26eV).
There also appears to be a second, less intense cut-off at 390nm which corresponds to a band
gap of ∼ 3.2eV, a value equivalent to the energy needed to form a single C-N bond [446].
Though a band gap of 3.2eV was obtained for metal doped CN [447, 448], the XPS results on
Section 3.3.1.1 showed no evidence of metals in this product. This value was also supported
by the PL absorption spectra as presented on Figures 3.14(A & B).

123 | P a g e

From fluorescence measurements, the larger peaks represent the incident laser used to
activate the structure whilst the small broader peak, for both Figures 3.13(A & B), centred at
450nm represents the fluorescence generated from exciting ground state electrons to higher
states. These low intensities represent TGCN not being very fluorescent under UV
wavelengths whilst the location of the maximum, obtained through fitting a Lorentzian
function via MATLAB, is at 450(±10)nm with an error associated with peak width,
temperature effects and exposure time resulting in TGCN bleaching and quenching. Though
broad peaks could represent rotational levels associated with each vibrational level of the
structure, as a result of TGCN being a planar, aromatic compound, the broadness of this peak
suggests either stacking affects (as confirmed by Raman spectroscopy results) or the
inclusion of non-planar impurities. The location of this peak was also compatible with the
location of the PL peak in Figures 3.14(A & B) of TGCN in DMSO.

Figure 3.14 - (A) PL spectra of the modified PIS synthesised TGCN dissolved in DMSO and (B) its
calculated energy spectrum. (C) PL spectra of the modified PIS synthesised TGCN dispersed in IPA
(D) along with its energy spectrum.

From PL under ambient conditions, emission profiles for TGCN dissolved in DMSO (Figures
3.14(A & B)) and dispersed in IPA (Figures 3.14(C & D)) were obtained through exciting the
flakes at 390nm (determined by UV-Vis) and found to have a maximum between 450-460nm
[163, 449] where the location of this maxima corresponded to the near blue EM region.
However, due to the samples not being dissolvable in IPA, the peaks on Figures 3.14(C & D)
are likely to be a result of IPA effects whereas, in the DMSO spectra, the broad nature of the
emission profile confirms that TGCN absorbs visible light well since it has various energy
levels which the ground state electrons can be excited to, as presented on Figure 3.13(A).
This broad emission peak was most likely a result of the temperature at which the TGCN was
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synthesised since an increase in synthesis temperature resulted in the PL peak red-shifting
and broadening [163]. This broadening also implies that the TGCN produced emits at a range
of energies however, not all of the energy absorbed by the system (3.2eV) is emitted
suggesting that the excited electron is likely to have undergone non-emitting energy loss via
quenching, internal conversion, intersystem crossing or vibrational effects of various
intensities.
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Section 3.4 - Conclusion
The purpose of this investigation was to apply a modified PIS approach in order to synthesise
TGCN flakes with increased efficiency compared to literature. This was achieved through
addressing three key aims:
1. To synthesise and characterise the TGCN flakes
2. To synthesise the TGCN flakes with increased efficiencies
3. To confirm use of the TGCN flakes in various applications
The characterisation techniques utilised confirmed, to an extent, that the black flakes
produced in this modified setup were TGCN flakes (potentially even evidence of HGCN)
however, as a result of O and aC contamination predominantly (along with some Br
contribution, although not directly from excess reagent contribution), the grain-like structured
flakes were found to have only short-range crystallinity as opposed to long range crystallinity
found in existing literature. The success rate of the reaction, however, improved through
application of the continuous vacuum setup, improving reaction efficiency to 70% (compared
to the 33% success rate as obtained by Algara-Siller et al. [30]). Though direct application of
the product was not performed, analysis of the materials band gap through UV-Vis and PL
measurements determined a band gap value of 1.9eV, which was comparative to the 1.62.0eV range obtained by existing TGCN literature. This information suggested that the
material could be used for semiconductor type applications, such as in visible light
photocatalysis, Finally, through evidence of the TGCN material forming in a gas phase, the
potential of the material being made into a film was possible (as discussed further in Chapter
4).

126 | P a g e

Chapter 4 - Graphitic
Carbon Nitride Film
Synthesis Through a
Modified Vapour Deposition
Approach
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Section 4.1 - Introduction to Graphitic
Carbon Nitride Films
Through application of a modified vapour deposition approach, the purpose of this
investigation was to synthesise graphitic carbon nitride (GCN) films, akin to the chemical and
physical properties of the s-triazine GCN (TGCN) flakes determined in Chapter 3.

4.1.1 - Background
CNs are materials composed of carbon (C) and nitrogen (N), with experimentally synthesised
CN materials also containing hydrogen (H) - proving extremely useful for photocatalytic
water splitting applications. As discussed in Chapter 3, the earliest attempts to synthesise this
material resulted in the formation of powders and flakes, with recent reproductions resulting
in the formation of the highly crystalline and stable TGCN component [30, 108, 109].
Though extremely useful with regards to structure identification, the usefulness of powders
and flakes for devices is overshadowed by the benefits of thin film technology; so GCN films
are therefore more practically viable than TGCN flakes. This is predominantly a consequence
of the thin film deposition approaches themselves, which allow for better control of material
microstructure, surface morphology, electrical and optical properties whilst, simultaneously,
reducing quantity of reagents needed [450].
Despite the limited discussion in existing literature, there have been numerous attempts to
synthesise films since the turn of the millennium. Whilst earlier approaches to GCN film
synthesis was based upon a two-step procedure with the synthesised flakes being dissolved
into solvents, before being drop-cast onto substrates [451, 452], several problems emerged
with the primary issue involving the choice of viable solvents. Whilst the dissolving of GCN
in ethanol was considered acceptable, due to the high volatility of ethanol making it easy to
remove following drop casting, the use of dimethyl sulfoxide (DMSO) and aqueous sulphuric
acid (H2SO4) were not as acceptable particularly due to the difficulty of creating pure films
void of any contamination as well as, in the case of H2SO4, a higher than normal toxicity.
There have also been attempts to synthesise GCN films via a one-step process with
techniques such as magnetron sputtering (MAGS) [453], pulsed laser deposition (PLD) [454],
chemical vapour deposition (CVD) [455], liquid phase deposition (LPD) [456] and sol–gel
processes (SGP) [426]. Whilst all these techniques have reported the successful synthesis of
GCN films, they are restricted in their own individual ways.
Whilst sputtering is only useful for the fabrication of smaller samples, DC MAGS does not
work for insulative targets, due to the inability of current to flow through this target, whilst
RF MAGS is difficult to perform on low thermally conductive materials e.g. ceramics, due to
their brittle nature being exposed under the high pressures of the sputtering process [457].
PLD relies on large kinetic energy of some plume species thus, re-sputtering resulting in film
defects is very likely to occur on growing films as well as potential microscopic particle
emission from the target. The plumes themselves are also likely to contain inhomogeneous
energy profiles, especially if composed of light elements such as oxygen (O) (an element
found in most GCN investigations) thus, a background carrier gas is required [458]. Whilst
128 | P a g e

CVD is most like the procedure utilised in this investigation, there are two major issues with
regards to its application: only starting precursors, volatile at near-room temperature, can be
used (with most of these being toxic or explosive), with the production of hazardous byproducts a common consequence, and films have to be deposited at elevated temperatures this limits the type of substrates that can be coated [459]. LPD relies on the film material
being in liquid form, thus solubility concerns (as present in the original techniques) also
extends to this technique with additional issues regarding crystallinity control [460]. SGP
provides better control during film growth as well as greater versatility and cheapness but
suffers from preferential chemical growth whereby some chemical structures form at a
probability greater than another, with groups such as -OH (a contaminant with regards to
GCN) being an unavoidable consequence, due to their reactivity differences [461].
Atomic layer deposition (ALD), considered a sub-class of CVD, was developed
independently by two separate parties. It was first recorded in 1974 as Atomic Layer Epitaxy
(ALE) in Finland but also was known as Molecular Layering in the 1960s Soviet Union [462,
463]. ALD is a gas phase thin film deposition technique, that forms layers through a
repeating self-terminating gas-solid reaction whereby existing manufacturers utilise this
approach to create conformal inorganic material layers for various applications including
semiconductor manufacturing, whereby it is capable of scaling down microelectronics
according to Moore's law [210, 346, 462, 463]. In most ALD procedures, two gaseous
starting precursors are required which react with the surface of a substrate or target material
sequentially in a self-limiting manner which, upon repeating, forms a very thin atomic layer
much thinner, albeit slower, than that produced by conventional CVD techniques [464].
In this investigation, an ALD/CVD type technique capable of depositing highly conformal
crystalline GCN layers, onto a variety of substrates including conductive (and insulative)
glass, flexible plastics and nano-structured surfaces, is reported [32]. This variety extends
further than that capable by conventional CVD, due to substrate heating no longer being
needed, and the ability to coat insulative substrates also allows greater flexibility than
MAGS. Additionally, due to their being no need for background carrier gas, kinetic energies
of the incoming species are low thus effects of laser ablation, as experienced by PLD, as well
as sputtering damage, as experienced by MAGS, are removed since the energy of the
incoming reactants are lower than that produced by a laser as well as the pressure is lower
than that experienced by sputtering. Evidence of sequential surface adsorption, analogous to
ALD, provides far better film growth control than that capable by LPD. Finally, unlike solgel synthesis, which contains unavoidable -OH issues, as discussed further in this
investigation, the films were composed of C, N, H, with <0.5% of O, thus making the process
purer. These films were found to be conformal on the nanoscale, and when coated on TiO2
particles were photoactive for visible light sacrificial H production from an ethanol aqueous
solution.

4.1.2 – Aims and Motivation of Investigation
Upon development of this project, the initial aim was to reproduce and improve the formation
of TGCN through modification of the synthesis procedure discussed in Algara Siller et al.
[30]). As determined in Chapter 3, not only was this achieved but there appeared to be
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evidence of the TGCN forming via a gas-phase mechanism as evidenced by the black flakes
forming at a distance far from the location of the reactant mixture, in a smooth paste-like
manner on the inner side wall of the quartz tube vessels. Following from this, it was predicted
that a modification of the synthesis procedure could allow for the formation of TGCN films
via a direct transfer process, much like CVD or ALD, with potential application in
photovoltaics through self-integration or through the creation of hybrid organic-inorganic
constructs, with a particular focus on TiO2 [326-328]. As such, the aims of this investigation
were:
1. To develop a deposition technique capable of utilising the results acquired from Chapter 3
to synthesise GCN films
2. To synthesise and characterise crystalline GCN films at room temperature
3. To obtain evidence of performance of these GCN films for photocatalyst applications
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Section 4.2 - Graphitic Carbon Nitride
Films Experimental Method
Through combination of a C and N rich starting precursor material, dicyandiamide (DCDA),
with a eutectic salt mixture comprising of lithium bromide (LiBr) and potassium bromide
(KBr), highly conformal, crystalline GCN films were synthesised and deposited onto a
variety of substrates, through application of a CVD/ALD type vapour deposition approach.
Developed upon the basis of conventional vapour deposition but with evidence emergent
from the modified polycondensation ionothermal synthesis (PIS) approach discussed in
Chapter 3, the system components of this technique were developed in stages.

4.2.1 - Reaction Mixture Preparation
A precursor mixture of DCDA (99%) and 1.5g of eutectic salt mixture composed of 0.78g
LiBr and 0.72g KBr were placed in a 10mm outer diameter quartz tube (after being ground
finely with an agate pestle and mortar), flame sealed at one end, and dried under dynamic
vacuum (10 - 2mbar) for 20hrs at 180oC, heating at 10oC/min (the change in temperature,
compared to Chapter 3, as well as the change in drying procedure - as opposed to placing the
samples in a vacuum over - were a consequence of the drying oven procedure not drying the
samples effectively yet taking an extra day to perform the reaction). The tube was then backfilled with dry N2 and vacuum purged several times following this before sealing the quartz
tube, using a rotating dial, under an inert N2 atmosphere for the purpose of removing gaseous
contamination that may interact with the starting reactant mixture.

4.2.2 – GCN Film Synthesis Development
As determined, the vapour deposition approach utilised in this investigation for the purpose
of synthesising GCN films may have been based upon a CVD/ALD type approach but it was
developed in stages based upon the modified PIS setup presented in Chapter 3, whereby
evidence of a gas phase reaction mechanism was observed for the synthesis of TGCN flakes.
Through modification of the PIS approach by inclusion of a dynamic vacuum, as discussed in
Chapter 3, TGCN flakes were formed more successfully than that discussed by Algara-Siller
et al. [30]. In addition, evidence of the TGCN flakes forming at the top-end of the quartz
tube, far from the location of the reactant mixture, suggested that the flakes were being
formed in a gas-phase before condensing on the sides of the quartz tube - something which
was not found in TGCN-based literature [30, 102, 107-109, 114, 320, 416].

4.2.2.1 - Bent Quartz Tube Modified Polycondensation
Ionothermal Synthesis
The initial modification of the synthesis procedure, more for confirming the presence of a
gaseous species than to use for large scale production, was the application of a bent quartz
tube (BQT) process presented on Figure 4.1.
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Figure 4.1 - The BQT setup was the first attempt to synthesise GCN films.

In the BQT procedure, the tube was bent at a 70o angle. The purpose of this was to allow an
acetone and then IPA cleaned borosilicate substrate to be placed into the system, without it
interacting with the reactant mixture directly - to prevent direct exposure. Upon performing
the reaction as on Figure 4.1, the substrate was observed to be coated with a brown/black
spray paint type substance in a manner that appeared to be uniform coating. Additionally,
there was also no evidence of the precursor mixture having left the bottom of the quartz tube
via a physical “spitting” process since, as for the previous procedure, the distance between
the film and reactant mixture remained clean/empty.

Figure 4.2 - XPS survey of (A) GCN coated onto borosilicate whereby the borosilicate was placed
right at the bend of the quartz tube and of (B) GCN coated onto borosilicate whereby the borosilicate
was placed 1cm further away from the bend of the quartz tube.

There were several issues with application of this setup that required further modification.
1. The films width that could be coated were restricted to <10mm (the outer diameter of the
quartz tube) with the length only slightly restricted based upon the sloping effect of the
BQT.
2. By bending the quartz tube, its outer edge became more fragile thus success rate of the
procedure fell to 20%.
3. Bending angles of 70o could not be replicated perfectly every time, thus reproducing the
results proved difficult.
It was determined that distance from the reagents affected chemical composition since, as
presented on Figure 4.2(A), amorphous C (aC) formed on the film closer to the bend whilst a
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ratio of C/N =1 formed 1cm further away from the heat source (Figure 4.2(B)), comparative
to GCN [30].

Figure 4.3 - XRD pattern of the GCN on borosilicate 1cm from the BQT bend shows crystallinity.

Figure 4.4 - Raman spectroscopy under a 327nm UV laser for GCN on borosilicate 1cm from the
BQT bend, between 1000 - 3000cm-1.

GCN presence was confirmed through X-ray photoelectron spectroscopy (XPS) as shown on
Figure 4.2(B), following peak deconvolution (Appendix, Figure 9.13) and, along with Raman
spectroscopy (Figure 4.4), it was determined that the C1s, N1s and O1s peaks corresponded
to those determine for TGCN, as discussed in Chapter 3 however the C1s spectra contained
more aC at 284.53eV, a feature dependent on distance from the heat source due to its lower
intensity compared to Figure 4.2(A) whilst the peaks at 285.98eV and 288.81eV showed
evidence of C-N and C=O. The sp2N/sp3N value was lower than the TGCN flakes produced
in Chapter 3, suggesting an incomplete reaction [465], due to a short reaction time, as
discussed by Algara-Siller et al. [30].
Additionally, the Raman spectroscopy spectra showed evidence of convoluted D and G peaks
between 1200-1700cm-1, as for the TGCN Raman spectroscopy presented in Chapter 3
however, there was little evidence of a 2D peak suggesting that the GCN formed in this
investigation was more amorphous [429], potentially due to increased residue formation.
To prevent the sample from being washed off the substrate, the cleaning procedure utilised
for the TGCN flakes (Chapter 3) was not used thus, the final films had some contamination
where, as observed on Figure 4.3, X-ray diffraction (XRD) showed little evidence of the
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semi-crystalline pattern associated with TGCN (Chapter 3) and expected based on Figure
9.13, in the Appendix, and Figure 4.4. Instead, a crystalline substance was obtained proving
that this reaction may have created solid by-products other than GCN and NH3 gas.

4.2.2.2 - Carbon Nitride Film Production: Version 1.0 Short Quartz Reaction Vessel Single Bunsen Synthesis
Whilst existing literature reported TGCN formation occurred directly on top of the starting
precursor materials [30, 102, 107, 108] by a solid phase polymerisation [4], through visual
evidence presented on Figure 3.4, the TGCN flakes in Chapter 3 were being produced at
increasing distances from the location of the initial precursor mixture. As stated previously,
this may have been a consequence of the vacuum pulling the powder sample up the quartz
tube in its solid form via a “spitting” type procedure. However, as determined by XPS,
Raman spectroscopy and XRD there is no evidence of LiBr or KBr presence but there is
ammonium bromide. According to literature, this salt is normally formed from the interaction
of a Br salt and NH3 however, it has never been recorded in participating in TGCN formation
other than as a by-product. This implies that, alongside evidence of the black TGCN forming
at varying distances up the quartz tube, the reaction mechanism may potentially involve a gas
phase mechanism or an internal carrier gas which is interacting with the solid precursor
materials to some extent. In order to transition from the modified PIS setup to the vapour
deposition approach, understanding of the reaction mechanism in this setup may prove useful.

(a)

(b)

(c)

Figure 4.5 - (a) The SQRV GCN thin film synthesis setup compatible with (b) a CVD contact heater
or (c) a Bunsen burner.

4.2.2.2.1 – Setup Procedure
From the modified PIS approach in Chapter 3, it was observed that the final product was
coating onto the inside walls of the quartz tube albeit at a distance greater than that reachable
by the initial precursor mixture. From this result, it was suspected that the transition between
the precursor to the final product involved a gas phase mixture which was not expected based
on the modified PIS approach (Chapter 3) or existing literature [30, 102, 107, 109].
Consequently, it was speculated that this gas phase mixture could be utilised for the purpose
of creating a film by coating a substrate directly however, as a result of the quartz tube
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opening being small (15mm outer diameter) initial substrates utilised via the BQT technique
were very small but they did show signs of film coating.
Further to the issue of using larger substrates, a short quartz reaction vessel (SQRV) was
created and combined to the modified PIS approach, as presented on Figure 4.5. The prepared
reagents, rather than being placed in a quartz tube, were transferred into the SQRV, since
larger films could be procured here. Two 1000oC oven-dried, 3cm high ceramic blocks were
then placed on the powders as make-shift pedestals, with an IPA cleaned glass substrate
placed above. The vessel was then sealed with a desiccator-type lid, through use of Si
vacuum grease, and vacuum purged for 10mins under ambient temperatures. Additionally,
the tube heater was replaced with a Bunsen burner (since the SQRV was too large to place
into the furnace). The thin film setup presented on Figure 4.5(c), was the design implemented
for this part of the investigation. In order to measure and then control the Bunsen burner
temperature, a thermometer was placed inside an empty SQRV and the Bunsen heated to
400oC (for 20mins) and 600oC (for 2hrs). Due to 200oC not being possible, the reagents and
glassware were separately dried overnight in their respective ovens prior to every
investigation - a process which limited the number of experiments per day. Despite this
limitation, various experiments were performed albeit with varying degrees of success.

4.2.2.2.2 - Triazine Graphitic Carbon Nitride Reaction Mechanism
Through application of the setup presented on Figure 4.5a, the impact of pressure on the
chemical composition of the reaction process was investigated, whereby it was speculated
that if a gas phase species was responsible for TGCN formation, controlling the vacuum
strength would effectively control the surface area range being coated by the black TGCN
material. This procedure was implemented through performing the reaction under various
vacuum intensities (measured with a manometer), controlled through use of a needle valve.
Once performed, extracts of the final products were taken from the top side, lower side and
bottom of the vessel, and tested in order to determine how product formation varied with
distance from the heat source. The primary issue with this setup involved Si contamination
from the sides of the QRV and the vacuum grease.
Following completion of this synthesis process, several types of products formed where: the
top side of the vessel were white powdery, the lower side formed pale yellow thin sheets
whilst the bottom formed dark yellow/brown thick sheets.

4.2.2.2.2.1 – Top Side of Reaction Vessel
Following extraction of the products from the top side of the QRV, resulting in Si
contamination, the XRD pattern at all pressures, as shown on Figure 4.6(A), revealed the
same crystalline structure which, when compared to simulations, corresponded to a
polymorph of NH4Br which, on the ICSD website, can be found on collection code “52245”.
Two very intense peaks were found at 22o 2θ and 31o 2θ with four smaller peaks spaced
equally between 37-56o 2θ suggesting the formation of a crystalline structure however, there
was an infrequent peak between 27-28o 2θ, potentially TGCN related but since XRD favours
heavier elements, it was difficult to determine the extent of TGCN presence and so XPS and
FTIR spectroscopy were used.
As presented in the Appendix on Figure 9.3, in agreement with XRD, the Br3d and N1s
spectra observed N-Br bonding through the location of peaks within 401-402eV and between
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67.4-68.5eV. The presence of additional Br was also found between 68.7-69.2eV,
representative of KBr and LiBr13 (although the presence of either salts was not determined by
XRD analysis), 69.8-70.4eV, representative of Br-Br bonding, and for the 11Torr pressure a
peak between 71.5-73eV and 535-536eV, indicative of Br-O contamination albeit this was
the only pressure that this was found suggesting an anomalous measurement. The majority of
O1s contamination was likely due to C-O or C=O with K-O and N-O being unlikely, due to
XPS not revealing any presence. Due to the vacuum pump, gaseous bonds were unlikely as
was the 11Torr N1s spectra above 403eV, showing the presence of N2(g). The most likely
nature of the N1s bonds were sp2N-sp2C (associated with N in the s-triazine structure) and
sp3N-sp2C (associated with the bridging N ) with evidence of a primary amine group between
399-401eV, as determined by the FTIR spectroscopy double peak on Figure 4.6(B) and in the
Appendix on Figure 9.1 between 3200cm-1 and 3400cm-1. The presence of aC and N=C was
also present in the FTIR spectroscopy spectra between 1250-1700cm-1 which agreed with the
C1s peaks at 286eV and between 288-289eV. The C1s peaks also revealed the presence of
sp2 C and sp3 C.
A decreasing vacuum pressure caused a transition from sp3 C to sp2 C (and a decrease in CO or C-N bonding) with N1s peaks transitioning from amino bonding into sp3 N with the
peaks becoming symmetric, emphasising the reduction in the number of overlapping peaks.
This red shift due to decreasing vacuum pressure was also observed for O1s bonds, which
went from C=O to C-O whilst Br3d went from Br-O to C-Br and N-Br , suggesting that
pressure influenced NH4Br presence, whilst the symmetry of the Br3d spectra remained
unchanged. Furthermore, this reducing vacuum pressure within the vessel showed evidence
of C/N stabilising whilst the amount of O1s dropped from 13at% to about 6at%. From FTIR
spectroscopy, a reduced vacuum showed evidence of a disappearing heterocycle at 800cm-1.

Figure 4.6 - (A) XRD pattern of the product formed at the top of the QRV at various pressures,
compared to the results of a polymorph of NH4Br XRD pattern (obtained through the ICSD database)
between 15-50o 2θ. (B) FTIR spectroscopy of the product formed at the top of the QRV at various
pressures between 500-3000cm-1.

13

The presence of Li cannot be measured directly by XPS due to Li's very low sensitivity factor.
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4.2.2.2.2.2 – Bottom of Reaction Vessel
Through XRD pattern of the product at the bottom of the QRV (Figure 4.7(A)), and through
comparison with simulations, KBr was observed with a consistent sharp peak at 27-28o 2θ,
small sharp peaks at 24o 2θ and 39o 2θ and several smaller peaks between 45-64o 2θ with
pressure having little impact on this distribution with lighter contaminants and TGCN being
difficult to determine due to the XRD limitations.

Figure 4.7 - (A) XRD pattern of the product formed at the bottom of the QRV at various pressures,
compared to the results of LiBr and KBr (obtained through online databases) between 15-50o 2θ. (B)
FTIR spectroscopy of the product formed at the bottom of the QRV at various pressures between 5003000cm-1.

Through XPS analysis of the C1s spectra (Appendix, Figure 9.8), there was evidence of K
contribution with two peaks located at 293eV and 296eV, in contrast to the C1s spectra for
the top of the QRV (Appendix, Figure 9.7). In comparison to the Br3d peak between 68.769.2eV, and evidence from Figure 4.7(B) the presence of KBr was confirmed at the bottom of
the vessel. KBr formation was likely since K would be unlikely to vaporise at the
temperatures used in this reaction. Further analysis of the Br3d spectra revealed potential
molecular Br presence and, unlike the top of the vessel, a distinct lack of N-Br and C-Br
presence. Analysis of the C1s spectra confirmed the lack of C-Br bonding, at all pressures, at
285.5-286.5eV however, unlike the top of the vessel, there were at least five distinct peaks
present as opposed to just two. Two of these peaks were KBr whereas the other three peaks
were found close to 285eV (sp3 C from C-C or C-N bonding), between 287-288eV
(potentially C=N, and confirmed by the N1s spectra between 398 - 399eV) and between 289290eV (C=O bonding, confirmed by the O1s peak at 531.5eV and 533eV). A lack of peak
between 401 - 402eV also confirmed the lack of NH4Br presence, in confirmation with the
lack of matching peaks on Figure 4.7(A), except for the anomalous 11Torr measurement.
At reduced vacuums, the XRD pattern remained constant whilst XPS showed an increase in
K from 0 at% at 7Torr to 33at% at 100Torr. Additionally, whilst N reduced from 35at% to
4at% and C reduced from 40at% to 15at%, O increased from 10at% to 26at%. Additionally,
the N1s spectra showed a transition from sp3N to sp2N whilst the O1s spectra showed
transitioning from C=O and K-O bonding to C-O bonding with Br3d spectra showed stability
upon reaching K-Br bonding.
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Whilst FTIR spectroscopy (Figure 4.7(B) and in the Appendix, Figure 9.11) showed little
change with reduced vacuum strength, there was a distinct difference between the types of
peaks formed compared to the top of the vessel with the presence of a secondary amine being
prevalent, between 3200-3400cm-1, due to the presence of a single peak. Additionally, whilst
increasing pressure resulted in the heterocycle disappearing at the top of the vessel, on Figure
4.6(B), it did not affect the bottom product however, the C-C and C=C bonds between 12501750cm-1 are not as well defined as those at the top, suggesting a reduced ring system at the
bottom.

4.2.2.2.2.3 – Lower Side of Reaction Vessel
As presented on Figure 4.8(A), XRD showed evidence of both KBr and NH4Br, confirming
that K based products formed closer to the bottom whilst lighter NH4-compounds formed at
the top. An increase in pressure favoured NH4Br formation due to lower pressures allowing it
to move more freely in the. Additionally, at higher pressures, the sharp peak at 27o 2θ,
determined to be KBr at the bottom of the QRV, had a broader structure near its base but, due
to the lack of intensity to this potential peak, confirmation of TGCN production was difficult.

Figure 4.8 - (A) XRD pattern of the product formed at the lower side of the QRV at various pressures,
compared to the results of NH4Br and KBr (obtained through ICSD database) between 15-50o 2θ. (B)
FTIR spectroscopy of the product formed at the lower side of the QRV at various pressures between
500-3000cm-1.

From XPS, C/N stabilised, with N>C but only at lower vacuums with Br reducing to 7%.
Additionally, unlike the top and bottom of the vessel, pressure did not impact the levels of
O1s as strongly. A generic impact of increasing pressure, for all four spectra presented in the
Appendix on Figure 9.9, was a distinct redshift in the peaks - an effect more strongly
observed for this part of the QRV. At all pressures, the product forming on the lower side
retained two distinct peaks however, at increasing pressures, these peaks transitioned from a
region dominated by C=O and C-O/C=N/C-Br bonds to that dominated by sp2C and sp3C in
C-C bonds with the FWHM of the peaks also decreasing. This reduction in peak width was
also observed for the red-shifted O1s spectra where the peak, at increasing pressures,
transitioned from a K-O to C-O region. The red shift was also observed on the N1s spectra
where, at higher vacuums, the spectra was more symmetric and contained more amine
groups, sp2N and sp2C bonds whilst, at increasing pressures, the peaks became more
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asymmetric and contained more sp3N and sp3C. The transition from K-Br to NH4Br was also
confirmed through the redshift in the Br3d spectra.
The FTIR spectroscopy measurements on Figure 4.8(B) and in the Appendix on Figure 9.12
showed evidence of a secondary amine between 3200-3400cm-1 at lower pressures which, at
reduced vacuum, transitioned to a primary amine, comparative to the transition from KBr
dominated to NH4Br dominated as presented on Figure 4.8(A). Additionally, at higher
pressures the s-triazine peaks also became more defined - albeit less defined than those at the
bottom of the vessel - with the number of peaks between 1250-1750cm-1 also increasing.

4.2.2.2.3 – Summary of Results
Through investigation into the vacuum pressure effect on the TGCN flakes, further insight
into the reaction mechanism of the TGCN was obtained. From XRD, NH4Br dominated the
top of the vessel, as presented on Figure 4.6(A), with KBr dominating the bottom, as seen on
Figure 4.7(A), with pressure only affecting the lower side of the vessel, as seen on Figure
4.8(A), where reducing vacuum strength resulted in the transition from KBr to NH4Br + GCN
dominated region, as shown on Figures 4.10 and 4.11, with evidence of an unknown light
organic material inside, based on the presence of a weak peak at 27o 2θ which is likely related
to TGCN. From FTIR, the top of the vessel (Figure 4.6(B)) was dominated by primary
amines, with the bottom (Figure 4.7(B)) dominated by secondary amines where, at the lower
side of the vessel (Figure 4.8(B)), increasing pressure caused a transition from secondary to
primary amines. Additionally, all the spectra showed evidence of heterocycle formation
however, whilst increasing pressure resulted in this peak disappearing at the top of the vessel,
the bottom of the vessel remained unchanged whilst the peak at the lower side increased.
From XPS, KBr was observed at the bottom of the vessel whilst the top and lower sides
showed two distinct peaks with pressure effects causing red shifting. Pressure induced
redshift was also evident at lower side of the vessel, indicating a transition of bond types at
this range, whilst the effect was less consistent at the top and bottom of the vessel.
Additionally, the bottom of the vessel favoured the formation of sp3(C-C) whilst the top
favoured sp2(C-C), albeit this was less distinctive of a shift. This was more obvious in the
N1s spectra where the top of the vessel, at increasing pressure, favoured the formation of
sp2N – sp2C whilst, further down the vessel, the bonding increasingly favoured sp3(N-C)
whilst the lower side tended towards sp2N-sp3C.
Furthermore, upon extraction of the films (which had been procured under a dynamic vacuum
at 600oC over 20hrs of heating) from this setup, they were found to be very flaky and brittle,
breaking off from the substrate upon the application of low pressures thus making it suitable
for FTIR spectroscopy measurements, albeit with μm and mm sized pinholes, making it
impossible to perform atomic force microscopy (AFM) whilst affecting XPS data acquisition.
This flaky structure remained at all pressures with the only noticeable change being
darkening at reduced vacuum strength. Chemically, the results failed to show GCN presence,
especially through FTIR spectroscopy data, as observed on Figure 4.9, due to lack of a
heterocyclic peak at 800cm-1.
Overall, at very low vacuum pressures, the top side of the QRV began to blacken, suggesting
that this setup may be able to create GCN albeit requires a longer QRV and lower vacuum
strengths. As vacuum strength was adjusted, the location of this product was found to change,
implying a gas phase species is responsible in its formation. However, the quality of the films
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produced from this setup proved unsuitable for device application and, along with chemical
composition being different to that produced in the bent tube setup, proved that the geometry
of the vessel contributed to GCN production. Following the results of this investigation, and
the failure of the existing thin film synthesis, a new setup was created.

Figure 4.9 - FTIR spectrum of GCN synthesised through the SQRV-SB approach from 400-4000cm-1.

(a)

(b)

Figure 4.10 - Raman spectroscopy spectra, under a 327nm UV laser source, of a GCN film
synthesised through the SQRV-SB approach from 500-3000cm-1 under (a) a dynamic vacuum and (b)
an inert N2(g) atmosphere.

(a)

(b)

Figure 4.11 - Powder XRD pattern of a GCN film synthesised through the SQRV-SB approach from
10-60o 2θ under (a) a dynamic vacuum and (b) an inert N2 atmosphere.
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4.2.2.3 - Carbon Nitride Film Production: Version 1.1 Long Quartz Reaction Vessel Double Bunsen Synthesis

Figure 4.12 - The LQRV-DB setup used to create GCN films whereby the precursor mixture are
located inside a ceramic bowl, within the QRV.

4.2.2.3.1 - Setup Procedure
Following from the failure of creating smooth films with the SQRV-SB setup, it was deduced
that an issue may have been with regards to the distance between the substrate to the
precursor material and/or the distance to the heat source based upon observation of
blackening at the top of the QRV in Section 4.2.2.2. Consequently, it was suspected that the
final product may not have travelled an enough distance to condense onto the substrate as
observed from the material on the substrates growing unevenly and being very brittle. As
such, a modification of this setup was performed whereby the QRV was replaced with a
much longer QRV (LQRV) albeit one with the same base area and general construct, as
presented on Figure 4.12.
Two Bunsens were utilised since, with this setup, rapid heating up to 600oC gave the best
results with regards to the final product where, once again, the films synthesised were very
flaky and of poor quality thus unsuitable for further applications albeit, through rapid heating,
black powders formed at the top side of the QRV resembling the quality of the TGCN flakes
formed through the modified PIS process. Furthermore, after vacuum pumping the setup as
was performed for the SQRV-SB setup, this LQRV-DB setup was also N2 flushed after
forming the black flakes in order to reduce the O contamination. A difficulty with regards to
the LQRV-DB setup was regards to its size, whereby its length made it difficult to perform
the reaction since the LQRV had to be supported by several tripods whereby these tripods
also assisted with the second difficulty, which involved the high pressures causing the lid to
fly off at random instances, despite the presence of an opening for this pressure to escape
from. Additionally, the use of Bunsen burners as a heat source made it difficult to control the
temperature rate and temperature, despite the use of a thermocouple to try and approximate
the values. Lastly, the films which were attempted to be coated within the LQRV were
supported by a steel tripod which, upon reaction initiation, appeared to be participating in the
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process as black flakes were observed on the metal surface with reduced amounts forming on
the film and inner side wall of the LQRV.

4.2.2.3.2 - Setup Output
The black flakes formed were found to coat the inside walls of the LQRV in the same manner
as observed in the quartz tube experiment however, unlike the BQT experiment, the smooth
films procured on a small scale, were not replicated on this larger scale with the final films
appearing crusty like the SQRV-SB setup. As such, from a technological standpoint, it was
deduced that this vertical approach of preparing films was not appropriate albeit, after
characterisation of the black powders formed, it was confirmed that the TGCN flake
synthesis through this version of the setup regardless of the size and shape of the reaction
vessel, was possible. To confirm the nature of the final product formed, three techniques were
utilised merely for comparative purposes which were XPS, attenuated total reflectance IR
(ATR-IR) spectroscopy and XRD as presented on Figures 4.13-4.15.

Figure 4.13 - XPS of the TGCN flakes synthesised by the LQRV-DB setup.

Figure 4.14 - ATR-IR spectroscopy of the TGCN flakes synthesised by the LQRV-DB setup between
500-4000cm-1.
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Figure 4.15 - XRD pattern of the TGCN flakes synthesised by the LQRV-DB setup between 5o-60o
2θ.

According to XPS survey measurements, as presented on Figure 4.13, the black flakes
produced in this investigation consisted of a high content of C, N and O in a ratio like that of
the flakes produced in Chapter 3. This is confirmed by ATR-IR spectroscopy measurements
as presented on Figure 4.14 whereby the peaks between 1000-1700cm-1 [217] are associated
with C-N and C=N bonds in a heterocycle structure like that found for the flakes in Chapter
3. A graphitic structure was also confirmed for the TGCN flakes produced through XRD
where, as presented on Figure 4.15, the GCN peak at 27.5o 2θ, associated with an interlayer
spacing of 3.2Å, is potentially associated with the graphitic [002] unit cell with the sharpness
of this peak indicating that the flakes produced from this setup were more crystalline than the
flakes produced in Chapter 3 [30, 137, 231, 245, 268]. Furthermore, there was a slightly less
defined peak at 12(±1)o 2θ which is associated with an interlayer spacing of 7.37(±0.67)Å
corresponding to a s-heptazine GCN (HGCN) structure [130, 137, 222, 245, 268] however,
being so small, this suggests that the structure of the GCN presented in this part of the
investigation has less s-heptazine units and potentially more TGCN or HGCN related. The
presence of a s-triazine structure is also supported by the ATR-IR spectroscopy
measurements [418] whereby the peak at 790cm-1 is commonly associated with this structure
with the intensity of this peak, in comparison to the TGCN flake produced by the modified
PIS setup in Chapter 3, indicating that the flakes contain more s-triazine units with the
sharpness indicating either a purer material or that the ATR-IR detector used in this
investigation has a higher resolving power than the FTIR used in Chapter 3. From these
results, it was determined with strong supporting evidence that the black flakes produced by
the LQRV-DB setup were TGCN flakes of a different composition to the flakes produced in
the modified PIS setup but similar in structure. As such, a new approach to synthesising GCN
films was developed which was based on a horizontal coating mechanism, as opposed to a
vertical coating technique.
Overall, the films produced through this technique produced the best quality GCN films in
terms of structure, as observed by XRD, and chemical composition, as confirmed by XPS,
however there was still a large amount of oxygen present and, in addition, the setup was very
difficult to implement on a regular basis i.e. industry applicability was very poor. Rather, this
technique was used to show that TGCN (even HGCN) direct film synthesis is possible.
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4.2.2.4 - Carbon Nitride Film Production: Version 2.0 Horizontal Quartz Reaction Vessel Synthesis
The final modification of the system constructed utilised a horizontal QRV (HQRV), to hold
the target substrate, with the LQRV and quartz tube interchangeable components.

4.2.2.4.1 - System Development
Upon confirmation of the black flakes in Section 4.2.2.3 being TGCN, in combination with
setups presented in existing literature [6, 7], it was determined that the reason for poor quality
films (as observed by the films rapidly flaking after contacting with the substrate - the same
behaviour as witnessed in the Version 1.1 setup) albeit very good quality TGCN flakes, may
have been a result of several factors including: the size and shape of the QRV, the location of
the substrates relative to the heat source and the differences in pressure found within the
QRV in comparison to that formed within the quartz tube from the modified PIS setup in
Chapter 3. As such, a newly designed HQRV was added to the setup presented on Figure
4.12 whereby the substrates being coated were placed inside of this horizontal chamber, as
presented on Figure 4.16. At t=0, represented by photo (A), the HQRV was observed
unchanged whilst, over time, this HQRV blackened with more in-depth observation presented
in Section 4.3, with the final appearance of the setup observed on photo (H).

Figure 4.16 - A HQRV setup is currently being utilised to coat a variety of substrates, at room
temperature, with the GCN film. Progression of the reaction from (A) its initial state to (H) its final
state, as a function of time and increasing temperature, can be observed in the photos.
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The basic blueprint of this new setup was based on Figure 3.2 however, in this new setup, a
HQRV was placed between the vacuum pump and the tube in order to place the substrates to
be coated inside. The thought process behind this was with regard to two ideas: firstly, as
observed from the blackening on the SQRV-SB setup, it appeared from observation that
distance between the heat source/precursor material and the black films needed to compose
the films appeared to be greater than that offered by the LQRV-DB setup and secondly, as
observed by the BQT setup, it appeared that a substrate parallel to the flow of the gas
produced better films than those placed directly perpendicular to it [6, 7]. As such, a
horizontal tube was constructed under ambient conditions through use of a blow torch.
Furthermore, in addition to retaining the vacuum source, a N2 source was also included
(whereby the two sources would be interchanged alternatively prior to heating the precursor
material in an attempt to reduce the high levels of O observed from the XPS of the flakes as
discussed in the previous section) thus the final setup involved the coating of the substrates
under a more inert atmosphere than previously utilised albeit still under room temperature.
Finally, in order to prevent pressure build up and ammonia/toxic gases from reaching unsafe
levels, a T-junction was included whereby one end was continuously opened throughout the
synthesis to remove this gas source into an oil bubbler, whilst the other was only opened prior
to initiating the reaction in order to vacuum purge and then N2 flush the setup. Further
attempts to reduce the O levels in the final product involved N2 flushing the precursor
material in the quartz tube following the drying step.

4.2.2.4.2 - Synthesis Approach
The basis of the setup used in this investigation is vapour deposition under ambient
temperatures through use of a tube furnace along with several pieces of quartz equipment
under a combination of a dynamic vacuum and N2 atmosphere, with the alternation between
the two required at different stages of the reaction. With regards to the synthesis, DCDA was
combined, in a 2:3 mass ratio, with a eutectic salt mixture of LiBr+KBr in a 7.2:7.8 mass
ratio - in quantities the same as used in Chapter 3. However, rather than drying the precursors
as in Chapter 3, they were first dried at 180oC for 20hrs, heating at 10oC/min under a
dynamic vacuum. This was then followed by depositing the film by heating the precursors to
600oC for >20hrs, heating at 20oC/min, in a N2 atmosphere, for a set time step dependent
upon the desired result of the final film, through utilising the same Carbolite tube furnace as
in previous investigations. The second main difference between the setup in this investigation
and that used to create the graphitic flakes14 was the inclusion of a HQRV for the purpose of
supporting the substrates, as discussed previously. This heating approach was taken from
Algara-Siller et al. [30], whilst the heating at 180oC for 20hrs, heating at 10oC/min was
chosen based upon trial and error for the purpose of drying the precursor mixture with
180(±10)oC being the optimum value with temperatures 10oC above or below resulting in
higher O content in the final product or the reaction simply not running - the reason for this
being unclear. Whilst the precursors were heated up to 600oC, the coating process was
performed at ambient temperatures, with the only variation being the replacement of a
vacuum environment used for flake production to a N2(g) atmosphere for the purpose of
reducing O levels in the sample.
14

The vessel and setup utilised for creating the HGCN/TGCN flakes were significantly different to that currently being
utilised to create the films, with several failed transitions having occurred in-between.
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Section 4.3 – Results and Discussion of
Version 2.0 Setup

Figure 4.17 - The HQRV setup had three key areas of observational relevance during the experiment.
1 - The quartz tube with the reactants inside, 2 - The HQRV substrate carrying vessel, 3 - The target
substrate within the HQRV.

Through application of the HQRV setup, as well as observational differences in the formation
of the GCN product, there were structural and chemical differences in the synthesised film,
with analysis presented here.

4.3.1 – Observational Analysis
There were several parts of the HQRV setup which showed distinct observational changes, as
presented on Figure 4.17. These regions were identified based on how they visibly changed
during the experimental process with the criteria of this change based upon visible evidence
of colour change, material presence, temperature etc...
The three regions which were identified as observationally significant were:
1. The quartz tube which contained the reactant material
2. The HQRV which contained the substrates to be coated
3. The target substrates that were to be coated
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4.3.1.1 – Horizontal Quartz Reaction Vessel Setup

Figure 4.18 - HQRV synthesised GCN films as a function of time, t, and temperature, T. (A) was
taken during the ramping process, at T≈350oC. (B) was taken at T≈400oC. (C) was taken at T≈450oC.
(D) was taken at T≈550oC. (E) was taken at T≈600oC whilst (F) was taken at T=700oC at the instance
this temperature was reacted i.e. t=0. In (F) the small insert presents evidence of the target substrates,
located inside the HQRV. (G) was taken at T=700oC at t≈2min whilst (H) was taken at T=700oC at
about t≈10min.

As presented on Figure 4.18, changes to the GCN coating system was observed at different
time, t, steps where (A) - (F) also shows temperature, T, change. From this observation, a
rough estimate to the state of completion of the reaction was performed with the ideal final
observation looking like (H). Upon setting up the reaction, (A) was the observed beginning
with heating of the system resulting in the quartz tube, within the furnace, being the first
component of the system to change in appearance, as shown on (B) and then (C). This
change, in the quartz tube, was observed after the ramping temperature reached T≈350oC
whereby, as shown on (B), a slight browning of the quartz tube element, just above the
furnace, was observed. This browning intensified upon the temperature reaching T≈400oC,
where a slight whitish haze was observed at the entrance of the HQRV (C). Upon reaching
around T≈550oC, the entrance of the HQRV began to brown (D), with further temperature
increase up to T=700oC resulting in the HQRV browning even more (E). The substrates
within the HQRV were observed to brown a lot faster than the vessel itself (F) but, after
reaching a certain dark shade the HQRV began to darken even further (G), until it reached a
very black appearance (H). The time between (E) to (H) usually took around 1-4hrs,
dependent on various parameters such as the target substrates used, the rate of heating, the
final temperature used etc...
From this HQRV reaction, by observation, it can be confirmed that the GCN was forming in
a gas phase and, based on the variable nature of the browning, that there are many factors
which would need to be controlled to synthesise an exact film copy every time. This gradual
browning over time is also associated with potential layer growth of the film, since the
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darkening seemed to form in equal stages rather than in patches. Finally, when different
substrates were placed inside the chamber, they coated at different rates suggesting that the
film growth may be preferential. These observations were investigated further in Chapter 5.

4.3.1.2 – Target Substrates Utilised
4.3.1.2.1 – Borosilicate Glass
This was the substrate used for initial experimentation due to its cheapness, high quantity and
easy accessibility.

Figure 4.19 - Borosilicate glass before and after being coated by the GCN through application of the
HQRV setup.

4.3.1.2.2 – SiO2 Barrier Glass
Barrier glass was used to prevent interchanging action between the GCN with dust, gas,
moisture and other contaminants which would easily percolate through the borosilicate
substrate.

4.3.1.2.3 – FTO Float Glass
Coated when PEC, photocatalytic and other film application tests needed to be performed.

Figure 4.20 - FTO glass before and after being coated by the GCN through application of the HQRV
setup.

4.3.1.2.4 – Holey Carbon Grid
For the purpose of transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDX) measurements.

4.3.1.2.5 – Flexible Substrates PTFE/Acetate/Sellotape
Primarily for aesthetic purposes.

Figure 4.21 - A variety of substrates were coated with the GCN through application of the HQRV
setup.
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4.3.1.2.6 – TiO2 and Mica Powder
For the purpose of performing photocatalytic measurements.

Figure 4.22 - TiO2 P25 powders were also successfully coated with the GCN through application of
the HQRV setup.

4.3.1.2.7 – Unannealed WO3 on Borosilicate and FTO and annealed
WO3 on FTO
For the purpose of Photoelectrochemical characterisation.

Figure 4.23 – WO3 nanorods were coated with the GCN through application of the HQRV setup.

4.3.2 – GCN Film Characterisation
As with the TGCN flakes, the first step of the film synthesis investigation was to confirm
whether the films were GCN related with the chemical, structural and electronic properties of
the film being characterised whereby, as stated in Section 4.3.1.2, the primary films measured
were the GCN coated on the borosilicate and SiO2 glass substrates, with additional substrate
characterisation discussed primarily in Chapter 5. All these substrates were coated at 700oC
reaction temperature, with the substrates themselves at room temperature, under a stagnant N2
atmosphere.

4.3.2.1 – Chemical Characterisation
XPS survey analysis of the GCN film, performed between binding energies of 0 - 1350eV,
coated onto the borosilicate glass under a N2 atmosphere at 700oC for 20hrs, as presented
Figure 4.24(A), revealed a large amount of carbon (C) at 285eV and N (400eV), as well as O
(560eV) despite the introduction of a N2 atmosphere. This strongly supports the idea that this
O contamination may be from the external environment upon removal of the film (a process
possible if the film contains dangling bonds at the surface) [466-468]. Presence of O from the
starting reagents was highly unlikely due to the reagents having been dried prior to
undertaking the reaction and O levels prior to this drying step being considerably lower than
that measured by XPS. There was also <3at% of Si (100eV and 160eV), which was likely a
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result of external contamination [469, 470]. In comparison, as presented on Figure 4.25, the
raw EDX results (whereby the sample was prepared through coating a holey C grid for
60mins at 700oC) revealed a high presence of Cu and a very low amount of C and N, albeit
this was merely through taking into account wt% of the elements, whereby the mass of Cu is
much larger than the C and N. When converted to at%, the amount of Cu reduced to 8.92at%,
with the source of this from the TEM holey C grids being used since measurements with
other substrates revealed no Cu. Additional elements in the form of sulphur (S), chromium
(Cr) and Si were also found albeit with a combined at% contribution of only 0.4at% and their
potential source likely down to contamination from the external environment. However, EDX
detected no O which, even after taking into account the geometry affect for light elements
[471], is unexpected with the most likely reasoning for this being that the O is surface limited
(EDX is a bulk technique and so O levels are much lower than in XPS) with a second, less
likely reasoning being the shorter exposure to atmosphere time (prior to characterisation) for
EDX than XPS.

Figure 4.24 - (A) XPS survey of CN/Borosilicate glass. Depth profiles obtained using a 1keV Ar
mono ion gun for 60s etches. (B) At% of C and N, as well as C/N as functions of etch time.

Figure 4.25 - (A) EDX wt% of the GCN film holey C grid, synthesised through the HQRV method,
measured alongside TEM. (B) At% converted data of the GCN film on holey C grid.

From XPS, there was a high content of C and N present, where C>N always despite the exact
values varying considerably, as presented in the Appendix on Table 9.2 and Figure 4.24(B)
which shows the C/N values of the GCN film on borosilicate as well as the content of C and
N, taking into consideration the errors associated with their individual sensitivity factors. As
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observed in the Appendix on Table 9.2, C/N =1.75 at the surface is much higher than the <1.2
ratio following the initial etch, due to the presence of adventitious C (advC) at 284.6eV
(increasing to 285.7eV due to possible ion gun initiated charging) as observed on the
deconvoluted peaks for C1s on the films, as observed on Figure 4.26(a) and in the Chapter 4
Appendix section “Carbon Nitride Version 2.0 Thin Film XPS Results”. In comparison, EDX
determined a high C and N content (and negligible O content, compared to XPS, due to it
being a bulk technique), even before considering the C and N normalisation for EDX results.
Several potential reasons are related to reaction time and time after film procurement, since
the TEM sample was prepared in 1hr with measurements performed half a day later, whilst
the films prepared for XPS were prepared over a longer time scale with XPS measurements
performed on them several days later. Another reasoning for this could be the type of
substrate used and the interaction at the interface. From EDX, upon normalising the data, the
percentage of C contribution amounted to 49.8at% whilst the percentage of N contribution
was lower, albeit still in significant quantity, at 40.87at% which clearly indicates that the
material present is of a GCN form however, the exact values determined are very inaccurate
due to the limitations associated with EDX in relation to low mass number elements, and in
particular N. One such limitation is associated with the C levels, which are higher as a result
of the use of a holey C grid being used as the substrate. How much higher, or lower, is
impossible to determine with a good level of accuracy due to parameters essential in
determining them e.g. particle size of the structures in the film, distance between the beam
and the sample being unknown. These limitations are associated with the low energy X-rays
emitted from these lighter atoms [69, 258, 341, 472]. The most interesting information
obtained from EDX is the lack of O measured which contrasts to the XPS measurements
prior to etching. This supports the idea that the O in the sample, measured by XPS, comes
from the reaction after the deposition has completed.
In order to determine if C and O were higher at the surface, depth profiling was performed
through use of a 1keV Ar mono ion beam at 60s per etch cycle [473, 474]. As observed on
Figure 4.24(B), initial etching resulted in an increase of N by >13at% and a decrease in O by
>7at%. This indicated that bulk N content was higher than surface content whereas bulk O
content was lower than surface O, with O levels falling to ≈1at%, indicating the bulk of the
film was a purer GCN than the surface. Subsequent etches produced little change to these
levels, implying that the N and O content is uniform in the bulk of the film, until at 240s of
etching when C and O levels increased, and N levels decreased. This implies that near the
film-substrate interface, the material is less GCN like. Furthermore, after etching, the
inorganic surface chemicals e.g. Si, were removed implying that the source of these was
likely from the external environment, after the films were synthesised since, had they been
formed during the reaction, then they would have been distributed equally throughout the
bulk of the films. This etching resulted in C, N and O only being left on the film, supporting
the idea that the material was GCN with only surface contamination with the purity of the
sample further improving upon etching; reducing the content of O whilst simultaneously
increasing the content of N, as presented on Figure 4.24(B). This, in turn, reduced C/N to
values comparable to EDX.
Following basic chemical analysis, the C1s and N1s spectra were then scanned over 5 cycles
with 60s scan per each cycle, in order to estimate the chemical environments, present in the
films, which were then compared with the ATR-IR spectroscopy results as presented on
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Figure 4.27. From this figure, the broad peak between 2850-3600cm-1 is most likely
associated with O-H groups, potentially due to the presence of water vapour or other
hydroxide species, supported by CHN analysis (the only technique that can measure H
content directly) where the film was determined to contain between 34.0 - 41.3at% H. The
sharp peak around 760cm-1 is associated with C-N and C-C groups found in a heterocyclic
structure implying the potential presence of a s-triazine group. The majority of peaks between
1800-1200cm-1 are associated with C-N, C=N, C-C, C=C, C-O, C=O and other C single and
double bonds with the slight shifts in these peaks as a result of the chemical environments
being different. Whilst bonding information was inferred from the XPS deconvolutions
through application of the Avantage software they were subject to uncertainties. This is
because the number of peaks contributing to a spectrum was determined manually with peak
values being distinguished through literature comparison only. ATR-IR spectroscopy can be
used in combination with XPS, but the spectra also must be interpreted. The presence of
additional peaks may be a consequence of how the GCN interacted with the substrate, during
the growth process (see Chapter 5).
For the XPS C1s spectra, as presented on Figure 4.26(a), there was a drastic peak shift
following the first etch cycle and this corresponds to a reduction of advC as well as indicating
potential charging affects - despite the flood gun being on at time of etching. Through
evidence of negligible O content after EDX, the peak at 287.2eV (though commonly
determined as an overlapping site for C-N and C-O bonds) is more likely to be associated
with C-N contributions with C=O being the only O bond likely to be present but in low
abundance. This is supported by the small double peaks in ATR-IR spectroscopy at 2850cm-1
and 2920cm-1 which are most commonly associated with C=O groups. The source of this
C=O bond might be a result of changing atmospheric conditions, although background scans
prior to sample measurements should have removed these effects, or due to instrument error.
To confirm if it is a consequence of the atmosphere, ATR-IR measurements under an inert
atmosphere can be performed [87, 427, 439]. However, as presented on Section 4.3.1.4, C-O
and C=O bonds are expected between 286-289eV in XPS, whilst 284-285eV is adv C
territory. Therefore, this lack of peak following depth profiling may suggest the absence of CC bonds in the bulk albeit the lack of change in percentage C1s seems to contradict this
hypothesis [7, 30, 137, 172, 186]. The second feature is a broad peak after etching between
285-288eV which increases in correspondence with increasing N content suggesting the
presence of C-N and C=N bonds. There is also a slight shoulder peak within this range for the
surface C1s scan, implying the environments exists before etching but in lower ratios [4, 30,
102, 109, 136, 415, 436].
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(a)

(b)
Figure 4.26 - 1keV Ar mono ion gun depth profiling at 60s per etch of CN/Borosilicate, synthesised
through the HQRV method, showing high resolution (a) C1s scans and (b) N1s scans.
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4.27 - ATR-IR spectroscopy of CN/Borosilicate, synthesised through the HQRV method between
500-4000cm-1.

There are also additional peaks found at different locations, for both XPS and ATR-IR
spectroscopy, and these might be substrate or instrument dependent, such as the CO2 peak
located at 2200cm-1 on ATR-IR spectroscopy. Due to charging effects and overlapping
environments, individual environments and their subsequent peak locations cannot be
determined exactly at times - especially with environments involving C bonds. Instead a
fitting step must be followed. Firstly, if the peaks are symmetric, then it is first fitted with a
single peak however, if the FWHM of this single peak is too large (>1.5eV) then more peaks
are added until a minimum set of fittings can be applied, with the final number and location
compared with existing literature. If the peaks appear asymmetric, as in this scenario (and
those in Chapter 5), fitting with more than one peak is essential but, again, by using the
minimum number of reasonable peaks to get each individual peak to have a FWHM <1.5eV.
Based on this procedure, it is certain that the surface C1s profile for the GCN films in this
chapter and Chapter 5, is composed of at least several different bond types including C-O,
C=O, C-C, C=C, C-N and/or C=N bonds whist the C1s profile in the bulk, based upon survey
spectra and lack of O, is less likely to contain heavy contributions from C-O and C=O bond
types, thus more likely composed of C-C, C=C, C-N and/or C=N bond types. The effect of
advC may also have contributed to the surface scans which is represented by the peak at
284.7eV albeit, after etching, this peak is completely removed implying that most C-C
contributions could simply have been from the surface contamination. However, if this were
the case, then even through inclusion of excess O, the value of C/N =1 implies a GCN
material with possible alternating C and N bonds (like DCDA) with Raman and ATR-IR
spectroscopy indicating that this material might contain TGCN components. However, based
upon evidence of charging, the presence of a peak at 285.7eV after 60s of etching suggests
that there may be some C-C bonding in the form of advC present predominantly at the
surface of the film, as investigated further in Chapter 5. The presence of both C-C and C-N
peaks is also supported by ATR-IR spectroscopy where there is a collection of peaks between
1300-1700cm-1, where peaks commonly found within this range are associated with C=C,
C=N, C-C and C-N functional groups, implying a GCN structure. However, due to the close
proximity of these peaks, identifying individual locations is extremely difficult with the most
reliable piece of information available being that the number of peaks in this region are so
many, statistically it is impossible for them all to be associated with C-C and C=C and their
many combinations, with C-N and C=N being the most likely.
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Through analysis of the N1s spectra, on Figure 4.26(b), following etching, there is a shift in
the peak position from 398-399eV to 400eV however, the peaks also broaden following this
etching in conjunction with increasing N content, thereby implying an increase in N bonds at
400eV in the film bulk [4, 30, 102, 109, 136, 415, 416]. This confirms that the content of N in
the bulk exceeds that at the surface whilst also suggesting that the surface N is predominantly
of a different form. However, this could also simply be a case of sample charging.
Deconvolution of the N1s spectra, as presented on Figure 4.26, of the surface and bulk for
borosilicate glass suggests the same number of peaks but a different chemical environment
for both. For the surface N, there are two peaks at 398.6eV , which is most likely associated
with sp2N in a heterocycle such as s-triazine [168, 475, 476], and 399.6eV, associated with
several bonds with the most likely being sp3N bonded to three C atoms that are part of a
cyclic structure, similar to triphenyl amine [30, 437, 477]. This is also supported by the broad
doublet peak between 3100-3400cm-1 in ATR-IR spectroscopy which is commonly
associated with N-H stretching groups (a functional group associated with terminating -NH2
at the edges of the GCN) however, it is equally likely that the peak is associated with O-H
groups, which are more likely to have been present in water contamination at the film surface
(since ATR-IR spectroscopy is a technique capable of only measuring up to 1μm film
thicknesses) [69, 161, 381, 420]. Upon etching, the number of peaks remains consistent,
based upon statistical reasoning but the potential for more peaks cannot be ruled out entirely
due to the nature of the XPS fitting process which is not fully reliable. Despite the number of
peaks appearing to remain consistent, the peak positions are not consistent with the peaks
now located at 399.7eV and 400.9eV. Whilst the peak at 399.7eV is still, most likely,
associated with sp3N connected to C, the peak at 400.9eV is found to be associated with NO
or NO2 in most literature. However, the percentage of O in the survey spectra of the bulk is
significantly low (<2at%) - much lower than that which can be extrapolated from the relative
intensity of the deconvoluted peaks. Consequently, this implies that the most likely
contribution to this peak is either charging affects due to interaction of the ion gun and
substrate, or the amino group C-NHx which could arise from terminating edges of the created
GCN film. This transition of peaks seems to suggest that the surface structure, despite having
more O, has a more defined s-triazine structures whilst the bulk region is primarily GCN.
Once again, as for the C1s peak matching, the N1s peak fitting must be taken with extreme
scrutiny since the fitting algorithm is very random with potential charging issues impacting
the final spectra, in the bulk, if the etching energy proved too great. As such, what can be
stated is that both the structure at the surface and bulk contain at least two types of N bonds
with C (in comparison to results found from the C1s analysis and ATR-IR spectroscopy
results) albeit the clear 1eV shift in the overall N1s peak position suggests the nature of these
peaks are different (unless charging effects have impacted the final results, which was
investigated in Chapter 5). Lastly, whilst sp2N/sp3N =0.82 at the surface, this ratio increased
to about 2.09 after 240s of etching, supporting the idea that the bulk of the film is more
graphitic than the surface (although this may have been a result of ion gun assisted structural
deformation, as investigated further in Chapter 5). Despite this increase, the expected TGCN
ratio of 3 is still much larger.
In summary, deconvolution of the C1s and N1s peaks imply that there are several different C
bonds present in the structure, with at least two of these being of a C-N form with Raman and
ATR-IR spectroscopy results suggesting that these bonds be related to an aromatic group,
whilst the bulk consists of very little contribution from O, as found from the survey scan.
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4.3.2.2 – Structural Characterisation
The presence of the broad XPS peak at 285-288eV, representative of C-N and C=N bonding,
suggests that the GCN formed could potentially be of a s-triazine or s-heptazine form with
the presence of C=N confirming that the GCN has a graphitic nature to it as supported by
ATR-IR spectroscopy peaks between 760-790cm-1 where, in existing literature, this peak is
associated with heterocycle groups such as s-triazine or s-heptazine structures, whereby the
graphitic structure was supported through Raman spectroscopy and XRD [30, 102, 115, 212,
416].
XRD pattern of the GCN deposited onto SiO2 barrier glass was collected through application
of the Bruker D4 Endeavour and the Siemens D500, both equipped with monochromator Cu
Kα radiation λ=1.5406Å. The data was collected between 5-58o 2θ, with a 0.05o step size.
The purpose of this technique was to determine the extent of the films graphitic form.
002

4.28 - XRD, through application of the Siemens D500, of CN/SiO2 barrier glass between 5-58o 2θ.

Figure 4.29 - TEM images of GCN coated onto holey C grid at resolutions of (A) 200nm, (B) 100nm
and (C-D) 10nm.
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Figure 4.30 - TEM images of GCN coated onto holey C grid at (A) 30min and (B) 2hrs deposition
time, with (C) fast Fourier transform performed on the 30min coated substrate.

As presented on Figure 4.28, there is a sharp peak at 27.2(±0.5)o 2θ for all of the deposited
substrates and it is this peak which is found in almost all existing papers that have created
GCN [30, 102, 109, 110, 137, 447]. Through incorporation of Bragg's law, the interlayer
spacing of this peak (i.e. the spacing between two adjacent layers, in a crystalline material)
was found to correspond to 3.24(±0.05) Å which matches very closely to the [002]
graphitic/GCN reflection peak found in existing literature. However, the material is not
purely graphite due to the interlayer spacing of graphite of 3.30Å being slightly larger. The
XRD interlayer spacing was significantly higher than the 2.96(±0.3) Å measured by TEM
fast Fourier image transformation (through application of the Gatan software), as presented
on Figure 4.30. The reason for this may be due to the use of different substrates affecting the
carbon nitride film growth process differently, as discussed further in chapter 5. Although the
TEM interlayer spacing is smaller than the value obtained by XRD by 0.4Å, it can be
considered a good approximation given systematic errors of the TEM as well as errors from
the crystalline nature of the film (although TEM cannot confirm this without XRD due to
evidence of layering). However, some investigations have determined interlayer spacing of
2.70Å for amorphous CN (aCN), further supporting the idea that the film formed in this
investigation contains some crystallinity [478, 479].

Figure 4.31 - SEM, through application of the Jeol 6100F, of GCN coated onto (A, B) FTO, (C) SiO2
and (D) borosilicate glass after Au coating.
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Figure 4.32 - SEM, through application of the Jeol 7500F, on (A) FTO glass, (B) PTFE and (C, D)
Sellotape after Au coating.

From the [002] peak, several key pieces of information can be obtained with regards to the
film's structure. The sharpness of this peak identifies the material to be of a crystalline form
[259] albeit the very broad feature below this peak, between 20-30o 2θ indicates
amorphousness of the GCN film. However, the location and size of this broad region also
corresponds strongly to the peak found for glass [480] - the primary material of the substrates
used - thus leaving the true extent of the film crystallinity unresolved. This crystallinity was
observed on Figure 4.29, where the film at low magnifications (100 - 200nm range) appears
less crystalline at the same growth time (as confirmed by the TEM beam visibly destroying
the amorphous part of the film, with the light circular patches within the blackness being
evidence for this) and extremely thick, as represented by the blackest regions, albeit far from
the holey C holes. Upon increasing magnification to 10nm resolution, fringes can be
observed confirming the crystallinity of the film. On the other hand, there is significant
amorphousness in the films, as hinted by XRD, suggesting that the film contains two different
structures - although it was unknown whether both structures were GCN related based upon
the results from Section 4.3.2.1. Additionally, whereas SEM shows evidence of a same-phase
oriented continuous film at various magnifications as observed on Figures 4.31 and 4.32, with
only one sheet with defined cracks, TEM shows overlap of many thick microlayers stacked
on top of each other in comparison to existing literature after 2hrs deposition [137, 161, 231].
Despite this observational obscurity in determining the films crystallinity, through
comparison with literature, the crystallised CN synthesised by Thomas et al. has the greatest
similarity to the film created in this investigation [4] with layered platelet structures observed
on TEM at 100-200nm resolution whilst 2nm resolution data revealing in-plane organisation
of the film in a crystalline manner with potential evidence of off-symmetry hexagonal
structure, as observed on the power spectrum on Figure 4.30. Through SEM analysis, the
cracks could have been a feature of surface damage, as a result of the synthesis technique due
to the cracks being clear-cut whilst the regions directly next to the cracks remained
undamaged, something which would not have been possible if the cracks had been formed
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through the effect of beam damage [481, 482]. Additionally, had these cracks been a result of
external damage, the film would have provided evidence of fracturing upon heavy contact, an
impact capable of causing breakage in weak films e.g. dried paint, but attempts to remove the
film from the substrates proved difficult in that acetone alongside intense scraping was
required to remove them. Furthermore, removal did not result in macroscopic flake formation
but observed as browning of the acetone.
As well as these μm sized cracks being a constant feature on all of the coated substrates and
appearing the same, indicating that it being a unique feature of the synthesis technique and
even more unlikely a result of external damage, these crack-features were also not observed
in the uncoated substrates, further proving that they were a result of the film and not of
external impurities (which were observed in the form of small granule like shapes on the film
surface).
From literature, the smoothness and uniformity of the film surface suggests that this material
is unlikely to be reduced graphene oxide (GO), which is observed to have a wrinkled
structure. Although the smoothness of the film is comparative to the smoothness of graphene
sheets the lack of a semi-transparent nature of the film, which is present for graphene,
suggests that this film is very thick whilst, the single orientation and lack of overlaps, as
found for many-layered graphene, suggests a much thicker film. Unfortunately, due to the
variety of GCN forms that have been synthesised and the variety of synthesis techniques used
[7, 137, 156, 256, 257], the final SEM images in this investigation cannot determine if the
material is GCN but, instead, has confirmed that the unique synthesis technique is capable of
forming a single-oriented, continuous film with the potential to control its thickness. Further
analysis through cross-sectional area SEM and AFM were utilised in Chapter 5 to investigate
this matter further.
Another aspect of the XRD [002] peak which is of importance is its low intensity, which is
usually associated with low mass numbers of the chemicals composing the film such as C and
N [257]. This low mass number results in low peak intensities due to X-ray penetration depth
increasing, with the addition of the low scattering efficiencies of C and N further weakening
peak intensity. A further piece of information of this peak, potentially the most important
aspect of the XRD pattern analysed when determining the structure of the material in
question, is analysis of its location at 27.2(±0.5)o 2θ whereby the error was associated with
lattice distortions and defects such as vacancies, interstitials, substitutions etc... which each
incorporate a specific type of stress in the material. Depending on the type of stress being
incorporated onto the material i.e. tensile or compressive stress, the peak position will be
shifted to higher or lower angles. To put this into context, assuming that the film was GCN
(based upon the similarities of the XRD patterns in this investigation to those found in
existing literature) it can be determined that a slight shift in the [002] peak from its expected
value is potentially due to incorporation of organic components larger than the C atoms
composing the film. Whether this be due to increased N incorporation or due to organic
impurities from the substrate interacting with the GCN film, in a behaviour paramount to the
effect of GCN on Si substrate (in that the substrate reacts with the film and creates an
additional layer) was, at this stage, still unknown [257, 483, 484]. Based on existing
literature, either of these effects was very likely to occur and result in the [002] peak shifting.
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There are, however, several issues involved in simply using XRD to confirm the presence of
GCN. The first of which is the nature of the elements composing the peaks. Despite having
assumed the material to be composed of C and N with the low intensity [002] peak being a
result of increased N incorporation into the films, the only thing that can be specifically
determined from the XRD pattern alone is that the material is composed of light elements
arranged in a crystalline, graphitic arrangement. Furthermore, although the [002] peak is a
very common feature for CNs [30, 102, 109, 110, 137, 447], there are some investigations
that have claimed to have created crystalline CNs without this peak [258], thereby suggesting
this peak may only be found for GCNs. Through various investigations [485, 486], the [002]
peak is a well-known feature associated with graphite thus, the [002] peak in this
investigation is likely associated with TGCN however, as discussed in the various
investigations, any material with a graphitic structure is likely to have this peak. A final piece
of information from this pattern that could be determined was through the absence of the
[210] peak commonly found between 12-13o 2θ and associated with a s-heptazine/s-triazine
form, such as that found for the HGCN flakes [487]. The absence of this peak confirms that
the film formed was of a different structure to the flakes formed, albeit both were formed via
a similar setup, indicating either an incomplete reaction or a different reaction mechanism as investigated further in Chapter 5.

Figure 4.33 - (A) Raman spectroscopy, under a 327nm UV laser, of GCN deposited onto borosilicate
and SiO2 glass between 200-2900cm-1. (B) Raman spectroscopy deconvolution of the peak in
CN/SiO2 between 1000-1800cm-1 through use of the Origin software “Peak Fitting” tool.

GCN presence was also supported by UV wavelength Raman spectroscopy, as presented on
Figure 4.33. For CN/SiO2, presented on Figure 4.33(A), there were two peaks located at
1580cm-1, corresponding to the 'G' peak of intensity IG, and at 1400cm-1, corresponding to the
'D' peak of intensity ID. Whilst the 'G' peak arises from the effect of bond stretching of all
pairs of sp2 atoms in both ring and chain structures (and thus only found in the presence of
sp2 graphitic structures) the 'D' peak is more closely associated with the breathing modes of
the sp2 atoms in a ring structure. From the presence of these two peaks, the graphitic material
determined from XRD is likely to be composed of sp2 atoms and, due to the presence of a 'D'
peak alongside a 'G' peak below 1600cm-1, also contains ring structures composed of sp2
atoms primarily. Whilst a shift in the 'D' peak is a small scale occurrence, it is commonly
controlled by the presence of a ring structure whilst a shift in the 'G' peak to lower values
may have been due to increased N content, a feature likely to have resulted in the sp2 sites
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becoming ordered in an aromatic fashion. One major difference between graphene and GCN
peaks, is the proximity between the 'D' and 'G' peaks. Whilst the Raman spectra of graphene
has two, independent peaks associated with these two labels, GCN has these two peaks
overlapping. This implies that the films produced in this investigation are very unlikely to be
purely graphitic but that of a graphene related material however, despite this spectra matching
the results found in GCN literature, the convoluted peaks are also just as likely to be N-free C
due to the vibrational frequencies of C-N, in GCN, and C-C, in the N-free C materials, being
so similar [172]. Additionally, both spectra have an increasing background gradient with
increasing wavenumber, and this is a result of strong photoluminescence which could arise
from the recombination of the electron-hole pairs within the sp2 bonded clusters. Further
analysis of the 'D' and 'G' peaks for this material, via a quantitative fitting procedure, was
performed through removal of this background via a 32-point background removal process.
This allowed the convoluted peaks to be fitted via Gaussian fit for the purpose of determining
the D and G area ratios whereby this ratio could be used to measure the defects in the
structure and, in particular, to determine how the sp3 and sp2 values compare to pristine
graphite structures. As presented on Figure 4.33(B), deconvoluting the peak between 10001800cm-1 revealed two peaks at 1400cm-1 and 1575cm-1 with the position of the latter, despite
its slightly lower value than the 1600cm-1 proposed previously, is still associated with the G
peak although the shift down is usually associated with more highly ordered C-based
materials [488, 489]. For CN/SiO2, ID/IG=0.625(±0.10) where a larger value indicates an
increase in disorder of the graphitic materials (fully ordered graphite has a ratio of 0), with an
error associated with measurement corrections [489-491]. A similar ratio of 0.598(±0.40) was
calculated for CN/Borosilicate. Through application of the work by Andrea Ferrari [267],
who determined that ID/IG ∝ N(at%), an expected value of between 24-26at% of N was
expected however, from XPS, the value of N found for the CN/Borosilicate, as discussed in
Section 4.3.2.1, was >30at% at the surface of the film and >40at% in the bulk of the film.
This indicates that the GCN is not fully amorphous.

(a)

(b)

Figure 4.34 - UV-Vis, through application of the Lambda 950, of CN/Borosilicate and CN/SiO2
giving (a) Transmittance information between 400-1400nm and (b) Reflectance information between
300-1400nm.

Finally, from XPS valence band analysis, presented on Figure 4.36, there were two structural
features associated with C2p π bonding and sp2N in a graphite structure, between 4.5-7.0eV,
and C2pσ and N2pσ bonding, between 7.0-10.0eV [29]. Whilst the presence of the π bond is
expected for GCN structures, as a result of the graphitic form, the presence of the σ bond
implies that there are C-N and other single bonds present. This could support the presence of
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a bridging sp3N group between the s-triazine structures however, this cannot be confirmed
fully due to presence of impurities. This peak could also indicate the presence of other CNs,
which could explain why the XPS C/N and sp2N/sp3N values do not match the TGCN ratios.
The shift to higher binding energies, following the initial depth profile, could be a result of
charging or an effect of increased N content in the bulk [492].

Figure 4.35 - Tauc plots of the CN/Borosilicate sample for (A) indirect band gap and (B) direct band
gap measurements

4.3.2.3 - Electronic Characterisation
Through UV-visible spectroscopy (UV-Vis), as observed on Figure 4.34, the transmittance
and reflectance spectra of the film varied slightly between the two glass substrates, which
suggests a potential influence of target substrate on the film formation. From the
transmittance spectra, on Figure 4.34(a), the CN/Borosilicate intensity reduced to 0%
transmittance from 800nm to 400nm whilst the CN/SiO2 fell off to 20% within the same
range. With regards to the reflectance spectra, the intensity remained constant for both films
between 300-1400nm which meant that only the transmittance spectrum was relevant for
determining band gap information about the films since reflectance information could be
treated as a constant (and so ignored).
Through application of Beer's law 𝐴 = log10 100⁄%𝑇, the %T (%Transmittance) was
converted into Absorbance and then, upon multiplying by the energy hν (as presented on
Equation 4.1), was plotted against energy (determined by Planck's law) and then information
with regards to the different types of band gaps was obtained where n=2 for a direct optical
band gap and n=0.5 for an indirect optical band gap.
𝑒𝑉 𝑣𝑠. (𝐴ℎ𝜈)1/2

(4.1)

Upon calculation of the two films, with results for CN/Borosilicate presented on Figure 4.35,
the direct optical band gap for the GCN was 2.3(±0.3) eV (above the ideal photocatalyst
water splitting band gap range of 1.8-2.2eV), whilst the indirect band gap was 1.1(±0.1)eV.
Whilst the direct band gap is fairly consistent with that found in existing literature [115, 137,
223, 267, 493], thereby theoretically making it suitable for visible light harvesting and charge
transfer, the indirect band gap implies that the GCN film is a poor optical material, due to
most low energy photons being absorbed by the material structure in the form of lattice
vibrations (through the more inefficient photon-phonon-electron interaction), however, upon
evidence from literature and of Si surface contamination found in the XPS results, this
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indirect band gap could be associated with the Si contamination - albeit the nature of this is
unknown [494-496].
Through analysis of XPS valence band measurements, as presented on Figure 4.36, the
valence band maximum (VBM) for the GCN film on the borosilicate glass, at the surface,
was measured at 2.0(±0.1)eV which, following 60s etching through use of a 1keV mono Ar
ion beam, increased to 2.5(±0.1)eV (which remained fairly constant for additional etch
cycles) [4, 29, 30, 102, 108, 109, 497]. This value corresponds to the energy gap between the
valence and Fermi levels. Since this value lies very close to the UV-Vis value of 2.3(±0.3)
eV, it can be said that the Fermi level lies extremely close to the conduction band minimum
(CBM). Consequently, this implies that the GCN films synthesised in this investigation are ntype semiconductors - which is expected due to the high content of N present.

Figure 4.36 - 1keV Ar mono ion gun depth profiling of GCN on borosilicate glass showing valence
scans after 60s of etching up to 300s of total etching.

4.3.3 – Suitability of GCN Film for Applicational
Testing
Upon coating various substrates with the GCN film, the potential to utilise this CVD/ALD
approach, along with the material, for application in a variety of areas was made possible (as
discussed in Chapter 6) with control of the technique also allowing for greater insight into the
materials reaction mechanism and growth process (as discussed in Chapter 5).
From initial testing, two potential applications were immediately identified for this material,
through synthesis with this technique. Firstly, when this coating was immobilised onto Al2O3
powder or glass, no visible light photocatalytic behaviour with respect to water splitting was
observed but, upon coating standard commercial TiO2 powder (Evonik P25) evidence of H
being produced from a sacrificial aqueous solution, under visible light, was determined - a
significant result since TiO2 is only photoactive under UV light. H formation at a rate of
1.85×10-2 μmolh-1g-1 was calculated upon 420nm visible light irradiation of a platinised
GCN/TiO2 (PtGCN/TiO2) dispersion within an 18hr time frame. As discussed in Chapter 6,
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no detectable H was produced for PtTiO2 in the absence of GCN coating, suggesting a
sensitisation or charge transfer process across the GCN/TiO2 heterojunction as a result of Pt
contribution [32].
The second immediately identified application for this material was regards to the deposition
process whereby, upon depositing the GCN onto WO3 nanorods (procured by CVD [498])
conformal coating of the nanorods with the GCN film was observed, as discussed in Chapter
6. This conformal coating, from SEM, was found to be conformal on the nanoscale which
supports the hypothesis that HQRV process acts through an ALD-type mechanism, which is
known to give highly conformal coatings.
Further discussion into the growth process and reaction mechanism of this film is presented
in Chapter 5, whilst further discussion into GCN film applications is presented in Chapter 6.
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Section 4.4 – Conclusion
The purpose of this investigation was to create a vapour deposition technique that could
directly coat TGCN films onto target substrate directly, based upon evidence obtained from
Chapter 3. This was achieved through addressing three key aims:
1. Developing a system that could coat smooth GCN films onto target substrates directly
2. Characterising these GCN films through a variety of techniques, in order to confirm its
similarities to TGCN
3. Determining that the film quality was suitable for potential applications
Through alteration of the modified PIS approach in Chapter 3, by adding a HQRV between
the heated precursor mixture and vacuum line, on Figure 4.17, a system was developed that
could coat smooth GCN films, conformally, onto a variety of substrates, as presented on
Figure 4.18 and Section 4.3.1.2. Whilst the reaction mixture was heated to 700oC, the target
substrates were placed into the HQRV at room temperature under an inert N2 atmosphere.
Unlike conventional CVD, there was no external gas flow necessary, since the GCN films
were transported through the reaction chamber under their own pressure with film thicknesses
ranging from a few nm to few hundred μm being possible.
The characterisation techniques utilised determined chemical, structural and electronic
properties of the film to a good extent. Through XPS, CHN and EDX, the film was
determined to contain predominantly C and N, with <7at% O and trace Si at the film surface.
Through depth profiling, these impurities were removed. Additionally, through depth
profiling with a 1keV Ar mono source, C/N decreased from 1.75 to 1.22 (due to advC
removal) with the ratios obtained from EDX and CHN, of 1.2, matching this value. This ratio
was still larger than the expected TGCN C/N ratio of 0.75. High resolution XPS analysis of
the C1s and N1s spectra, revealed evidence of C=N and C-N bonding, which was supported
strongly by ATR-IR spectroscopy. Additionally, through deconvoluting the N1s spectra,
sp2N/sp3N=0.82 at the surface was determined, which increased to 2.09 in the bulk. However,
this was much lower than the TGCN ratio of 3 supporting the claim that this film was not
TGCN. Whilst the [002] peak in XRD at 27.5o 2θ, alongside the G and D peak overlap from
UV Raman spectroscopy between 1200-1600cm-1 supported the film being GCN (as
confirmed in existing literature), the mismatch between the ID/IG ratio from Raman
spectroscopy of 0.625 and the expected N content of 26at% for aCN [267] implied that the
films in this investigation had some crystallinity. This crystallinity was confirmed by the
sharpness of the XRD [002] peak, the presence of fringes in TEM and evidence of a
heterocycle peak at around 750cm-1 in ATR-IR spectroscopy. Despite this, a lack of
continuous hexagonal features under TEM as well as a more defined XRD and ATR-IR
spectroscopy heterocycle peak suggests the film is more likely to be GCN rather than TGCN.
Evidence of the films conformal nature was observed through SEM measurements also. UVVis revealed a band gap of 2.3(±0.3) eV, which is close to the expected GCN band gap values
of 1.6-2.0eV [30]. Given that the XPS VBM of 2.0(±0.1) eV (which increased to
2.5(±0.1)eV), was very close to this band gap value, this implies that the film formed is an ntype semiconductor. This is supported by presence of a high amount of N.
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Due to the conformal nature of the Pseudo-ALD coating process, durability of the film to
handling and potential flexibility in film thickness (which was observably noted and
investigated further in chapter 5) it was concluded that the film could potentially be tested as
a photocatalyst.
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Chapter 5 – Carbon Nitride
Film Growth Processes and
Reaction Mechanisms
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Section 5.1 – Introduction
As discussed in Chapter 4, a vapour deposition technique was established that was capable of
synthesising graphitic carbon nitride (GCN) thin films and coatings onto a variety of
substrates ranging from glass sheets to nanopowders. From the various characterisation
techniques that were utilised, the material on all these substrates was confirmed to be of a
graphitic nature with both chemical properties and structural properties having been firmly
established, upon completion of the reaction process. By observation, it was also strongly
supported that the GCN films formed from the initial precursor mixture through a gas-phase
mechanism. Additionally, information of how the GCN film coated the different target
substrates was determined to a reasonable extent, with interaction between the substrate and
film being evaluated.

5.1.1 – Background
Whilst one-step GCN film growth is relatively new, and so the mechanism and growth
process largely unknown, there exist some investigations where detailed studies of the more
illustrious s-triazine GCN (TGCN) powder growth and mechanism have been performed.
From these studies, specific metastable states (as a function of time and temperature of
reaction) have been determined, with the physical growth process also having been analysed
to a reasonable extent. In almost all these existing studies, the mechanism associated with the
GCN formation can be split into several stages. The initial stage, which involves the
application of a carbon (C) and nitrogen (N) rich precursor material (in most circumstances);
the secondary stage, which involves the direct transformation or combination of the initial
precursor material into another form which continues to grow and transition between various
metastable states; and the tertiary stage, which involves the formation of a final stable GCN
form (usually of a s-triazine and/or mesoporous form). In almost all reactions, by-products
are formed throughout the reaction with ammonia (NH3) being the one most commonly
recorded.

5.1.1.1 – Carbon Nitride Reaction Mechanism
In most GCN synthesis procedures discussed in existing literature, a pure C and N rich
starting precursor material is utilised such as dicyandiamide (DCDA) [4, 30, 87, 416, 500504], cyanamide [4, 227, 503, 505, 506] and melamine [4, 31, 112, 163, 221, 222, 442, 455,
507] being the most common due to their simple structures, easy controllability and cheap
availability. Furthermore, it is found that these three precursors are inter-dependent i.e. as
temperature is increased, in the early part of the reaction, DCDA and cyanamide immediately
interact to eventually form melamine (since melamine is the energetically most stable state at
higher reaction temperatures) through addition polymerisation. As discussed by Thomas et al.
[4], polymerisation of DCDA, cyanamide and melamine under varying reaction conditions
e.g. increasing temperatures, use of catalysts etc... results in the formation of different
metastable GCN forms - each with different degrees of condensation and properties albeit
interchangeable upon changing conditions. These forms include purchasable, less thermally
active compounds such as 2,4-diamino-1,3,5-triazine and 2-amino-1,3,5-triazine, unstable
components such as melem and melam, and historically significant components such as
Liebig's melon - with almost all being included in most reaction mechanisms, but usually in
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different arrangements. There are also many additional components which are included in
some reaction mechanisms which appear to be literature specific, rather than reaction process
or starting precursor dependent. In most of these reaction mechanisms however, addition
polymerisation is the dominant mechanism. Addition polymerisation of DCDA to form
crystalline CNs, such as TGCN, through polycondensation ionothermal synthesis (PIS) can
be performed alone or with the presence of a eutectic salt mixture which acts as a solvent and
structure directing agent. When performing alone, techniques such as pyrolysis are used,
whereby DCDA, cyanamide, melamine and urea are heated to 550oC at 3oC/min for 2hrs
under both air and N2 [112, 163, 500, 507] (with the conditions of cyanamide and urea being
more flexible with regards to the temperatures utilised [227, 442, 505, 508]. The application
of a salt mixture results in the formation of a poly triazine imide bromide/chloride (PTI/Br or
PTI/Cl) product, depending on the starting precursors [30, 416]. PIS involving a eutectic salt
mixture was utilised as the blueprint reaction mechanism for this investigation (as discussed
in Chapter 3), due to the improved controllability with regards to synthesising TGCN as well
as the improved product formation efficiency. This technique also involves the production of
NH3 by-product at various stages of the reaction through deamination, as well as the
necessary melamine (at temperatures around 400oC) which combines to start forming larger
melamine-associated structures (along with NH3 by-product) with the final size of these
structures being influenced by the rate of heating i.e. the faster the rate of heating, the smaller
the GCN size. This process is further separated by Algara Siller et al., who found that TGCN
arises directly from melamine whereas, theoretically, s-heptazine GCN (HGCN) forms from
Liebig's melon with melamine not transitioning to melon at any point.
DCDA can be dissolved into an anhydrous solution of ethylenediamine, before drop coating
onto pre-dried Pluronic P123 and P127 triblock copolymers (as obtained from Sigma
Aldrich). After heating for 6hrs, at 90oC under a N2(g) atmosphere, the resultant solid was
finely ground and then heated to 550oC for 4-5hrs under the same atmosphere, heating at
3oC/min, before 48hrs refluxing under 5wt% aqueous hydrofluoric acid (HF) [501] or sodium
hydroxide (NaOH) [502]. The solid was then separated via centrifugation, before water and
ethanol washing and drying between 50-60oC for 2hrs under a vacuum, to create DCDA
derived mesoporous GCN15. Aqueous DCDA could also be mixed with biopolymers such as
gelatin or ammonium alginate, drying prior to heating to 550oC, in order to synthesise pristine
GCN, thus indicating the choice of polymer is not so restricted [504]. It was further observed
that the use of melamine as the starting precursor allowed for its evaporation through
pyrolysis, thus allowing for TGCN flake formation by chemical vapour deposition (CVD)
[455]. This TGCN flake was found to be like that synthesised by the modified PIS approach
in Chapter 3, but more yellow.
There are additional starting materials that have been utilised, as presented on Figure 5.1,
with varying levels of success ranging from urea [146, 156, 419, 508-511], which is a C and
N material containing O, to combinations of cyanuric chloride (C3N3Cl3) and metal organic
mixtures including C3N3Cl3 + calcium cyanamide [512], C3N3Cl3 + lithium/sodium azide
[513, 514] and C3N3Cl3 + sodium amide [515]. In addition, tricyanomelaminate salts [516]
and, most recently, uric acid (alongside melamine) [223] have been shown as potential
15

This product could also be synthesised through application of urea or guanidine hydrochloride but with slightly lower
temperatures [503].
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precursor candidates for GCN formation, albeit through differing synthesis approaches.
Whilst the C3N3Cl3 combination has resulted in success with respect to crystalline CN
formation through both a solid state approach (as discussed further in Chapter 7) [512, 514,
517, 518] and solvothermal synthesis approach [513, 515, 519], both of these approaches
through use of this material have proven to be inconsistent, difficult to control and generally
unable to create long-chained CN structures. Consequently, the preferred starting precursors
in most studies tends to be the pure C and N containing organic materials [4].

(a)

(b)
Figure 5.1 - (a) Using urea forms TGCN but, prior to forming melamine, forms a variety of other,
lesser known, metastable stables. (b) Using tricyanomelaminate salts results in TGCN formation via
the simplest route but doesn't form melamine or melon.

GCN and reduced graphene oxide (GCN/rGO) mixtures were also synthesised by first
heating DCDA and GO under reflux for 2hrs, before freeze-drying to remove excess water.
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This mixture was then calcined at 550oC under a N2(g) atmosphere for 8hrs, before cooling
down to room temperature to synthesise GCN/rGO which amounted to 41.84% of the total
precursor mass. During calcination, the initial step involved the epoxy groups of the GO
undergoing a nucleophilic substitution reaction with the DCDA to create a C2H4N4/GO
intermediary, before heating to 550oC resulted in in-situ polymerisation of the DCDA to form
g-C3N4 i.e. TGCN as well as thermal reduction of the GO to form rGO [87]. Additionally,
hybrid GCN materials, such as the visible light photocatalyst PtGCN/TiO2 nanocomposite,
can also be synthesised through application of pyrolysis, however with the use of urea rather
than DCDA (but under similar conditions as DCDA pyrolysis) indicates that a specific C and
N precursor is not so significant, if an appropriate synthesis technique is utilised [146, 156,
410]. This is in contrast to Zou et al. and others who state that C and N precursors such as
urea cannot be used alone to synthesise GCN due to the presence of the stable carbonyl group
(which makes O contaminants difficult to remove) thus implying that urea has to be
combined with other precursor materials such as thiourea [419, 500, 508, 509] or with
melamine derivatives [511].
To summarise, it was determined that pure C and N starting materials, absent of stable
carbonyl groups, tended to give the most direct route to making GCN however, depending on
the synthesis technique incorporated, the route almost immediately changed following the
initial precursor reaction initiation. Whilst most of the techniques discussed utilises pyrolysis,
the technique utilised in Chapter 4 was atomic layer deposition (ALD) - a technique very
rarely utilised and, at present, not incorporated for DCDA combined with a eutectic salt
mixture of lithium bromide (LiBr) and potassium bromide (KBr). This is despite the DCDA +
(LiBr+KBr) precursor mixture already having been confirmed to synthesise TGCN through
modified PIS, as discussed in Chapter 3 [30, 102, 107-109, 416].

5.1.1.2 – Carbon Nitride Film Growth Processes
Depending on the synthesis procedure utilised, it is expected that the final form of the GCN
will vary physically but, at times, chemically also.
A procedure commonly used to synthesise GCN films is vapour deposition. As discussed in
Chapter 4, application of an ALD/CVD type approach resulted in the formation of
macroscopically smooth semi-crystalline GCN films, regardless of the substrate used [32].
These films were found to conformally coat the surface of the substrate i.e. smooth substrates
would remain smooth whilst powder substrates would remain powders. To understand how
this growth process functions step-by-step, further characterisation techniques such as atomic
force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) depth profiling were
used.
The most established form of GCN film growth is CVD. From Zhang et al., rf plasma
assisted CVD synthesised GCN that was composed of 10μm crystallite grains in addition to
film-like regions through a heteroepitaxial growth process [340]. From this literature,
alongside similar plasma-assisted CVD growth techniques, regardless of the precursors
utilised a similar crystalline CN surface morphology was obtained [344], but with some
techniques establishing that preferential film growth occurred closer to substrate defect sites
e.g. scratches [200, 341-343]. Through conventional plasma assisted CVD, films are expected
to grow layer-by-layer, with each layer ranging in size between atomic layer to a few μm
(depending on the precursors and substrates used, growth parameters utilised, time of
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exposure and presence of defects). These layers, using the same parameters, are expected to
be the same size with the final structure being a combination of many 2D layers of the same
material stacked on top of each other. Through pyrolysis assisted CVD, nanostructured GCN
films can be produced whereby the layer-by-layer growth holds, but on an atomic scale [7,
345]. Consequently, in addition to the growth parameters and presence of defects affecting
the thickness of the films in this procedure, GCN morphology is also affected. In particular,
at 775oC, the GCN layers were found to be composed of nanotubes whilst at 800oC synthesis
temperature, the films were composed of nanoparticles. Consequently, despite both resulting
in a layer-by-layer growth, the growth process of each layer was independent of the other
layers [7, 345].
Due to better film control and lower reaction temperatures needed with ALD, its application
for GCN synthesis is more recent due to the high vacuum conditions required, thus it was
only in 2016 that successful application of ALD to synthesise highly conformal, atomically
thick silicon CN (SiCN) was possible [220, 346]. However, it was not until 2017 that the use
of a pseudo-ALD/CVD approach was utilised to create GCN films [32]. Since ALD and
CVD both result in the formation of a film through a layer growth mechanism, a vapour
deposition procedure derived from these (such as that discussed in Chapter 4) is also likely to
result in any film grown to follow a layer growth process. Since both vapour deposition
techniques, and any involving epitaxial growth, strongly depends on the interaction of target
substrate surface and the adatoms of the film being grown, several types of layer growths are
possible as presented on Figure 5.2.

Figure 5.2 - There are three types of layer growth possible with CVD and ALD. VW growth,
sometimes called island growth; FM growth, sometimes called layer growth; and SK growth, which is
a combination of island and layer growth.

These three growth processes are:
1. Volmer-Weber (VW) growth: In this layer growth process, the interaction between two
adatoms is much stronger than the interaction between the adatom and the substrate
surface, thus resulting in 3D growth, in the form of island/cluster growth. Because of
these growing clusters, coarsening of the film surface results in rough multi-layer films to
grow on the substrate surface [521].
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2. Frank-van der Merwe (FM) growth: In this layer growth process, the adatoms form a
much stronger bond to the substrate surface than with each other resulting in 2D growth.
This means that growth of subsequent layers can only be achieved once the previous layer
has been completely formed, which results in atomically smooth, fully formed layers
[521, 522].
3. Stranski-Krastanov (SK) growth: This growth process is a combination of VW and FM
growth whereby initial growth begins as FM, with a 2D layer being formed up to a
specific point (critical layer thickness) where 3D island growth takes over. The critical
point of this 2D layer (SK layer) depends on various properties of the adatom and
substrate including physical properties, chemical properties, surface energies and lattice
parameters [521, 522].
Based upon existing vapour deposition techniques utilised for GCN film synthesis, the
technique utilised in this investigation is likely to produce GCN films via a layer-by-layer
deposition approach with the presence of surface defects and reaction parameters likely to
result in preferential (island) growth, whilst reaction temperature may influence surface
morphology of the film as well as thickness.

5.1.2 – Aims and Motivation of This Investigation
Based upon the results obtained in Chapter 4, the aims of the investigation in this chapter
were:
1. To develop a greater insight into the gas phase reaction and deposition mechanism that
results in the GCN film formation
2. To develop an understanding of how the GCN coats onto the target substrates with
respect to physical and chemical properties
3. To distinguish how the film varies physically and chemically in the bulk and surface after
coating onto the substrates
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Section 5.2 – Determining the Carbon
Nitride Reaction Mechanism
Despite utilising the same starting precursors as the modified PIS method and with a reaction
mechanism already well-established by various sources [4, 30, 102, 107], evidence of GCN
films forming via a gas phase was never recorded prior to this investigation. In addition,
when film characterisation was performed, the chemical and structural composition (though
found to be a semi-crystalline GCN - with short range crystallinity) was slightly different to
that recorded in existing studies and so the reaction mechanism associated with this GCN
film synthesis would be different.

5.2.1 – Mass Spectrometry Investigation
To establish the reaction mechanism associated with the GCN films, gas phase mass
spectrometry (GPMS) was first utilised whereby the gas mixture (prior to film formation)
was measured through use of a mass spectrometer. This was followed by the by-products
being omitted from the final film being measured.

5.2.1.1 – Experimental Method
MS is an analytical technique that measures the masses within a sample by first ionising the
chemical species present, and then sorting the ions based on their mass (m) to charge (z)
ratio. Through application of the RC RGA GPMS Analyser, information with regards to a
proposed mechanism for the horizontal quartz reaction vessel (HQRV) synthesised GCN
films, discussed in Chapter 4, was determined. Upon detecting the mass of the gases being
produced, the accompanying GPMS software extracted this mass, as a function of time, and
plotted it on a chromatogram, whereby the left y-axis depicts time in mins, and the x-axis the
unitless quantity m/z. As presented on Figures 5.3(A) and 5.5, there is a black horizontal line
starting at 60mins and this is representative of the temperature cut-off region i.e. where the
temperature reached 600oC, heating at 10oC/min. The temperature was then held at 600oC for
120mins beyond this cut-off point.
With regards to sample preparation, two sets of measurements were performed with the first
set being the heating of the precursor mixture and the second set being the heating of an
already synthesised GCN film. In order to perform GPMS on the CN/SiO2 film, a (2 × 2)cm2
piece of the film was placed inside the GPMS heating chamber, under ∼5×10-3mbar vacuum
and heated from room temperature to 180oC at 10oC/min and then held at this temperature for
2hrs. The film was then heated to 600oC at 5oC/min under ∼5×10-6mbar vacuum and then
held at this temperature for a further 2hrs. A similar setup was performed for the starting
precursors (10mg16 of a combined mixture of DCDA (1g) + LiBr (0.78g) + KBr (0.72g)) with
the mixture held at 180oC for 20hrs. In both scenarios, following the initial annealing at
180oC, any desorbing gaseous species produced were recorded by the mass spectrometer at

16

A small amount of sample was used to prevent too much GCN condensing in the inside of the mass spectrometer and
damaging the instrument.
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5oC steps, within a range of 1-200amu [32]. After which, through comparing the calculated
masses to known compounds, and to the results obtained from Chapter 4, components
contributing to GCN film formation (as a function of time) was established.

Figure 5.3 - (A) GPMS chromatogram of [DCDA+ LiBr + KBr] with m/z on the x-axis, time on the
left y-axis. The right y-axis shows temperature increase of the system at 10oC/min up to 600oC at
58mins with 600o C held for 120mins. The legend denotes the pressure of the gases in torr. (B)
Potential reaction mechanism associated with HQRV GCN film growth.

5.2.1.2 – Results and Discussion
Despite some evidence of HCN and NH3 being present in the formation of the GCN films in
Chapter 4, further evidence was obtained by performing GPMS on the precursor mixtures
directly. Through recording the gaseous species omitted from the starting precursors, several
pieces of information were obtained with regards to the GCN reaction mechanism. At
80≤m/z≤82, evidence of the starting precursor material was observed since this mass
corresponded to DCDA. Following this, at m z =42, there was evidence of what is very likely
to be cyanamide due to the mass of this compound being half of DCDA. However, as in the
mechanism schemes discussed by Thomas et al. and others [4, 6, 30, 102, 107, 476], there
was no evidence of melamine (as mentioned in Chapter 4, where the white colour associated
with melamine was not observed in the GCN film synthesis), melem or other metastable
states. Instead, at m z =27, there was a very large artefact very likely associated with the
almond smelling HCN and a small bump at m/z =17, very likely associated with NH3 as
expected from existing literature. Based upon this evidence, the mechanism proposed for this
reaction is presented on Figure 5.3(A) with the proposed interaction between the gas phase
mixture and target substrate proposed on Figure 5.3(B) and Figure 5.4(B).
According to this mechanism, DCDA initially breaks down into cyanamide, CH2N2, which
was highly expected based on literature. Following this, CH2N2 then breaks down into HCN
and NH3, based upon evidence from the GPMS chromatogram, with the additional H2 likely
arising from when the DCDA fragmented into cyanamide. Additionally, it is well known that
under high pressures, HCN changes into hydrogenated CN polymer layers alone however, the
pressures necessary to achieve this is much higher than that formed in this reaction, even if
considering the NH3 vapour pressure [495, 523]. This combined pressure, though high
enough to implode a sealed quartz tube [30], was not high enough to create the polymer. As
such, the CN polymer formed is likely due to the combined interaction of HCN and NH3
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[495, 523]. This implies that the CN material formed is not a perfect GCN but a form of HCN
polymer where the NH3 is participating in the reaction and not simply a by-product. This is
supported by the work of Clifford N. Matthews who determined that mixing HCN with NH3
in a 1:1 ratio (the same ratio as measured for the GCN film in Chapter 4) forms a brownblack HCN polymer which is further associated with the synthesis of peptides i.e. HCN
interacting with atmospheric gases results in a gaseous mixture (as in the gas phase of the
mixture in the HQRV setup) that condenses upon contacting the ocean (analogous to the gas
phase condensing on the substrates at ambient temperatures) and cooling to form the HCN
polymer which further interacts with other atmospheric gases to form peptides [524-526].
Another significant piece of information obtained from GPMS was with regards to the time at
which the HCN and NH3 formed. As depicted in Figure 5.4(A), where the partial pressures of
the two gases were plotted as a function of time, it can be observed that the NH3 formed
before the HCN which supports the results of Chapter 4, in that the two gases appear to be
coating sequentially, like ALD. This implies that the HQRV GCN film growth is very ALDlike, with the differences being that the gases in this investigation seem to form naturally one
before the other and, unlike conventional ALD, can form very thick films. This is also
supported by the scanning electron microscopy (SEM) images in Chapter 4, where layering
was observed. Based upon this result, as well as observation of a gaseous by-product being
formed at the earlier stages of the reaction, the reaction mechanism associated with this film
growth is Figure 5.4(B), as represented by Equation 5.1. In this mechanism, NH3 behaves as a
catalyst [30, 102, 107, 109] to initiate the growth of the initial HCN onto the substrates whilst
subsequent film growth is a result of HCN-HCN interaction. This initial reliance on NH3 gas
to initiate the HCN growth could also explain the conformal nature of the film growth and
why substrates with a larger surface area show evidence of film growth (e.g. TiO2
nanopowders) prior to substrates with a lower total surface area (e.g. glass slides).
𝐻𝐶𝑁(𝑔) + 𝑁𝐻3(𝑔) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝐻3(𝑔)

(5.1)

Figure 5.4 - (A) From GPMS, the partial pressures of NH3, HCN and CH2N2 were observed as a
function of time where 200oC is determined as start of reaction. (B) Sequential absorption of NH3
+HCN onto target substrate resulting in GCN film growth [32].
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Upon performing GPMS on the CN/SiO2 films, several products were observed as presented
on Figure 5.5. A product at m/z=18 was measured from 100oC onwards. Though this can
initially be explained as water vapour, the peak increases in pressure intensity upon reaching
400oC. Due to the intense temperature, as well as the low content of O measured by XPS in
Chapter 4, this peak intensity increase is unlikely to be associated with water from the
sample. Through analysis of the reaction mechanisms, as discussed in Section 5.1.1.1, this
temperature is usually associated with the formation of melamine whereby deamination
occurs. As such, the location and subsequent continuous formation of this component is very
likely associated with the presence of NH3(g), which was already suspected to be formed
based on the precursor GPMS investigation and results from Chapters 3 and 4. A second
product that was formed is located at m/z=27 which, statistically, contains at least one H. It
could also contain at least one Li (since LiBr is used as a precursor mixture to synthesise the
film) although, due to the high boiling point of Li and the lack of evidence of its presence in
Chapter 4, this is very unlikely. Based on the temperature of formation as well as
observations in Chapters 3 and 4, this product is likely associated with HCN gas, observed
previously by Liebig and Berzelius [103]. The emergence of HCN could also explain the
product at m/z=52, which formed directly after the formation of HCN. Through interaction of
the HCN with itself, or with NH3, the formation of an HCN polymer could be possible as
eluded to in the GPMS measurement of the precursor mixture and further investigated in the
next section [524-526].

Figure 5.5 - GPMS chromatogram of CN/SiO2 showing evolution of gas products of unitless value
m/z, on the x-axis, over time in mins, on the left y-axis. The right y-axis shows temperature increase
of the system heated at 10oC/min up to 600oC at 58mins. This temperature was held for a further
120mins. The legend denotes the pressure of the gases in Torr.
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5.2.2 – Hydrogen Cyanide + Ammonia
Investigation
In Section 5.2.1, the reaction mechanism of HQRV synthesised GCN films involved HCN
and NH3 by-products - gases likely to have formed following the thermal decomposition of
DCDA into cyanamide, which is confirmed in existing literature [4, 30, 87, 416, 500-504].
Direct interaction between HCN and NH3 to form CNs is a possibility, as supported by
Clifford, who stated that in the presence of NH3, liquid HCN polymerizes spontaneously at
room temperature to form a yellow-orange-brown-black solid i.e. HCN polymer [526-528].
This product is observationally like the yellow-brown-black GCN films formed in Chapter 4
[32].
To confirm its nature, hydrolysis of this water-soluble HCN polymer was stated by Clifford
to form α-amino acids, the most primitive building block of more complex amino acid groups
[526, 528]. The basis of this argument is from evidence of HCN in comets interacting with
NH3 in Earth's atmosphere to form amino acids when interacting with the water in Earth's
oceans [524]. Further investigations found evidence of this primitive water soluble α-amino
acid to originate from the Moon [529, 530], with it having been transported there by comets,
already containing HCN, carrying additional HCN from the upper atmosphere of gas giants
such as Jupiter [524, 525]. Through high energy meteoritic impact on the primeval Earth's
oceans (both directly and through Moon fragmentation) these amino acids were formed
through HCN polymers on the comets being hydrolysed by these oceans. HCN polymers then
form at the comet surface upon contact with the cold vacuum of space whilst, upon entering
the primeval Earth's atmosphere, these HCN polymers gain energy through the comets heat
and are able to interact with the NH3 both in the Earth's atmosphere and the now unfrozen
NH3 on the asteroid surface, before being rapidly cooled down and hydrolysed by the Earth's
ocean to form the amino acids [525, 531]. This need for an atmosphere might also explain
why amino acids were not formed on the Moon. Prolonged exposure to the high energy of the
comet, in the form of regular bombardments, resulted in more complex amino acid formation
and thus life.
As observed on comet Halley, from the Vega mission report [532], the dark brown/black
material on the surface is likely associated with HCN and cyanide radical polymers.
Additionally, it is reported that the yellow-orange-black colour of Jupiter's upper atmosphere
is composed of HCN polymers; the same as that on the comet's surface [533, 534]. The
formation of this HCN polymer from HCN gas in Jupiter’s upper atmosphere is likely due to
the low temperature of -145oC initiating a condensation reaction, with potential assistance
from the vacuum. Much in the same way the heat from meteoritic impacts is necessary for
HCN polymers on the comets surface to interact with NH3 to form CNs [526-528], the HCN
polymers on Jupiter's upper atmosphere interacts with NH3 in the atmosphere to form other
carbon nitride structures, with the source of heat energy provided from Jupiter’s 24,000oC
core [535, 536].
The behaviour of these two extra-terrestrial events is analogous to the behaviour of the
HQRV synthesised GCN films. As well as the observational similarities between the films
over time, presented on Figure 5.6, to that described for Jupiter and the comets i.e. a yellow dark brown - black coating, the environment in the HQRV setup appears like that of the
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extra-terrestrial bodies. The presence of HCN and NH3 in the reaction is obtained from
thermal decomposition at high temperatures, which is like the hot environment of the comet,
upon entering Earth's atmosphere, and that of Jupiter's high temperature core. The inner walls
of the HQRV, under a dynamic vacuum, is analogous to the upper atmosphere of Jupiter and
the vacuum of space (which the comet is exposed to), thus explaining the gradual browning
of the sides of the wall rather than an immediate blackening. The interaction of the cooler
HCN polymer and the hot NH3(g) on the target substrate is analogous to the interaction of the
HCN on the meteor and the NH3 in Earth's atmosphere, as well as the interaction of the HCN
on Jupiter’s upper atmosphere with the core-heated NH3 gas in the same atmosphere - both of
which form more complex CN species.

Figure 5.6 - HQRV synthesised GCN films as a function of time, t, and temperature, T. (A) was taken
during the ramping process, at T≈350oC. (B) was taken at T≈400oC. (C) was taken at T≈450oC. (D)
was taken at T≈550oC. (E) was taken at T≈600oC whilst (F) was taken at T=700oC at the instance this
temperature was reacted i.e. t=0. In (F) the small insert presents evidence of the target substrates,
located inside the HQRV. (G) was taken at T=700oC at t≈2min whilst (H) was taken at T=700oC at
t≈10min.

To confirm the extent of HCN and NH3 interaction, these two gases were reacted with each
other in a controlled environment.

5.2.2.1 – Experimental Method
NH3 (99.98%), obtained from a compressed gas cylinder, was reacted with HCN, obtained
from reacting of sodium cyanide (NaCN) salt (99.98% Sigma Aldrich) with hydrochloric acid
(HCl) (37%), through Equation 5.2 where NH3 plays the role of a catalyst [30, 102, 107,
108].
𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝑁𝐻3(𝑔)
2𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑙(𝑎𝑞) + 𝐻𝐶𝑁(𝑔) + 𝑁𝑎𝐶𝑙(𝑎𝑞)

(5.2)
(5.3)

𝐻2 𝑂(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑁(𝑠) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝐻𝐶𝑁𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑠) + 𝑁𝑎𝐶𝑙(𝑎𝑞) +
𝑁𝐻3(𝑔) + 𝑁𝑎𝑂𝐻(𝑎𝑞)
(5.4)
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𝐻2 𝑂(𝑙) + 2𝐻𝐶𝑙(𝑙) + 𝑁𝑎𝐶𝑁(𝑠) + 2𝑁𝐻3(𝑔) → 𝑁𝐻4 𝐶𝑙(𝑎𝑞) + 𝑁𝐻4 𝐶𝑁(𝑠) + 𝐻𝐶𝑁(𝑔) +
𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) →. ..
(5.5)
In existing literature, a direct interaction of HCN and NH3 will not result in HCN polymer
formation, if the environmental pressure is <1.2GPa [524-527, 534]. At ambient pressures,
ammonium (NH4+) salts are more likely to form as supported by the results in Section 4.2.2.2,
where ammonium bromide (NH4Br) was synthesised. In such a scenario, Equation 5.3 would
be the ideal reaction mechanism. Furthermore, the presence of water vapour would also play
a role in the reaction since NaCN also reacts with water to form ammonium cyanide
(NH4CN) and sodium hydroxide (NaOH), as presented on Equation 5.4, whereby NH4CN is
known to thermally decompose into a HCN polymer) thus a reaction mechanism like
Equation 5.5 could result whereby the ordering of the products may be affected, and further
interactions between the products also being possible [537].

Figure 5.7 - HCN, generated by combining HCl with NaCN, was interacted with NH3 in a HQRV
type setup to form GCN.

This reaction was achieved through application of the setup on Figure 5.7. After N2 flushing a
HQRV containing a glass substrate, the system was then flushed with NH3 for 5-10mins, with
one end of the reaction tube connected to a bubbler whilst the other was connected to a flask
containing a few mg of NaCN powder. After flushing, a few drops of HCl was then added
through a rubber seal into the flask to create HCN, with this gas being allowed to flow freely
inside the NH3-filled HQRV. The reason for filling the HQRV with these two gases, in this
particular order, was to replicate the ALD-type reaction mechanism occurring in the HQRV
vessel in Chapter 4 and discussed previously in this chapter.
Chemical characterisation was performed by XPS and Raman spectroscopy, whilst band gap
information was obtained by UV-Visible (UV-Vis) spectroscopy. XPS survey scans, high
resolution scans (C1s, N1s and O1s) and valence band measurements were performed by
fixing the sample onto a Cu holder using C tape. Measurements were performed using a 72W
monochromatic Al Kα ion beam of energy 1486.6eV, a dual beam flood gun (to compensate
for sample charging) and under a ∼5×10-8mBar vacuum. For Raman spectroscopy, C tape
was used to fix the powders onto borosilicate glass, with sample measurements performed
under 50% UV laser intensity for 20s scans, 20 accumulations between 300-3000cm-1. UVVis spectroscopy measurements were setup similarly to Raman spectroscopy, but between a
range of 200-1500nm.
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5.2.2.2 – Results and Discussion

Figure 5.8 - (A) XPS survey of HCN polymer as well as high resolution XPS (B) C1s spectra and (C)
N1s spectra. (D) Raman spectroscopy spectra of HCN polymer using 327nm UV wavelength laser
between 300-3000cm-1. (E) Deconvoluted Raman spectroscopy peak of HCN polymer between 10002000cm-1.

Upon immediately dropping HCl (colourless liquid) onto NaCN (white salt), the solution
turned dark brown with formation of dark brown - black powders at the base. In contrast, the
NH3-filled vessel and the glass substrate within the vessel remained unchanged. These
powders were then centrifuged out of the solution, washed with water several times
(centrifuging in-between), before washing with ethanol and vacuum filtering.
Through XPS analysis of this powder, as presented on Figure 5.8(A) and in the Appendix on
Table 9.3, the material was found to contain 50.8at% C, 26.5at% N and 16.1at% O with the
remaining 6.6at% composed of an equal contribution from Si and Cl. Whilst the Si is likely
contamination, the Cl may suggest residue HCl as well as contamination which may be
removed through further sample washing. Furthermore, whilst the GCN samples in Chapters
3 and 4 contain a few at% of O, the black powder in this investigation was measured to have
a 3-4 times higher amount. Since the powder was measured whilst on filter paper, and XPS
determined there to be 30at% O in the filter paper, the majority of O in the powder is likely to
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have arisen from the filter paper. From high resolution C1s, Figure 4.8(B) and N1s analysis,
Figure 4.8(C), the black material was found to be composed of C=N, C-N, C-O and C-C with the latter arising from adventitious C (advC) following depth profiling. Just above
289eV, there was a peak in the C1s spectra that was more likely associated with C=O than π π * transition state - a feature usually associated with the presence of an extended conjugated
π -system commonly found in aromatic/graphitic structures [297, 313, 426]. From XPS,
sp2N/sp3N=2.33 was much larger than the 1.2 surface ratio and the 2.09 bulk ratio measured
in Chapter 4 for the GCN film and closer to the TGCN ratio of 3, from Chapter 3, suggesting
that this HCN powder had a greater sp2N contribution. Through analysis of Raman
spectroscopy measurements, with a UV wavelength laser as presented on Figure 4.8(D), the
shape of the overlap between 1200-1600cm-1 was different to the TGCN overlap in Chapter
3, with the lack of a 2D peak between 2200-2600cm-1 suggesting that this HCN polymer is
not very graphitic, which is in contrast to XPS valence band measurements, on Figure 5.9,
that show a feature between 2.5-6.0eV that is associated with C2p π-bonding and sp2N in a
graphitic structure [29]. The location of this overlap, however, does match up with the
location of the TGCN overlap, from Chapter 3, and the GCN overlap, from Chapter 4,
suggesting it is an overlap of a D peak (of intensity ID) and a G peak (of intensity IG). For this
HCN polymer, ID/IG=0.681, which was larger than the 0.625 measured for the GCN film in
Chapter 4, but it still did not fit Ferrari et al's amorphous CN (aCN) model, suggesting the
HCN polymer was not amorphous [267].

Figure 5.9 - (A) XPS valence band measurements of HCN polymer between -5-15eV. (B) UV-Vis
Kubelka Munk spectra, under a 327nm UV wavelength laser reflectance mode, of HCN polymer
between 1.0-6.0eV binding energy (original plot in insert) (right).

Through electronic bandgap characterisation, as presented on Figure 5.9(B), UV-Vis
spectroscopy determined that the black powder had a band gap ranging from 1.8-2.0eV,
which is comparative to the 1.9eV measured for the TGCN powder in Chapter 3, and
consistent with the 1.6-2.0eV bandgap in existing literature [30]. This further supports the
argument that the material synthesised from the direct interaction of HCN and NH3 had a
structure containing s-triazine units with the slight difference in value potentially a result of O
presence. In GO, increasing O content results in a redder sample [443-445]. This is due to the
O increasing a systems conjugation and thereby, as supported by the C1s peak at 289eV on
Figure 5.8(B), supports the π - π * conjugated, aromatic nature of the black powder which is
essential for TGCN formation. This redness is significant in optically dependent
measurements, such as UV-Vis spectroscopy, whereby redder samples have bandgaps at
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higher wavelengths (lower energies). Through XPS valence band analysis, as presented on
Figure 5.9(A), a valence band maximum (VBM) of 2.1(±0.1) eV was measured. Since this
value is very close to the bandgap, it implies that the GCN formed from this reaction is an ntype semiconductor (with the high presence of N supporting this).
In summary, since HCl was used in this reaction, Equation 5.5 cannot be the correct reaction
mechanism. Furthermore, since no white gases were observed in the HQRV reaction on
Chapter 4, Section 4.3.2, NH4Cl is unlikely to have formed. As such, Equation 5.3 was
unlikely. The presence of O suggests presence of -OH groups arising from the celluloseformed filter paper, but it could also be evidence of H2O interaction - as supported by the
presence of O in the TGCN flakes formed in Chapter 3 and the GCN films in Chapter 4. This
implies that Equation 5.3 is unlikely to be true with Equation 5.5 being the most likely. A
lack of Na in the XPS spectra, on Figure 5.8(A) can be explained by NaCl and NaOH being
soluble in water. Presence of the HCN polymer was supported by browning of the solution,
as in Figure 5.6, suggesting that HCN and NH3 may have been produced, supported by
GPMS results discussed in Section 5.2.1. From this, a likely reaction mechanism is presented
on Figure 5.10. Unlike the proposed mechanism stated in Section 5.2.1, the mechanism
expected from the addition of NaCN and NH3 does not involve the direct interaction of HCN
and NH3, due to the presence of water. Instead, it is through the route of NH4CN
decomposition, as found in literature, into an HCN polymer and NH3 when under the
influence of NaCl [538]. This is supported by the fact that the chemical and electronic
structure of this HCN polymer, despite being like the TGCN powders in Chapter 3, is
different to the GCN films in Chapter 4. This may be a consequence of changes to the
reaction parameters, such as pressures within the reaction chamber (influenced by
temperature and volume of the chamber) whereby high pressures are crucial to forming HCN
polymers from HCN gas [539]. This might also explain why NH4Br was measured in the
pressure investigation in Chapter 3. Though evidence of an s-triazine/s-heptazine structure
was not investigated for this material through ATR or other means, the danger in the handling
of the precursor mixture means that this synthesis approach is unlikely to be utilised for
future research unless a safer approach can be established with regards to the handling of
HCN.

Figure 5.10 - A potential reaction mechanism between HCN, generated from NaCN+HCl, and NH3
gas in forming HCN (GCN) polymers.
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Section 5.3 – Determining the Carbon
Nitride Growth Process
ALD and CVD both result in layer-by-layer film growth. As confirmed by GPMS in Section
5.2.1, the HQRV synthesised GCN films appeared to form through an ALD-type approach. In
this approach, HCN and NH3 reacted with the target substrates sequentially, and in a selflimiting manner. However, whilst conventional ALD results in very thin films forming over a
long period of time, the films procured in Chapter 4 were much thicker over a shorter period
and more like conventional CVD, minus the presence of a carrier gas. To determine how the
vapour deposition procedure of the GCN film growth in Chapter 4 functions, several
investigations were performed which were to:
1. Understand the GCN film, from Chapter 4, morphology, layer by layer, by Ar mono ion
beam and Ar cluster source depth profiling.
2. Analyse how the precursor mixtures, upon reacting, interacted with the target substrates
through observation of film growth as a function of time.
3. Investigate the influence of controllable reaction parameters including temperature of
reaction, rate of temperature increase and type of target substrate.

5.3.1 - Carbon Nitride Film Layer Morphology
To begin determining the exact physical growth process of the GCN film in Chapter 4; to
what extent it resembles ALD and CVD, analysis into the surface and bulk structure of the
material was performed.

5.3.1.1 - Surface Layer Morphology
Through analysis of the GCN film morphology of the CN film coated onto a variety of
substrates at the same temperature but different time steps, by X-ray diffraction (XRD), as
presented on Figure 5.11, and transmission electron microscopy (TEM), as presented on
Figure 5.13, a XRD peak associated with the [002] GCN/graphite peak, of interlayer spacing
3.24Å, along with TEM fringe spacing of 2.96Å, supported the potential of the material being
a semi-crystalline CN (as discussed in Chapter 4) [4, 30, 137, 231, 250, 268]. It is also worth
noting that, despite the substrate utilised and the growth parameters being the same i.e.
temperature of growth, rate of temperature ramping, starting precursors etc... the final film
was not always consistent hence why the XRD (for example) of the CN/borosilicate
presented in this chapter is different to that presented in Chapter 4. An exact reasoning for
this difference is, as yet, not fully understood. Whilst XRD is a bulk technique, TEM only
works for very thin samples. This means that the difference in their interlayer spacings could
indicate that the either the structural property of the CN changes with increasing
thickness/layers, as supported by the lower magnification TEM images on Figure 5.12
showing a long range amorphous for thicker regions and short-range crystallinity for higher
magnification images as presented on Figure 5.13, or that the target substrate influences the
final structure of the GCN film.
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Figure 5.11 - XRD, through application of the Siemens D500, of CN/Borosilicate, CN/FTO and
CN/SiO2 between 15-45o 2θ.

Figure 5.12 - TEM images of CN coated onto holey C grid at resolutions of (A) 200nm, (B) 100nm
and (C-D) 10nm.

Based on TEM, SEM (as presented on Figure 4.31 in Chapter 4 and in the Chapter 5
Appendix section “Carbon Nitride Film Surface Layer Data), XPS, Raman spectroscopy and
attenuated total reflectance IR (ATR-IR) spectroscopy - all of these discussed further in
Chapter 4 - the surface of the GCN film was found to conformally coat onto the target
substrates and form macroscopically smooth surface layers, orientated and overlapping at
various angles but in the same single phase i.e. ABA stacking [7, 30, 156, 269]. The presence
of cracks on the surface, as well as evidence of contamination, suggests a heavy defect
influence at the surface of the films; with CVD showing evidence of preferential growth
around defects such as scratches, as discussed further in Section 5.3.1.2. Determining if these
cracks and contaminants are present in the bulk and close to the film-substrate interface will
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prove crucial in understanding whether the films are grown preferentially and uniformly as a
function of time.

Figure 5.13 - TEM images of GCN coated onto holey C grid at 600oC at (A) 30min and (B) 2hrs
deposition time, with (C) fast Fourier transform performed on the 30min coated substrate.

Figure 5.14 - SEM, through application of the Jeol 6100F, of GCN coated onto (A, B) FTO, (C) SiO2
and (D) borosilicate glass after Au coating.
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Figure 5.15 - SEM, through application of the Jeol 7500F, on (A) FTO glass, (B) PTFE and (C, D)
Sellotape after Au coating.

In summary, the surface morphology of the CN films varies considerably depending on the
type of substrate the film is coated onto. In addition, though there are similarities between the
films which are coated onto the same substrate, they are not exactly the same even if the other
reaction parameters are kept as close as possible. This is why the CN film, coated onto
borosilicate, shows slightly different XRD and TEM measurements in Chapter 4 when
compared to the results in this chapter.

5.3.1.2 – Near Surface Chemical Structure
XPS can measure a material's chemical and electronic properties through high resolution
chemical and valence band analysis. Whereas conventional XPS relies on the angle of the
gun (θg) being 30o to the normal of the surface, and thus able to measure up to 10nm into the
surface of the material, changing θg to higher angles allows for near-surface information to be
determined at thicknesses <10nm. Unlike conventional depth profiling, which requires
intrusive Ar ion beam etching, angle resolved XPS (ARXPS) can obtain near surface
chemical profiles of a material without the accompanying damaging. This is achieved by
performing surface analysis at various angles simultaneously however, a consequence of this
is poorer scan resolution. This means that more scan cycles are required to achieve the same
spectra resolution as achieved by the K-Alpha.
The purpose of utilising ARXPS for this investigation was to determine the nature of the O
and Si chemical contamination found on the GCN film surface, as discussed in Chapter 4, as
well as to determine the extent of adv C at the film's surface. Furthermore, this technique was
used to determine the distribution of N at the uppermost surface of the film prior to and after
1keV Ar mono ion beam etching.

5.3.1.2.1 – Experimental Procedure
In order to conduct this investigation, GCN was coated onto several room temperature
substrates: borosilicate, FTO, Si, PTFE and acetate. These substrates were all coated at 700oC
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for 20hrs, heating at 20oC/min. These samples were then prepared for XPS measurements by
sticking onto the Theta Probe holder through use of C tape, before inserting into the analysis
chamber at a pressure of 5×10-7 Torr.
ARXPS measurements were taken at θg=23.75o, 31.25o, 38.75o, 46.25o, 53.75o, 61.25o, 68.75o
and 76.25o with three levels of depth profiling performed through 30 s etching per level with
a 1keV Ar mono ion gun, for 90s etching in total. Survey scans were performed in order to
determine how the O, Si, N and C levels varied at the different θg whilst high resolution C1s
scans were performed in order to determined how the adv C levels varied.

5.3.1.2.2 – Results and Discussion
ARXPS survey analysis of CN/Borosilicate prior to etching, as presented on Figure 5.16(A),
shows evidence of Si and O contamination. Additionally, at increasing θg (decreasing depth
resolution (dR)), the N peak decreased in intensity. This could be due to more N presence in
the bulk of the film (due to the growth process) or due to increased C and O contamination at
the film's surface. 30s of depth profiling, as presented on Figure 5.16(B), resulted in both Si
and O levels reducing in intensity, whilst N content increased supported by the results in
Chapter 4 for the GCN film. The behaviour of these four chemical components appears to be
consistent for all of the CN/substrate films, as presented in the Chapter 5 Appendix section
“Carbon Nitride Film Surface Layer Data”, except for CN/Acetate (Figure 9.30) where the
chemical content doesn't change with θg, prior to or after depth profiling. Furthermore, for
CN/Acetate, despite Si and O being removed after depth profiling, C appears to increase
relative to N.
Extraction of C, N, O and Si from Figure 5.16 and plotting these, at the specific depth levels,
as a function of θg was performed. From Figure 5.17(A), it was found that N decreased from
22at% at 23.75o θg (>10nm dR) to about 9at% at 76.25o θg (<3nmdR) which confirms that,
prior to etching, N is lower at the film's surface than within the bulk. However, after depth
profiling, N content doubled to >40at% at the bulk and 35at% at the new surface layer.
Further depth profiling resulted in only a marginal increase to overall N content but appeared
to result in N levels becoming more uniform across the film. Prior to depth profiling, the low
content of N was accompanied with a high content of C, O and Si as presented on Figure
5.17(B-D). After depth profiling, C reduced slightly whilst O and Si content halved,
suggesting presence of surface impurities. As a function of θg, O seemed uniform across the
film - implying that its source of contamination may have been a continuous process during
the reaction - whilst the higher content prior to etching suggests that most of the O
contamination occurred near the end of the reaction from external sources. Si and C, prior to
etching, are higher at larger θ g (<3nm dR) than at smaller θ g (>10nm dR) suggesting that
these contaminants may have resulted from external sources such as adv C. When compared
to CN/FTO, as presented in the Appendix on Figure 9.22, Si and O content prior to etching
were found to be higher at larger θg (supporting the influence of external contamination),
whilst N was lower at larger θg. C content, however, was relatively uneven but appeared to
increase slightly with larger θg - slightly different in behaviour to the C and O content
measured for CN/Borosilicate suggesting that a thicker layer of adv C was present. After
etching, O content on CN/FTO reduced by 3-4at% at smaller θg, but by 10at% at larger θg,
resulting in a more uniform distribution across the new topmost surface. A similar process
occurred with the Si content whilst the reverse occurred for N. C remained relatively
unchanged across the film depth. This behaviour was also observed for CN/Si, but with less
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chemical content variation between the largest and smallest θg prior to etching as presented in
the Appendix on Figure 9.25. It was also the case for CN/PTFE, but with even less variation
as presented in the Appendix on Figure 9.28. For CN/Acetate, as presented in the Appendix
on Figure 9.31, the relationship between N, O and Si with θg (at the various depth levels) was
very similar to the behaviour of CN/PTFE except that there was no variation in chemical
content between the largest and smallest θg prior to and after etching. Additionally, C content,
unchanged with θg, increased after depth profiling which suggests carbonisation following
ion beam etching.

Figure 5.16 - ARXPS survey analysis of CN/Borosilicate, depth profiled with a 1keV Ar mono ion
gun for (A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
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Figure 5.17 - Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Borosilicate.

Through observation of C/N for the different CN/substrates, as presented on Figure 5.18, all
the GCN films showed an increase in this ratio as θg was increased prior to etching, except
for CN/Acetate. After etching, all the ratios decreased and became more uniform for all θg.
This increased ratio at larger θg, prior to etching, along with Figure 5.17(B) and the decrease
and uniformity of the ratio post etching, suggests the presence of adv C.
Through high resolution C1s analysis of CN/Borosilicate, as presented on Figure 5.19, peak
shifting to higher binding energies, at higher θg prior to etching, was observed. This shift is
away from the expected location of adv C (284.8eV). Since O levels are fairly constant for
CN/Borosilicate, prior to etching at all θg, and since N peaks are located closer to 285.7eV
but reducing with increasing angle, this peak shift might correspond to increasing Si
contribution at the surface (suggesting the possibility of C-C/Si bonding structure [540]).
After etching, the peaks became broader (suggesting that more C environments were present)
and shifted to higher energies, which could be due to the increase in C=N bonds (since N
content doubled after etching). However, due to N content decreasing slightly with increasing
θg after etching but C content remaining unchanged, this shift in C1s peak position could be
due to ion gun induced sample charging. This behaviour is supported, to an extent, by
CN/FTO, as presented in the Appendix on Figure 9.23, although the peak shift with θg is
much less - possibly due to increasing O-C/Si bonding rather than C-C/Si , as supported by
the peak at 286.5eV. This effect was also very similar for CN/PTFE, in the Appendix on
Figure 9.29. For CN/Si, as presented in the Appendix on Figure 9.26, the behaviour was the
same prior to etching however, after etching, the peak appeared to shift to lower energies for
increasing θg potentially due to an overall lower C content - suggesting this sample likely
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contained high adv C . Finally, for CN/Acetate, there was no change in the C1s peak location
with θg prior to or after etching and this is likely due to the film being too thin. After etching,
there was still a shift in the peak to higher energies due to lower impurities and increased N
and C content.
In summary, the topmost surface of the film (measured at larger θg) contained less N and
more C, O and Si impurities than that measured at smaller θg. After etching, this variation
appeared to even out with the film containing a more evenly distributed set of elements as
well as more N and less impurities. The source of C contamination prior to etching is most
likely associated with adv C, with the slight variation due to contribution of other chemicals
e.g. Si, O or due to carbonisation as for CN/Acetate. Charging was also observed on all the
films following the initial etch cycle due to peak shifts to higher binding energies.

Figure 5.18 - ARXPS C/N values for (A) CN/Borosilicate, (B) CN/FTO, (C) CN/Si, (D) CN/PTFE
and (E) CN/Acetate as a function of θg, at 0s, 30s, 60s, and 90s etch cycles using a 1keV Ar mono ion
gun.
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Figure 5.19 - High resolution C1s ARXPS spectra of CN/Borosilicate at (A) 0s and (B) 30s etch
cycles, using a 1keV Ar mono ion gun, for different θg.

5.3.1.3 – Layer Morphology: Surface vs. Bulk
Whilst ARXPS allows for less intrusive depth profiling, it is heavily restricted by the 10nm
depth range of the X-ray gun. By observation, from SEM, XRD and other techniques
discussed in Chapter 4, the HQRV synthesised GCN films are thicker than 10nm thus depth
profiling, through the more intrusive Ar etching is necessary for performing chemical
analysis on the bulk of the films. This process is necessary since, as stated in Section 5.3.1.1,
the difference in the interlayer spacing between XRD and TEM could be a result of structural
differences between the surface and bulk film compositions and so bulk information is
necessary to confirm or disprove this theory.
GCN is a 2D layered material composed of C and N atoms arranged in a hexagonal motif.
This is the same as N doped graphene (NGs) [208, 239, 263, 369, 439]. However, whereas
GCN is composed of alternating chains of C and N, NGs have a structure derived from a
starting graphene precursor which is doped with N, with the location of N and its relation to
structural defects in the graphene sheet affecting certain electronic and chemical properties.
For the purpose of this investigation, NGs are significant since it has been recorded that upon
Ar mono ion gun etching, the NGs and GCN both change chemically and structurally after
ion gun exposure [541, 542]. This change is not true bulk information, with Ar cluster source
etching capably removing contamination at the surface of the GCN films in Chapter 4
without adversely affecting the chemistry or structure of the bulk [32].

5.3.1.3.1 – Experimental Procedure
In this investigation, XPS was utilised for surface element mapping of GCN films in Chapter
4 to distinguish the relationship between the surface and bulk properties of the film as well as
to determine the impact of the different etching sources on the chemical, structural and
electronic properties of the material [32]. Through application of the K-Alpha+ XPS system,
information on a variety of substrates (but focussed predominantly on borosilicate glass) was
determined where depth profiling was performed through application of an Ar mono ion
beam and Ar cluster source, with high resolution analysis performed on the Avantage
software. The well-defined TGCN powder in Chapter 3 was not used, despite it having the
ideal structure to investigate, since etching has almost very little impact on powdered
samples. With regards to error, each high resolution XPS at% value contained a ±5% error
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(as based on XPS fitting technique utilised) but these have not been included in the graphs in
the form of error bars for clarity purposes.
The CN/Borosilicate film, in Chapter 4, was used as the test sample. Additionally, for
CN/Borosilicate, modifying the reaction temperature and rate of reaction of the deposited
films and how this impacts the etching behaviour was also investigated with the temperature
modified films all heated at 20oC/min up to: 600oC, 650oC, 700oC, 750oC, 800oC and 900oC
whilst the rate of temperature modified films were all heated to 700oC at temperature rates of
5oC/min, 10oC/min, 15oC/min, 20oC/min and 30oC/min. All the films in question were heated
for 20hrs, with the reagent mixture prior to coating dried at 180oC for 20hrs and heating at
10oC/min - an analysis into how these parameters influenced GCN growth itself is presented
in Section 5.3.2.
Thermo Scientific’s K-Alpha+ compact XPS system was utilised in order to determine the
chemical constituents as well as band gap information of the films. Due to the films formed
being of a C and N composition, elements commonly associated with contamination, surface
deconvolution prior to etching resulted in the presence of additional contamination peaks. To
address this issue, depth profiling was also performed in order to remove this surface
contamination with mono Ar ion etching, at 1keV and 500eV for 20s cycles, as well as
through Ar cluster source etching at 8keV and 4keV for 20s cycles. Due to evidence of
structural deformation at high mono ion beam energies, as presented in the Chapter 5
Appendix section “Carbon Nitride Film Surface Layer Data”, lower ion beam energies were
utilised, Due to the “soft” nature of the cluster source, higher cluster energies were utilised.
The general procedure consisted of performing surface, valence and high-resolution
photoemission characterisation of the film surface, followed by etching and then repeated
characterisation.

5.3.1.3.2 - The Impact of Argon Mono Ion Beam Etching on Carbon
Nitride Deposited on Borosilicate Glass
Upon synthesising CN/Borosilicate at variable reaction temperatures and temperature rates,
mono Ar ion beam etching at 500eV and 1keV was performed in order to determine the
difference between the overall surface and bulk properties of the material. This was to
distinguish the impact of the ion beam on the material and to 3D chemically map the GCN
films - which were too thick to perform ARXPS on.

5.3.1.3.2.1 – Carbon Nitride Films Deposited at Variable Reaction
Temperatures
As presented on Figure 5.20, GCN was deposited onto borosilicate at constant temperature
rate of 20oC/min up to temperatures of: 600oC, 650oC, 700oC, 750oC, 800oC and 900oC for
20hrs. These films were then depth profiled with a 1keV and 500eV Ar mono ion beam, as
presented on Figure 5.21, on separate regions of the films surface, at 20s cycles. As observed
on these figures, there is a noticeable chemical alteration following the etching procedure at
1keV but less so with 500eV. For the 1keV etch, detailed in the Appendix on Table 9.6(a),
C/N dropped significantly following the first 20s etch however, consequent etches resulted in
very minor change to the ratio which on average, for all films, slightly decreased up to the
third or fourth etch cycle whereby C/N stabilised to 1. For the 500eV etch, as detailed in the
Appendix on Table 9.6(b), C/N continuously decreased beyond the five etch cycles
performed for the GCN films on average but didn't appear to make any significant changes to
the higher temperature films. Overall, the impact of 500eV etching was minimal to the ratio.
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To add to this, at 0s etch time, for all of the etches performed, the C/N ratios are not the same
since each etch was performed at different locations on the film and so, from these results,
there appears to be a non-uniform C and N distribution across the surface of the film prior to
depth profiling.
As observed on Figure 5.22(a), for 1keV depth profiling, there is strong evidence supporting
the presence of adv C since, upon initial etching, C content is observed to decrease rapidly.
Subsequent etches result in only a slight decrease of this content. For N, initial etching
resulted in a rapid increase of content, with subsequent etches resulting in only a slight
change. For O, only the initial etches resulted in a noticeable decrease to the content with
subsequent etches resulting in very little change. For 500eV depth profiling, as presented on
Figure 5.22(b), there was very little change to C, N or O content. This supports initial
observation from Figures 5.20 and 5.21 that 500eV etching has very little impact in surface
contamination removal.
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(a)

(b)
Figure 5.20 - XPS survey depth profiles, at 20s per etch with an Ar mono ion gun of energy (a) 1keV
and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC, (iv) 750oC, (v)
800oC and (vi) 900oC at 20oC/min heating rate.
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Figure 5.21 - XPS C/N values for CN/Borosilicate synthesised at 600oC, 650oC, 700oC, 750oC, 800oC
and 900oC at 20oC/min heating rate; depth profiled with an Ar mono ion gun of energy (A) 1keV and
(B) 500eV at 20s per etch.

(a)

(b)
Figure 5.22 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at 600oC,
650oC, 700oC, 750oC, 800oC and 900oC at 20oC/min heating rate; depth profiled with a (a) 1keV and
(b) 500eV Ar mono ion gun at 20s per etch.
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(a)

(b)
Figure 5.23 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC,
(iv) 750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
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(a)

(b)
Figure 5.24 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC,
(iv) 750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
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(a)

(b)
Figure 5.25 - XPS valence spectra depth profiles, at 20s per etch with an Ar mono ion gun of energy
(a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 600oC, (ii) 650oC, (iii) 700oC, (iv)
750oC, (v) 800oC and (vi) 900oC at 20oC/min heating rate.
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In order to determine the structural impact of the mono Ar ion beam on the GCN film, high
resolution photoemission analysis of the C1s and N1s spectra was performed. The
asymmetric C1s spectra, after deconvoluting, as presented on Figure 5.23, showed two
significant changes following the initial etch with the 1keV ion beam, as present Figure
5.23(a). Firstly, the peak just above 284eV, for all the films, was shown to reduce in intensity
with the most likely cause being the removal of adv C, confirming the speculation suggested
previously. Secondly, the peak between 286-287eV shifted to higher binding energies upon
initial etching with the most likely reason being a structural change from a GCN environment
to a more graphitic environment. This was supported by the 1keV symmetric N1s high
resolution depth profile, after deconvoluting (to reduce FWHM of the individual peak)
presented on Figure 5.24(a), which showed the N environment shifting to a more graphitic
state upon initial etching. For 500eV mono ion beam etching, the C1s structure only appeared
to shift for the GCN film synthesised at 600oC, with the effect on the other films being
negligible, as presented on Figure 5.23(b). This was also supported by the N1s spectra, as
presented on Figure 5.24(b), where the 600oC GCN film was the only one to change N
environment upon continuous etching.
With regards to the electronic properties of the GCN film, as presented on Figure 5.25, initial
1keV mono Ar ion beam etching resulted in an increase of the VBM from 2eV to 3eV as
presented on Figure 5.25(a). For the 500eV mono Ar ion beam etching, other than the 600oC
GCN film where the VBM increased, the VBM of the other films showed very little change,
as shown on Figure 5.25(b), confirming that the 500eV beam had very little impact on the
electronic properties. With regards to structural features, the surface of the film had four key
sites associated with: C2p π electrons and sp2N in a planar graphite structure (region 1; 36eV), C2p σ and N2p σ bond electrons (region 2; 7-10eV), a mixture of 2s and 2p electrons
(region 3; 12-18eV) and C2s and N2s electrons (region 4; 20-30eV) [29]. Whilst depth
profiling with a 500eV beam resulted in no change to these features (with exception of the
low temperature film where there was observed a shift to high energies following the initial
etch - most likely due to charging since N content remained constant as presented on Figure
5.22(b), using a 1keV source resulted in a shift of the features to higher energies at all
temperatures (as in Chapter 4) due to charging or increased N content but also a removal of
2s and 2p electrons (after depth profiling). This removal may be associated with the
photoemission altering the materials cross-section - of which the s band is 13 times higher
than the p band however (with exception of the film procured at 600oC), if this were the case,
than the peak between 20-30eV would also have decreased.

5.3.1.3.2.2 – Carbon Nitride Films Deposited at Variable Reaction Temperature
Rates
As presented on Figure 5.26, GCN was deposited onto borosilicate at constant temperature of
700oC for 20hrs at heating rates of 5oC/min, 10oC/min, 15oC/min, 20oC/min and 30oC/min.
These films were then depth profiled with a 1keV (Figure 5.26(a)) and 500eV (Figure
5.26(a)) Ar mono ion beam, on separate regions of the films surface, at 20s cycles. As
presented in the Appendix on Table 9.13(a), for 1keV mono Ar ion beam etches, C/N
dropped to 1 following the initial etch (as experienced in the variable reaction temperature
investigation) with subsequent etches resulting in very little change to the ratio. For the
500eV mono Ar ion beam etch cycle (Appendix, Table 9.13(b)), the initial and subsequent
etch cycles resulted in very little change to C/N.
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Following characterisation of C and N for 1keV etches (Figure 5.28(a)), C content dropped
significantly following the initial etch however, on average, the content then started to
increase following subsequent etches (a behaviour significantly different to that observed in
Section 5.3.1.3.2.1) implying that upon initial etching adv C was removed whereas
subsequent etches either implied the presence of higher C content in the bulk of the CN film
or ion-gun induced carbonisation. The N1s at%, increased significantly following the first
etch and only very slightly in subsequent etches - a behaviour exactly as in Section
5.3.1.3.2.1. For O, the behaviour again held true in that initial etching resulted in a significant
drop of O content with slight reduction at subsequent etch cycles. At 500eV etches (Figure
5.28(b)), there was no significant change in any of the chemical content, confirming the lack
of impact that this ion beam energy has on the GCN film chemistry.
High resolution C1s (Figure 5.29) and N1s spectra (Figure 5.30) was performed to determine
structural impact on the films. The impact of 1keV mono Ar ion beam etching on the C1s
spectra, as presented on Figure 5.19(a), resulted in a behaviour exactly as observed Section
5.3.1.3.2.1, whereby initial etching resulted in the removal of adv C as well as a shift of the
C1s peak to higher binding energies, implying a graphitisation. Whereas the drop in adv C
corresponds directly to the initial drop in the C1s at%, the lack of increase in adv C upon
subsequent etches suggests that the increase in C is unlikely to do with the presence of
contaminant C. It is either an inherent property of the films themselves or a result of the ion
beam interacting with the film. The graphitisation of the GCN bulk environment was also
confirmed upon analysis of the N1s spectra, whereby the environment became more graphitic
(Figure 5.30(a)). For continuous 500eV mono Ar ion beam etching, there was little change in
the structure of the C1s spectra (Figure 5.29(b)) and N1s spectra (Figure 5.30(b)).
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(a)

(b)
Figure 5.26 - XPS survey depth profiles, at 20s per etch with an Ar mono ion gun of energy (a) 1keV
and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
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Figure 5.27 - XPS C N values for CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled with an Ar mono ion gun of
energy (A) 1keV and (B) 500eV at 20s per etch.

(a)

(b)
Figure 5.28 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at (i)
5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled
with a (a) 1keV and (b) 500eV Ar mono ion gun at 20s per etch
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(a)

(b)
Figure 5.29 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
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(a)

(b)
Figure 5.30 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar mono ion gun of
energy (a) 1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
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(a)

(b)
Figure 5.31 - XPS valence band depth profiles, at 20s per etch with an Ar mono ion gun of energy (a)
1keV and (b) 500eV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.

With regards to the CN film VBM, initial 1keV mono Ar ion beam etching (Figure 5.31(a))
resulted in an increase from 2eV to 2.5eV for films deposited at lower temperature rates, and
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from 2eV to 3eV for the remaining films - similar to Section 5.3.1.3.2.1 For 500eV mono Ar
ion beam etching (Figure 5.31(b)), there was little change in the VBM implying that 500eV
was not strong enough to remove surface contamination. There were, once again, four VB
regions as discussed in Section 5.3.1.3.2.1 where, at 1keV etching, the peak at region 3 was
removed whilst the others were unchanged.

5.3.1.3.3 - The Impact of Argon Cluster Source Etching on Carbon
Nitride Deposited on Borosilicate Glass
Upon synthesising CN/Borosilicate at variable reaction temperatures and temperature rates,
Ar cluster source etching at 8keV and 4keV was performed in order to determine the
difference between the overall surface and bulk properties of the material. This was to both
determine the impact of the cluster source on the material and to 3D chemically map the
GCN films, in the same manner as in Section 5.3.1.3.2.

5.3.1.3.3.1 – Carbon Nitride Films Deposited at Variable Reaction
Temperatures
As presented on Figure 5.32, GCN was deposited onto borosilicate at constant temperature
rate of 20oC/min up to temperatures of: 650oC, 700oC, 750oC, 800oC and 900oC for 20hrs.
These films were then depth profiled with an 8keV and 4keV Ar cluster source, as presented
on Figure 5.33, on separate regions of the films surface, at 20s cycles. As observed on these
figures, there is a noticeable chemical difference following etching of the film. As detailed in
the Appendix on Table 9.20(a), for 8keV cluster etching, C/N dropped significantly following
the initial etch and continued to fall to up to a value of 1 for the subsequent etches. For 4keV
cluster etching, detailed in the Appendix on Table 9.20(b), C/N dropped less significantly
than for the 1keV mono ion beam etching however, the drop was continuous over progressive
etch cycles.
Upon 8keV Ar cluster source etching, C and O dropped significantly initially but, for
subsequent scans, the drop was less significant but still continuous. For N, the increase was
significant at first but then increased at a reducing rate for subsequent etches (Figure 5.34(a)).
This behaviour implies that for 8keV cluster etching, whilst the initial scan is likely to
remove a lot of surface contamination, subsequent scans may be removing C from the GCN
structure, as explained in Section 5.3.1.3.3. 4keV cluster etching resulted in a slight decrease
of C and O and very slight increase of N which, compared to the results of the previous
etches, suggests that this cluster energy wasn't sufficient to remove all of the GCN film
contamination, deposited at variable reaction temperatures (Figure 5.34(b)).
This lack of contamination removal was confirmed by the C1s spectra whereby, for 4keV
cluster source etching, very little removal of adv C was observed (Figure 5.35(b)) with N
increasing steadily (Figure 5.36(b)), suggesting that whilst the 4keV cluster source was
slowly depth profiling the film, it was not powerful enough to remove the contamination
from the surface. This behaviour was significantly different to the 4keV cluster source
etching of the GCN films in Section 5.3.1.3.3.2. For 8keV cluster source etching, the adv C
peak on the C1s spectra (Figure 5.35(a)) was significantly reduced following initial etching
however, the spectra were also shifted to higher energies which, accompanied by the shift of
the N1s spectra (Figure 5.35(b)), supports that higher energy etching induces graphitisation of
the GCN bulk.
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With regards to the VBM, neither 8keV (Figure 5.36(a)) or 4keV (Figure 5.36(b)) cluster
source etching resulted in peak shifting to higher energies despite evidence of increased N
content, implying that the shift to higher energies observed for 1keV mono Ar ion beam
etching was a consequence of charging - a contrast to existing literature [29]. Furthermore,
unlike the 1keV mono Ar etching profile, region 3 (12-18eV) in these profiles did not reduce
following repeated etches indicating that its removal in the 1keV mono Ar depth profile was
a consequence of structural deformation initiated by the ion gun, and not a physical feature of
the material. There was, however, evidence of region 1 (3-6eV), region 2 (7-10eV) and
region 4 (20-30eV) increasing in intensity following cluster depth profiling at 8keV. This
result is supported by existing literature where the intensity of these regions increased with
increasing N content in GCN, which likely increases C-N and C=N bonding and thus the
features these regions depict [29].
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(a)

(b)
Figure 5.32 - XPS survey depth profiles, at 20s per etch with an Ar cluster source energy (a) 8keV and
(b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v)
900oC at 20oC/min heating rate.
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Figure 5.33 - XPS C/N values for CN/Borosilicate synthesised at 650oC, 700oC, 750oC, 800oC and
900oC at 20oC/min heating rate; depth profiled with an Ar cluster source at (A) 8keV and (B) 4keV at
20s per etch.

(a)

(b)
Figure 5.34 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at 650oC,
700oC, 750oC, 800oC and 900oC at 20oC/min heating rate; depth profiled with a (a) 8keV and (b)
4keV Ar cluster source at 20s per etch.
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(a)

(b)
Figure 5.35 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv)
800oC and (v) 900oC at 20oC/min heating rate.
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(a)

(b)
Figure 5.36 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv)
800oC and (v) 900oC at 20oC/min heating rate.
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(a)

(b)
Figure 5.37 - XPS valence spectra depth profiles, at 20s per etch with an Ar cluster source of energy
(a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC
and (v) 900oC at 20oC/min heating rate.
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5.3.1.3.3.2 – Carbon Nitride Films Deposited at Variable Reaction Temperature
Rates
As presented on Figure 5.38, GCN was deposited onto borosilicate at constant temperature of
700oC, for 20hrs at heating rates of 5oC/min, 10oC/min, 15oC/min, 20oC/min and 30oC/min.
These films were then depth profiled with an 8keV (Figure 5.38(a)) and 4keV (Figure
5.38(b))) Ar cluster source, on separate regions of the films surface, at 20s cycles. As detailed
in the Appendix on Table 9.27(a), for 8keV cluster etching, C/N dropped rapidly to values <1
following the initial etch - much less than those obtained from Section 5.3.1.3.3.1.
Subsequent etches resulted in a further decrease but at a slower rate. For 4keV cluster source
etching (Appendix, Table 9.27(b)), the primary etches resulted in the greatest drop to C/N
with subsequent etches resulting in a less significant drop, more so than from 8keV cluster
etching. The C/N value, however, did not become <1 but, continued to approach 1 following
the final etch.
Following characterisation of the C1s and N1s spectra, for 8keV Ar cluster etching (Figure
5.40(a)) C content dropped significantly following the initial etch with subsequent etches
resulting in a reduced at% decrease (a behaviour like 1keV mono Ar ion beam etched film).
This implied that upon initial etching with an 8keV cluster source, adv C was removed, with
subsequent etches either resulting in additional adv C removal or removal of C from the GCN
bulk structure. This behaviour was also observed for the O1s spectra whereas the first etch
resulted in a significant increase to the N content whilst subsequent etches resulted in a
decreasing rate of increase. At 4keV cluster etching (Figure 5.40(b)), there was a gradual
decrease in O and C - implying a gradual removal of surface contamination - whereas, there
was observed a continuous increase of N. These behaviour compared with mono Ar ion beam
depth profiling that the GCN surface contains a high amount of C, compared to the bulk,
albeit either the 8keV cluster source results in greater contamination removal than the 1keV
mono ion beam source, or that it results in C removal from the GCN structure.
With regards to structural impacts, 8keV cluster source etching results in an effect like 1keV
mono Ar etching, in that the C1s peak associated with adv C is removed (Figure 5.41(a)).
However, there is more significant shift in the overall spectra to higher binding energies than
that observed in 1keV mono etching. This implies that the source of additional C removal is
from the structure of the GCN itself. With regards to the N1s peak (Figure 5.42(a)), this
spectra shift is also more significant confirming graphitisation of the GCN bulk structure - far
greater than that observed for 1keV mono ion beam etching. This confirms the idea that the
GCN film bulk graphitisation synthesised at variable reaction temperatures, is at least
influenced by the strength of the ion beam if not completely a consequence of it. 4keV cluster
source etching results in the removal of the adv C (Figure 5.41(b)), with slight shifting of the
overall spectra following subsequent depth profiles. This shift is less significant than for
8keV cluster source etching and 1keV mono ion beam etching but is significant enough to
confirm graphitisation. Alongside the slow progression of graphitisation observed for the N1s
spectra (Figure 5.42(b)), the information provided by 4keV cluster source etching suggests
that the GCN bulk is not graphitic but graphitised upon interaction between the ion beam
strength.
Finally, with regards to the VBM, neither cluster source etching (Figures 5.43(a) and 5.43(b))
resulted in shifts to higher energy (due to less charging), further supporting that the Ar mono
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ion gun at 1keV and above results in GCN charging and structural deformation and so should
not be used to conduct depth profiling of this sample. Additionally, at 8keV, there is evidence
of all regions, apart from region 3, increasing in intensity after each consecutive etch which is
likely due to increased N incorporation and so increased C-N and C=N bonds [29].

(a)

(b)
Figure 5.38 - XPS survey depth profiles, at 20s per etch with an Ar cluster source of energy (a) 8keV
and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
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Figure 5.39 - XPS C/N values for CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled with an Ar cluster source of
energy (A) 8keV and (B) 4keV at 20s per etch.

(a)

(b)
Figure 5.40 - XPS at% content of (i) C, (ii) N and (iii) O for CN/Borosilicate synthesised at (i)
5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC; depth profiled
with a (a) 8keV and (b) 4keV Ar cluster source at 20s per etch.
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(a)

(b)
Figure 5.41 - XPS high resolution C1s depth profiles, at 20s per etch with an Ar cluster soure of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
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(a)

(b)
Figure 5.42 - XPS high resolution N1s depth profiles, at 20s per etch with an Ar cluster source of
energy (a) 8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii)
15oC/min, (iv) 20oC/min and (v) 30oC/min up to 700oC.
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(a)

(b)
Figure 5.43 - XPS valence band depth profiles, at 20s per etch with an Ar cluster source of energy (a)
8keV and (b) 4keV, of CN/Borosilicate synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min up to 700oC.
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5.3.1.3.4 - Summary
To summarise the differences between the GCN film's surface and bulk following mono and
cluster etching, several key relationships were obtained:
1. 500eV Ar mono ion beam etching resulted in no impact to the GCN physical and
chemical properties, including no surface contamination removal or structure changes
except for the film procured at 600oC, heating at 20oC/min.
2. 1keV Ar mono ion beam etching resulted in O and adv C surface contamination removal,
as well as an increase in overall N and sp2N in the film. However, there was evidence of
charging, based on the peaks shifting to higher binding energies after the initial etch, as
well as structural deformation (based on region 3 from the XPS valence band reducing)
and onset of carbonisation following the initial etch.
3. 4keV Ar cluster source etching resulted in O and adv C surface contamination removal,
but at a slower progressive rate than 1keV Ar mono ion beam etching. It also resulted in a
slower rate of N and sp2N and more insignificant levels of peak shifting. There was also
no alteration in the valence band features or the VBM, indicating no charging or
structural deformation.
4. 8keV Ar cluster source etching resulted in significant O and adv C surface contamination
removal on all the films, as well as a significant increase to overall N content following
the initial etch, with subsequent etches being less significant - much like 1keV Ar mono
ion beam etching. There was evidence of peak shifting, as observed on the high resolution
C1s and N1s spectra, but not on the valence band spectra indicating the bulk might be
more graphitic than the surface since no charging was observed. The valence band also
showed evidence of increasing region 1, 2 and 4 intensities, following the initial depth
profile, which corresponds to an increase in N content.

5.3.2 - The Influence of Reaction Parameters on
Carbon Nitride Film Growth
During GCN film synthesis, as discussed in Chapter 4, several parameters could be varied in
order to control the GCN film growth, change the reaction mechanism and potentially control
the film's chemical and physical properties. The parameters controlled in this investigation
were:
1.
2.
3.
4.
5.
6.

Time of film growth
Reaction temperature of the synthesis
Rate of temperature ramping (ROR) up to the reaction temperature
Temperature of the target substrate
Type of target substrate
Different starting precursor mixture
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5.3.2.1 - Carbon Nitride Film Growth as a Function of
Time
To confirm the GCN film thickness, as a function of time (t) in minutes, profilometry,
through application of the Dektak XT profilometer, was performed on several GCN films each synthesised under the same reaction parameters with time of growth being the only
variable altered. This is presented on Figure 5.44. With regards to error, each high resolution
XPS at% value contained a ±5% error (as based on XPS fitting technique utilised) but these
have not been included in the graphs in the form of error bars for clarity purposes.
From Figure 5.44, GCN growth on borosilicate increased linearly with time (t in minutes)
where 30<t<250 with growth rate not starting until t≈30 due to GCN forming close to 600oC
[30, 32, 102, 107, 108]. At t>250, growth rate decreased which is due to precursor material
reducing in quantity, as depicted by GPMS on Figure 5.3. From this data, GCN film growth
is not an instantaneous occurrence since the suspected gases involved in the reaction
mechanism, HCN and NH3, form at 600oC but take time to interact with each other which is
why there is additional delay in film growth time. Furthermore, since the gases are released
over a set amount of time (represented by the peak widths in Figure 5.4) this indicates that the
film is growing with a reducing quantity of HCN and NH3 over time as represented by the
drop in peak intensities. This results in reducing film growth rate in the profilometry
measurements but with a delay in the growth due to the additional time for the gases to
interact with each other. This is why the film growth starts at t≈30 and not t≈0. From the
linear growth at 30<t<250, the smooth films seem to be undergoing FM growth, but only for
subsequent layers following the initial layer.

Figure 5.44 - Profilometry of GCN grown onto borosilicate at time intervals (A) <250mins and (B)
<6000mins.

In order to determine how the precursor gases and substrate interact to form the first layer of
GCN, and if there is any preferential growth, AFM of GCN grown onto conductive B-doped
Si was performed. Through observational analysis of CN/Si, as presented on Figure 5.45, for
lower time steps there are distinct circular features present which are also observed by SEM
in Chapter 4. These circular features are formed throughout the substrate at lower time steps
however, as time of growth is increased, the circular features become lost under a very rough
layer or particulates which corresponds to a rapid onset of film thickening as suspected from
SEM and TEM images in Chapter 4. At 30mins growth, the circular features become slightly
more defined but are then completely lost for time steps beyond 1 hr. Since these features are
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not observed on pure Si, as presented in the Appendix on Figure 9.33, this suggests that either
the film growth is unevenly distributed on the substrate or that there are two types of growths
occurring.

Figure 5.45 - Video capture image of the CN/Si surface of total area 300μm2 following film coating at
various time steps, through application of the Bruker Dimension Icon AFM system.

Figure 5.46 - AFM DM analysis of a 93μm2 area of CN/Si instantly, 2 mins after and 5 mins after the
reaction reached 700oC.
222 | P a g e

Figure 5.47 - AFM DM analysis of a 50μm2 area of CN/Si instantly, 2 mins after, 5 mins after and 30
mins after the reaction reached 700oC.

Figure 5.48 - AFM DM analysis of a 20μm2 area of CN/Si; 20 mins after and 30 mins after the
reaction reached 700oC.

Upon performing dynamic mode AFM (AFM DM) analysis of the CN/Si through use of the
Bruker Dimension Icon at 93μm2 resolution, as presented on Figure 5.46, island growth was
observed whereby after 2 mins of growth (in contrast to the film taking 30 mins to grow on
the borosilicate substrate), a very rough surface was formed which became smoother after 5
mins. From this scale it appears VW growth is responsible for film formation since the
surface appears very uneven i.e. island growth. This uneven surface growth up to 30 mins is
also supported by Figure 5.47 where at 50μm2, island growth resulting in gradual
smoothening of the film is observed. When focussing at 20μm2, evidence of layer growth
leading to island growth was observed, as presented on Figure 5.48, from between 20-30
mins. This suggests that either the film growth is not uniform across the substrate or that after
reaching a critical layer, island growth occurs which i.e. SK growth. Evidence of SK growth
is observed at 5μm2 within 5 mins as observed on Figure 5.49. Initial growth occurs in
particulate form, which flattens after 2 mins but then grows patches after 5 mins. After
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forming a film of a critical thickness, more islands appear to grow on top of this SK layer and
the process repeats again - which is why, after 20hrs, layering is observed under SEM as on
Figures 5.14 and 5.15.
A complication to this SK growth is the presence of the large circular features on Figure 5.45
at earlier time steps which are speculated to be a result of a second type of growth process.
By using Equation 5.1, these circular features can be explained as a consequence of the NH3
initiating the primary film growth by catalysing the reaction between the HCN and the target
substrate (represented by the initial island growth), with the transition from these circular
features to the very rough features analogous to the transition of NH3 catalysed HCN film
growth to HCN-HCN preferential film growth (represented by the layer growth). Subsequent
island growths are then simply a consequence of the SK growth process. This island to layer
to secondary island growth is also observed on Figure 5.50 where, at a scale of 1μm2, 200300 nm sized particles are forming on the surface and increasing in thickness after 2 mins.
Additionally, through observation of a 200nm2 area, evidence of these 200 nm sized particles
forming from even smaller particles was observed with the surface of these 200 nm features
forming after 2 mins, as presented on Figure 5.51. This indicates that particles are being
deposited onto the surface of the substrates, interacting with each other to form larger
particles resulting in formation of other particles of a similar size, through the same
technique, across the substrate but near other particles. This proximity suggests that there is
preferential growth associated with particles forming closer to other particle i.e. at a site
where the GCN particles are growing, more GCN particles are likely to grow. How the initial
particle grows, however, might be associated with the target substrate, as discussed in Section
5.3.2.5.

Figure 5.49 - AFM DM analysis of a 5μm2 area of CN/Si instantly, 2 mins after and 5 mins after the
reaction reached 700oC.
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As presented on Figure 5.52, the film growth seems to transition from a uniformly thick layer
(represented by the sharper, narrower peaks) to a peak with a larger range of depths at a
certain time step, before transitioning back to a layer-like environment and so forth. This
suggests that either the layers are forming after particles have clumped onto the surface of the
target substrate or that the film is not uniformly thick across the target substrate.

Figure 5.50 - AFM DM analysis of a 1μm2 area of CN/Si instantly and 2 mins after the reaction
reached 700oC.

Figure 5.51 - AFM DM analysis of a 200nm2 area of CN/Si instantly and 2 mins after the reaction
reached 700oC.
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Finally, at lower resolutions, the GCN film roughness is lower than the roughness at higher
resolutions as presented on Table 5.1 with the roughness values of the coated Si being much
higher than the roughness of pure Si (about 1 nm), as presented in the Appendix on Figure
9.33. This is expected, since the probability of there being a greater variation in height is
higher for a larger area than smaller area. However, this variation also suggests that the film
becomes less uniform across a larger scale which could be due to the increased overlaps of
individual layers - an effect observed through TEM measurements on Figure 5.13. The
repeated transition of island growth to layer growth is also supported by surface roughness
results which show the film going from an environment of high surface roughness (VW
growth) to an environment of low surface roughness (FM growth) and back again. SK growth
is the likely cause because the surface of the films is rougher than traditional FM growth
films.
Table 5.1 - Surface roughness values of CN/Si deposited at different time steps over different length
scales. Some length scales have no data since the surface roughness of these samples exceeded the
maximum setpoint limit of the AFM.

Figure 5.52 - Analysis of the particle heights of the CN/Si at various resolutions and film deposition
time steps.
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5.3.2.2 - Carbon Nitride Film Growth as a Function of
Reaction Temperature
Whilst the GCN film in Chapter 4 was procured at 700oC for 20hrs, heating at 20oC/min,
existing studies state that 600oC is the required temperature to form TGCN [30, 102, 107109, 416]. At lower temperatures, incomplete reactions would form metastable states, as
discussed in Section 5.1.1.1, whilst higher temperatures would result in material
decomposition (as expected for modified PIS grown TGCN flakes above 700oC) [4].
However, since the reaction mixtures formed in this process were gases and from evidence of
the pressure investigation in Chapter 3, it was speculated that increasing synthesis
temperatures would push the GCN further along the HQRV due to increased energy being
available.

5.3.1.2.1 – Experimental Procedure
In order to perform this investigation, the HQRV setup as in Chapter 4 was utilised with the
reaction temperatures held at 650oC, 700oC, 750oC, 800oC and 900oC for 20hrs. Heating
ramp rate was maintained at 20oC/min and distance of the substrate from the heat source was
kept constant. Quantity of precursor mixture and ratio, as well as the drying step parameters
were also unchanged. With regards to error, each high resolution XPS at% value contained a
±5% error (as based on XPS fitting technique utilised) but these have not been included in the
graphs in the form of error bars for clarity purposes.

5.3.1.2.2 – Results and Discussion
In Sections 5.3.1.3.2 and 5.3.1.3.3, Ar mono ion beam etching and Ar cluster source etching
of the GCN films, procured at varying reaction temperatures, was discussed. Through
analysing the survey spectra of the films, as presented on Figures 5.20 and 5.32, chemical
differences at various reaction temperatures was established. This was achieved by plotting
figures like that presented on Figures 5.22 and 5.34 but with the same C, N and O content
information a function of reaction temperature instead of etch time.
As presented on Figure 5.53, when reaction temperature is increased, regardless of the
etching gun and strength utilised, most N forms at 700oC and 750oC whilst the majority of C
and O is present at <700oC and >800oC. 700oC and 750oC also correspond on average, prior
and post etching, to regions with the lowest C/N of value 1.1 as depicted in Appendix on
Tables 9.6 and 9.20.
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(a)

(b)

(c)

(d)
Figure 5.53 - XPS atomic concentration of (i)C, (ii) N and (iii) O as a function of temperature ( oC),
instead of time, for (a) 1keV Ar mono depth profiling, (b) 500eV Ar mono depth profiling, (c) 8keV
Ar cluster source etching and (d) 4keV Ar cluster source etching.
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C1s analysis, for 1keV Ar mono etching (Figure 5.23(a)), 8keV Ar cluster source etching
(Figure 5.35(a)) and 4keV Ar cluster source etching (Figure 5.35(b)) revealed a higher
quantity of C=N and C-N at 700oC and 750oC, by over 10%. The quantity of these bonds was
lower at temperatures higher and lower than these. Furthermore, at higher reaction
temperatures, the surface of the films was much more graphitic than the surface of the films
procured at lower temperatures. This was likely due to the GCN films reaction mechanism,
discussed in Part 2, at higher temperatures being slightly different to that at lower
temperatures. One way might be due to the higher temperatures causing further fragmentation
of the HCN and NH3 gases prior to interaction, due to there being more energy available to
break bonds further, whereby C-C graphitic bonds are now more likely to form. Through N1s
analysis for all the etch energies on Figure 5.53, sp2N/sp3N was found to approach the ideal
TGCN value of 3 for the higher temperatures. This is likely since more energy is required to
break double bonds than single bonds thus increasing temperatures resulted in the breaking of
C-N bonds, and thus a reduction of N content in the films. Lower temperatures aren't high
enough to transform the GCN metastable components to TGCN [4, 30, 102, 107, 108]. This
is supported by ATR-IR spectroscopy where, as presented on Figure 3.54, the films at 800oC
and 900oC showed evidence of a s-triazine peak at 750-800cm-1. In addition, with regards to
growth rate, the films procured at lower temperatures were much thinner than the films
procured at higher temperatures, despite the temperature ramp rate and time of coating
remaining the same, supporting that the temperatures were too low to completely transform
all of the metastable states into TGCN or that the films were condensing before reaching the
target substrate.

Figure 5.54 - ATR-IR spectroscopy measurements of GCN films synthesised at 600oC, 650oC, 700oC,
750oC, 800oC and 900oC at 20oC/min heating rate, compared with uncoated Borosilicate glass.

Finally, as determined by UV-Vis on Figure 5.55 and, by XPS valence band analysis on
Figures 5.25 and 5.37, the n-type films procured at 700oC and 750oC had a lower band gap
close to 1.8eV with temperatures higher and lower than this measuring a band gap closer to
2.2-2.4eV and this is supported by the XPS valence band features which, for 700oC and
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750oC, appear to be located at slightly lower binding energies - a result consistent with
existing literature [29].

Figure 5.55 - UV-vis of CN/Borosilicate synthesised at 600oC, 650oC, 700oC, 750oC, 800oC and
900oC at 20oC/min heating rate, as a function of (i) wavelength (nm) and (ii) binding energy (eV).

5.3.2.3 - Carbon Nitride Film Growth as a Function of
Temperature Ramp Rate
The next experimental parameter altered was the rate of temperature ramping (ROR).
According to existing studies, heating at a lower ROR would result in the TGCN flakes being
crystalline over a longer scale, but they would also take longer to grow, whilst heating at a
higher ROR results in a faster growth time, but shorter range crystalline ordering of the
TGCN flakes [30, 102, 107, 108]. Based on these results, it is speculated that a lower ROR
will result in slower growing thinner GCN film but also give them longer-ranged crystalline
ordering.

5.3.2.3.1 – Experimental Method
In order to perform this investigation, the HQRV setup in Chapter 4 was utilised with the
heating rate tested at 5oC/min, 10oC/min, 15oC/min, 20oC/min and 30oC/min up to 700oC for
20hrs. The distance of the substrate from the heat source was kept constant. Quantity of
precursor mixture and ratio, as well as the drying step parameters were also unchanged. With
regards to error, each high resolution XPS at% value contained a ±5% error (as based on XPS
fitting technique utilised) but these have not been included in the graphs in the form of error
bars for clarity purposes.

5.3.2.3.2 – Results and Discussion
In Sections 5.3.1.3.2 and 5.3.1.3.3, impact of Ar mono ion beam etching and Ar cluster
source etching on the GCN films, procured at various ROR, was discussed. Through
analysing the survey spectra of the films synthesised (post-etching), as presented on Figures
5.26 and 5.38, chemical differences between the films at various ROR was established. This
was achieved by plotting figures like that presented on Figures 5.28 and 5.40 but with C, N
and O content a function of ROR instead of etch time.
As presented on Figure 5.56, when ROR is increased (regardless of the etching source
utilised), most N forms close to 20oC/min with the majority of C and O forming at 5oC/min
and 30oC/min. As depicted in the Appendix on Tables 9.13 and 9.27, the GCN films
synthesised at 20oC/min also have the lowest C/N value of 1 post-etching (with exception of
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the 500eV Ar mono ion etch results on Figure 5.56(b)). This indicates that ROR has a greater
influence on N content in GCN than reaction temperature.

(a)

(b)

(c)

Figure 5.56 - XPS atomic concentration of (i) C, (ii) N and (iii) O as a function of ROR (oC/min) for
(a) 1keV Ar mono depth profiling, (b) 500eV Ar mono depth profiling, (c) 8keV Ar cluster source
etching and (d) 4keV Ar cluster source etching.
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C1s analysis for 1keV Ar mono etching (Figure 5.29(a)), 500eV Ar mono etching (Figure
5.29(b)), 8keV Ar cluster source etching (Figure 5.41(a)) and 4keV cluster source etching
(Figure 5.41(b)) revealed a higher quantity of C=N and C-N at 20oC/min, with almost 1015% less C-C content. Through N1s analysis for 1keV Ar mono etching (Figure 5.30(a)),
500eV Ar mono etching (Figure 5.30(b)), 8keV Ar cluster source etching (Figure 5.42(a))
and 4keV cluster source etching (Figure 5.42(b)), sp2N/sp3N was found to remain unchanged
for ROR > 15oC/min with the ratios at 5oC/min and 10oC/min staying close to 1 (possibly due
to the formation of metastable states since the films were held at a lower temperature for
longer [4, 30, 102, 107, 108]). Above 15oC/min, for all the etches, sp2N/sp3N was found to be
between 2-3. This was a greater range than the GCN films measured at varying reaction
temperatures, suggesting that ROR affects the N content and s-triazine content, in the GCN
films, more unstably than reaction temperature.
By observation, the films procured at lower ROR took longer to form than the films at higher
ROR however, after 20hrs, the film thicknesses were very similar indicating that ROR has
less impact on film thickness over a longer period than reaction temperature. Therefore:
1. To grow atomically thin films, it is better to use a lower ROR and lower temperatures
(although lower ROR is more crucial)
2. To grow a thin film with a high N content quickly it is better to use lower temperatures
but higher ROR
3. To create thick films, higher ROR and higher temperatures is advisable (although higher
temperatures is more crucial)
As presented on Figures: 5.31 and 5.43, ROR had minimal effect on VBM and valence band
features under any etch condition within error.

5.3.2.4 - Carbon Nitride Film Growth as a Function of
Target Substrate Temperature
Thin films of aCN were prepared on unheated Si [100] through pulsed laser deposition where
N plasma after-glow treatment increased the films N content but not its crystallinity [199].
More crystalline CN thin films were prepared on Si [100] through microwave plasma CVD
however, in order to achieve this, the substrate was held at 800-900oC during deposition
whereby substrate heating was achieved through use of the plasma itself [343]. Crystalline
nanostructured CNs were also prepared through a two-zone heating CVD process (in order to
maintain a uniform temperature profile over a measured length of time for effective
pyrolysis) with the target quartz substrate being heated to 800oC [7]. Further vapour
deposition approaches were found to synthesise crystalline CN films but only if the target
substrate was heated or placed extremely close to the central heating zone [6, 100]. Based on
these studies, it was suspected that heating the target substrates, though limiting the type of
substrates that can be used, could improve the long-range crystallinity of the GCN films
synthesised in Chapter 4.
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5.3.2.4.1 – Experimental Method
In order to heat the target substrate, the HQRV was placed inside a tube furnace which was
heated at 10oC/min up to various temperatures and maintained for 5-6hrs whilst under a
stagnant N2 atmosphere. The target substrate was placed directly at the centre of the tube,
within the hot zone, to heat it more effectively. The reaction preparation, mixture and setup
were as discussed in Chapter 4 with the slight variation presented on Figure 5.57.

5.3.2.4.2 – Results and Discussion
Heating the precursor mixture to 700oC at 20oC/min and the target substrate at 10oC/min up
to 100oC produced no GCN films on the target substrate or on the HQRV near the hot zone
centre. As observed on Figure 5.58, the ends of the quartz tube that were exposed to room
temperature blackened but the tube within the furnace was left clear indicating gases were
passing through but not condensing on the hotter glass wall. The film itself was slightly
brown but no further change was observed even after increasing reaction temperature to
900oC. This indicates that either heating the substrate doesn't impact crystallinity or that the
location of the target substrate was not ideal, since condensation did occur but at the ends of
the HQRV. From existing literature, it was found that increased substrate temperature
resulted in reduced N content in the sample, resulting in less C-N and C=N bonds, as well as
altered valence band spectra [29]. Because of this reduced bonding, the higher temperatures
could have prevented HCN and NH3 interaction at the surface of the hotter substrate.

Figure 5.57 - To heat the target substrate, the same HQRV setup in Chapter 4, containing the target
substrate, was placed inside a horizontal tube furnace.
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Figure 5.58 - HQRV removed from the horizontal tube furnace, after target substrate was exposed to
100oC for 5-6hrs.

5.3.2.5 - Carbon Nitride Film Growth as a Function of
Target Substrate Type
Type of substrate used may have influenced GCN growth since, in conventional CVD, some
films are influenced by preferential growth thus, not only defects, but general substrate
surface properties may also influence the film adhesion properties [200, 341-343]. Deducing
the strength of the bond between the film and the substrate would enable a clearer
understanding as to whether VW or FM growth is likely to occur since film-film adhesion is
stronger than substrate-film adhesion in VW growth, whereas the reverse is true for FM
growth - which is associated with 2D layering [521, 522].

5.3.2.5.1 – Experimental Method
In addition to XPS analysis: ATR-IR spectroscopy, XRD, UV Raman spectroscopy, UV-Vis
spectroscopy and cross-sectional area SEM (CSASEM) were performed on several
CN/substrates to observe the interaction between the film layers and the substrate surface. For
the purpose of this investigation, the coated films were placed sideways on the SEM holder,
Au coated and then inserted into the chamber for measurement. The substrates utilised were
FTO, acetate and p-doped Si with each coated at 700oC for 20hrs, heating at 20oC/min. Prior
to coating, the substrates were washed with hot soapy water, DI water sonicated, and ethanol
sonicated before N2 blow-drying. With regards to error, each high resolution XPS at% value
contained a ±5% error (as based on XPS fitting technique utilised) but these have not been
included in the graphs in the form of error bars for clarity purposes.

5.3.2.5.2 – Results and Discussion
For all the GCN films, as depicted on Figure 5.59 (Appendix, Figures 9.34-9.39), N content
increased following 1keV Ar mono ion etching for 60s. The surface N content varied
considerably between the different substrates with CN/Borosilicate having the highest initial
N content of 33at%, whilst CN/Tape had the lowest N content of 12.5at%. Following the
initial etch, most of the substrates had N content increase by 10-15at% with CN/SiO2 having
the highest increase of about 30at% and CN/Tape only increasing by 2.5at%. An opposite
behaviour was observed for O for all the CN/substrates. C content of the films showed
variable behaviour with etching of CN/SiO2 resulting in a decrease to the surface C content
from 64 at% to 37 at%, CN/FTO etching increased C content from 55 at% to 60 at%, and
CN/Borosilicate remained at 54(±2) at%. This indicates that the film varies considerably
based on the substrate it is coating with respect to C, N and O content due to their being
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different bonds present - as supported by ATR-IR spectroscopy (Figure 5.61), and XPS
valence band analysis, in the Chapter 5 Appendix section “Carbon Nitride Film Surface
Layer Data”, where the electronic features and VBM of the film varies for the different
substrates. These valence band spectra also change considerably following the initial etch for
all the substrates, except CN/Tape, however they do so differently to each other. This change
can be explained by Figure 5.60 where, following the initial etch, all the films have a
measured C/N drop by about 1 - suggesting adv C removal. For subsequent etches, the
CN/Tape C/N value continued to drop whilst the other films stabilised or increased slightly.
This suggests that the C to N bulk distribution of the different films, other than CN/Tape,
might be more uniform. Additionally, this difference might indicate that the interaction
between the ion gun and substrates is different for the different films - supported by evidence
of sample charging in the high resolution C1s and N1s spectra in the Appendix Section
“Carbon Nitride Film Surface Layer Data” for all of the films except for CN/Tape, where no
charging was observed. Therefore, the valence band spectra of the different substrates change
differently between each other after subsequent etches.

Figure 5.59 - XPS atomic concentration of (i) N, (ii) O and (iii) C as a function of etch time (s) for
GCN on various substrates, coated at 700oC, heating at 20oC/min and depth profiled with a 1keV Ar
mono ion gun at 60s per cycle.

Figure 5.60 - XPS C/N for GCN coated onto a variety of substrates, as a function of etch time (s),
synthesised at 20oC/min up to 700oC and depth profiled with a 1keV Ar ion gun at 60s per etch.
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Figure 5.61 - ATR-IR spectroscopy of GCN coated onto many substrates between 500-4000cm-1.

From XRD patterns of the different CN/substrates (except those impacted by reflection
errors), presented on Figure 5.11, and G and D convoluted peak observation in UV Raman
spectroscopy between 1200-1700cm-1 for all the substrates on Figure 5.62, the films were
confirmed to be GCN. However, peaks associated with the substrates were also observed e.g.
all the defined peaks in CN/FTO [543] and the lower shift peaks for CN/PTFE. The Raman
spectroscopy overlap also varied considerably between the different CN/substrates. In
Chapter 4, ID/IG=0.625 for the HQRV synthesised CN/Borosilicate and this value is
supported, with error, by CN/SiO2 and CN/FTO. However, for CN/Si, the ratio was closer to
0.9 with the ratio for CN/PTFE undetermined due to PTFE peaks overlapping the film peaks.
This difference could be a result of the films all having different N levels and affecting the D
peak (defect associated) differently. The peak at 2200cm-1 for the CN/Tape is common for
the 2D region found in few layer graphene due to its location as well as low intensity (a high
intensity is associated with single-layer graphene, with stacking of graphene layers resulting
in a rapid decline of the 2D peak). The increased crystallinity of the CN/Tape is supported by
the more defined D and G peak (due to their being a lower N content), making the CN/Tape
more comparable to graphene however, the slight peak convolution still indicates a CN/Nfree C environment.

Figure 5.62 - Raman spectroscopy, under 327nm UV wavelength laser, of GCN coated onto a variety
of substrates between 200-2500cm-1.
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Figure 5.63 - UV-Vis (i) transmittance and (ii) reflectance spectra of GCN coated onto a variety of
substrates as a function of wavelength (nm), through application of the Lambda 950.

Upon observing CN/Acetate, CN/FTO and CN/Si through CSASEM, presented on Figure
5.64, CN/FTO was found to be the smoother film, common for FM growth, whilst
CN/Acetate and CN/Si were very patchy, suggesting VW growth. However, for CN/FTO, the
GCN didn't adhere well to the substrate surface, as represented by the visible motion of the
film at the substrate interface, as presented on Figure 5.65. This suggests that either the filmfilm adhesion is stronger than the film-substrate adhesion or that the cutting process damaged
the film. Whilst cutting is likely the cause for this artefact, the former suggests a more VW
environment than FM environment. Additionally, on the surface of the CN/FTO film, there is
evidence of “hills” of uneven size, suggesting that the growth process is SK growth rather
than FM. This could also explain why the films appear different for the CN/Si and
CN/Acetate i.e. the critical layer thickness is different for the different substrates. Further
support of SK growth is presented by the coatings only showing a single, fully formed layer
with no cracks in-between which is defined as the SK layer. There are no visibly defined
microscopic layers although, from XRD, this could be due to the conformal nature of the
films i.e. they are completely parallel to one another.

Figure 5.64 - CSASEM images of GCN coated on (A) Acetate, (B) FTO and (C) p-doped Si obtained
with the Jeol 7500F.
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Figure 5.65 - CSASEM images of CN/FTO (A) immediately after beam contacted the film and (B)
after 1 min of SEM beam exposure on the same surface location, with the Jeol 7500F.

As presented on Figure 5.65, exposing the films to a continuous current source resulted in
them flattening onto the substrate surface. This could be a result of charging, as evident by
charge retention in CN/Acetate and charging in XPS spectra depth profiles. It could also be
an effect of force, derived from the electron pressure exerted on the film through collisions a very likely affect for very light and thin layers.

5.3.2.6 - Carbon Nitride Film Growth as a Function of
Starting Precursor Materials
Whilst changing the precursor mixture would likely affect GCN reaction mechanism, the
purpose of making this change was to see if the vapour deposition growth procedure was
precursor specific.

5.3.2.6.1 – Experimental Method
To perform this investigation, the HQRV setup in Chapter 4 was used [32] with GCN films
synthesised at 700oC for 20hrs, heating at 20oC/min, with the only change being the precursor
mixture which were:
1. 1g DCDA without salt mixtures
2. The product of 1g DCDA (reacted at 580oC) + 1.5g salt mixture (LiBr + KBr in a
0.78:0.72 mass ratio)
3. 100mg 2-amino-1,3,5-triazine + 150mg salt mixture (LiBr + KBr in a 0.78:0.72 mass
ratio)
4. 1g TGCN flakes (from Chapter 3) + 1.5g salt mixture (LiBr + KBr in a 0.78:0.72 mass
ratio)
As established in Section 5.3.1.3, GCN film depth profiling through use of an Ar mono ion
gun resulted in structural deformation of the film, for energies higher than 1keV, whilst
500eV did not remove any surface contamination. Additionally, Ar cluster source of energy
8keV was also too high and resulted in some structural deformation, albeit not as intense or
as frequent as the 1keV Ar mono ion gun. Consequently, for this investigation, any films
procured were compared to the GCN films synthesised at 700oC for 20hrs, heating at
20oC/min, and etched by the 4keV Ar cluster source in Section 5.3.1.3. With regards to error,
each high resolution XPS at% value contained a ±5% error (as based on XPS fitting
technique utilised) but these have not been included in the graphs in the form of error bars for
clarity purposes.
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5.3.2.6.2 – Results and Discussion
The first variation of the precursor mixture was to remove the eutectic salt and to heat 1g
DCDA directly. Following this process, a black film was synthesised on borosilicate with
physical observation showing no difference in both colour and texture to the film
characterised in Chapter 4.

Figure 5.66 - XPS survey scans of (i) pure DCDA synthesised CN/Borosilcate films and (ii) HQRV
Chapter 4 synthesised CN/Borosilicate films at 700oC for 20hrs, heating at 20oC/min with 4keV Ar
Cluster etching at 20s per etch.

Through XPS, as presented on Figure 5.66 and in the Appendix on Table 9.33, C content was
5 at% lower for the GCN synthesised through use of DCDA + eutectic salt precursor, with N
content being 5 at% higher. This is expected since the eutectic salt mixture's purpose is to act
as a solvent and structural directing agent. Through C1s and N1s analysis, as presented on
Figure 5.67 and in the Appendix on Table 9.34, additional C in the pure DCDA CN film can
be attributed to adv C. Furthermore, in the N1s spectra, there is evidence of charging which
may be a consequence of the pure DCDA CN film retaining charge more easily whilst its
band gap of 1.7eV, as depicted on Figure 5.68, is lower than the 1.8eV band gap of the GCN
films produced in Chapter 4, as presented on Figure 5.55, at 700oC. Furthermore, through
analysis of the N1s spectra as well as ATR-IR spectroscopy, presented on Figure 5.69, there
is no s-triazine peak at 750-800cm-1 for the pure DCDA CN film, compared to the GCN film
on Figure 5.54 indicating that the film produced without eutectic salt mixture is less
structurally stable than with the salt mixture.
From this pure DCDA investigation, four powders formed in the quartz tube (used to hold the
precursor mixture) at various distances from the heat source. These were labelled as: pure
DCDA CN top, pure DCDA CN 2nd Quarter, pure DCDA CN 3rd Quarter and pure DCDA
CN bottom. These products were compared to the TGCN flakes formed in Chapter 3, as well
as the powder products formed in the quartz tube in the HQRV setup in Chapter 4 at 700oC;
these were labelled: CN Top 700deg, CN Mid 700deg and CN Bottom 700deg. These were
also compared to pure DCDA, prior to reacting, as well as yellow CN (formed from directly
heating DCDA at 580oC under a N2 atmosphere) [137].
As presented on Figure 5.70, during the pure DCDA CN film synthesis, all the quartz tube
products were found to be composed of only: C, N and O. In contrast, the quartz tube
products formed in Chapter 4 contained Br - a source of contamination also observed in the
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TGCN formed in Chapter 3. The chemical composition of these quartz tube products was
found to be comparative of the yellow CN [137]. Through ATR-IR spectroscopy analysis on
Figure 5.71, these pure DCDA quartz tube products were also observed to contain s-triazine
units with the pure DCDA CN top exhibiting the closest resemblance to yellow CN. This was
confirmed by C/N of the pure DCDA CN top product being the same as the yellow CN, as
presented in the Appendix on Table 9.35, with the pure DCDA CN 2nd Quarter product
having a ratio closer to TGCN.

Figure 5.67 - XPS high resolution C1s depth profiles of (A) CN/Borosilicate from Chapter 4 and (B)
pure DCDA synthesised CN/Borosilicate. High resolution N1s depth profiles of (C) CN/Borosilicate
from Chapter 4 and (D) pure DCDA synthesised CN/Borosilicate. Depth profiles performed at 20s per
etch with a 4keV Ar cluster source with all films synthesised at 700oC for 20hrs, heating at 20oC/min.

Figure 5.68 - UV-Vis Transmittance of pure DCDA CN/Borosilicate synthesised at 700oC for 20hrs,
heating at 20oC/min as a function of (A) wavelength (nm) and (B) binding energy (eV).
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Figure 5.69 - ATR-IR spectra of the pure DCDA synthesised CN/Borosilicate compared to
CN/Borosilicate synthesised in Chapter 4 through use of two different vertical tube furnaces. All films
were synthesised at 700oC for 20hrs, heating at 20oC/min.

Figure 5.70 - XPS survey analysis of the pure DCDA synthesised CN film by-products, found within
the quartz tube. They were compared to the CN film by-products, found in the quartz tube, in Chapter
4, TGCN formed in Chapter 3, pure DCDA and yellow CN.
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Figure 5.71 - ATR-IR spectra analysis of the pure DCDA synthesised CN film by-products, found
within the quartz tube. They were compared to the CN film by-products, found in the quartz tube, in
Chapter 4, TGCN formed in Chapter 3, pure DCDA and yellow CN.

Through C1s analysis, as presented on Figure 5.72(a) and in the Appendix on Table 9.36, all
the quartz tube products, except for the pure DCDA CN top product, had a peak in the C1s
spectra associated with π-π* transition, which is not found in the yellow CN. Through N1s
analysis, as presented on Figure 5.72(b), the pure DCDA CN 2nd Quarter product was found
to be most like yellow CN, which is contrasting to the results presented by ATR-IR
spectroscopy where the pure DCDA CN top product was found to contain s-triazine. What
these results imply is that prior to reaching the target substrate (for film coating), the yellow
CN is still formed in this investigation at 700oC but near the top of the quartz tube and not on
the substrate coating [137]. This means that the GCN film growth mechanism is likely
different to the quartz tube powders mechanism since the precursors needed for both are
different.
Finally, through application of other starting precursors, such as 2-amino-1,3,5-triazine, as
well as through further heating of the TGCN flakes from Chapter 3 (both with combination of
the eutectic salt mixture) no evidence of film growth was observed. Whilst both the 2-amino1,3,5-triazine and TGCN flakes did not create films at 700oC, more intense heating of TGCN
flakes under a vacuum through use of a 2000oC propane-oxygen blowtorch resulted in the
TGCN decomposing into very light black-dark grey C flakes, along with evidence of HCN ,
release suggesting the transition from a HCN polymer to TGCN flake might be possible.
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(a)

(b)
Figure 5.72 - High resolution XPS (a) C1s analysis of (i) pure DCDA CN top, (ii) pure DCDA CN
2nd quarter, (iii) pure DCDA CN 3rd quarter, (iv) pure DCDA CN bottom and (v) yellow CN. High
resolution XPS (b) N1s analysis of (i) pure DCDA CN top, (ii) pure DCDA CN 2nd quarter, (iii) pure
DCDA CN 3rd quarter, (iv) pure DCDA CN bottom and (v) yellow CN.
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Section 5.4 – Conclusion
The purpose of this investigation was to:
1. Develop a greater insight into the gas phase reaction and deposition mechanism that
results in the GCN film formation
2. Develop an understanding of how the GCN coats onto the target substrates with respect to
physical and chemical properties
3. Distinguish how the film varies physically and chemically in the bulk and surface after
coating onto the substrates
Through GPMS of the starting precursor mixture of DCDA and the eutectic salt mixture, the
final GCN film formation showed evidence of cyanamide with additional evidence of NH3
and HCN formation. Upon comparing these gas formations as a function of time, it was
found that in both experiments, a GCN material was synthesised immediately after HCN
formation. This indicates that the film forming is likely to be HCN polymer associated [524526]. However, the CN product formed from the direct interaction of HCN and NH3, from
other sources, was found to be different indicating that reaction conditions were just as
important as the precursors in order to synthesise the GCN films. In addition, the interaction
between HCN and NH3, through the vapour deposition approach, was determined to
conformally coat the surfaces of the substrates, regardless of the nature of the substrate i.e.
film, nanopowder or nanorods etc...
Through analysis of the growth process of the GCN film, it was found that a variety of
experimental factors, both internal and external, influenced the: structure, thickness and
chemical composition of the films to varying levels. The parameters tested were the
temperature that the film was synthesised at, the rate at which the temperature was ramped up
by, the type of starting precursors used, the type of target substrate used and the time of
growth. All these factors influenced the GCN film in a constant manner with only increasing
the substrate temperature resulting in no GCN film growth. More significantly, based upon
the results of GPMS, microscopy techniques determined that the film growth was occurring
through a manner like SK growth. The first film layer was formed by NH3 being adsorbed
onto the substrate surface and then the HCN interacting with this resulting in a more uniform
film growth however, further layers were formed through preferential HCN-HCN growth
thus resulting in more island-like growth, resulting in increased film roughness and nonuniformity. Finally, external monoatomic ion gun etching was determined to alter the film's
structure, making it appear to be more graphitic in the bulk however, cluster etching proved
that the film was structurally uniform at all thicknesses with only chemical purity of the GCN
material (there being less O and other non-CN related chemicals) increasing in the bulk
compared to the surface of the film.
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Chapter 6 – Carbon Nitride
Applications and Further
Uses
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Section 6.1 – Introduction
6.1.1 – Background
In Chapter 4, a vapour deposition technique was utilised in order to synthesise graphitic
carbon nitride (GCN) thin films and coat them onto a variety of substrates ranging from glass
slides to nanopowders. Through application of various characterisation techniques, the films
were characterised, with both chemical and structural properties supporting this conclusion
when compared to existing literature. Through observation of the modified polycondensation
ionothermal synthesis (PIS) approach for synthesising s-triazine GCN (TGCN) flakes in
Chapter 3, and observation of the GCN film conformally coating onto the target substrate
through the horizontal quartz reaction vessel (HQRV) vapour deposition approach in Chapter
4, the transition from initial precursor mixture (dicyandiamide (DCDA) + lithium bromide
(LiBr) + potassium bromide (KBr)) to final product was confirmed to form through a gas
phase mechanism. In Chapter 5, analysis of this gas phase mechanism showed that hydrogen
cyanide (HCN) and ammonia (NH3) were sequentially being adsorbed onto the substrate
surface and conformally coating them with control of the films chemical and structural
properties e.g. growth rate and thickness, a function of: reaction temperature, reaction
temperature rate (ROR), time of growth, target substrate type, precursor mixture type and
others. Furthermore, in Chapter 5, it was also established that application of an Ar mono ion
gun resulted in structural deformation of the GCN film surface, causing ion-induced
graphitisation - thus needing Ar cluster sources to remove surface contamination to
compensate for the soft nature of the material.

6.1.2 – Aims and Motivation of this Investigation
At the end of Chapter 4 initial tests revealed that the GCN films, when coated onto TiO2
nanopowders, resulted in hydrogen (H) evolution under full range visible (FRV) light when
platinised. The ability of the GCN film to conformally coat onto WO3 nanorods, resulted in
the creation of a second material to test for potential photoelectrochemical activity. From
these studies, the aims of this chapter were to determine:
1. The extent of GCN film potential in photocatalyst and photoelectrochemical applications
2. Other applications and uses of the GCN film
3. Modifications of the GCN film that could improve its functionalities for future
applications
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Section 6.2 – The Application of Carbon
Nitride for Photocatalytic Water
Splitting
GCN, synthesised in existing literature, has been shown to be a very good visible light
photocatalyst. For the purpose of this investigation, the photocatalyst properties of the GCN
films, from Chapter 4, were tested by performing water splitting experiments under visible
and UV wavelengths by combining it with TiO2 nanopowder.

6.2.1 - Introduction
6.2.1.1 - Background
Photocatalysis is a term used to describe the acceleration of a photoreaction through use of a
catalyst. The most common catalysts used are semiconductors. These types of catalysts that
accelerate a reaction upon light irradiation in order to facilitate a reaction between oxidants
and excited electrons to produced reduced products or to produce oxidised products by
facilitating the reaction between generated holes with reductants. There are, however,
photocatalysts in nature that do not work in the same manner as these semiconductors such as
chlorophyll, in plants, which captures sunlight to convert carbon dioxide and water in oxygen
and a larger organic product - glucose - as opposed to the reverse. [544].
There are two types of photocatalysis reactions: homogeneous and heterogeneous. In
homogeneous photocatalysis, the reactants and photocatalysts exist in the same phase with
the most common example being Ozone, which interacts with sunlight and water vapour to
create -OH radicals, through an oxidative process, for use in various applications [545]. In
heterogeneous photocatalysis, the reactants and photocatalysts exist in different phases, with
transition metal oxides (TMOs) and semiconductors being the most common types of
photocatalysts used in reactions, with the redox process occurring at the semiconductor
surface. Whilst metals have a continuum of electronic states, semiconductors function
through band gap theory and so, efficient semiconductor photocatalysts are based upon the
ability to extend exciton lifetimes [546].
One technique used in order to extend exciton lifetime is through modification of phase
heterojunctions. A heterojunction is the interface between two solid state materials (originally
defined for semiconductors only) with dissimilar crystal structures and so, different band
gaps. In contrast, a homojunction is an interface between similar materials, of equal band
gaps but generally different doping e.g. Si p-n junctions (although only the equal band gap
criteria is required) [547]. Doping would be crucial if two n-type materials, of different
doping levels, were combined resulting in band bending and formation of a depletion region.
For the purpose of photocatalyst applications, heterojunctions are preferred over
homojunctions due to the ability to control their band gaps more easily, the ability to control
their doping more freely and their greater efficiency (on average) [96].
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There are three types of heterojunctions, as presented on Figure 6.1: Type (I) Straddled, Type
(II) Staggered and Type (III) Broken (sometimes called Type (II) misaligned) [33]. Type (I)
heterojunctions, such as GaAs-AlGaAs, are defined as where the conduction bandgap (EC)
and valence bandgap (EV) of one material is completely contained in the other i.e.
EC(2)>EC(1) and EV(2)<EV(1). In this scenario, both electrons and holes need energy (ΔEC
and ΔEV) to change from the material with the smaller bandgap to the one with a higher
bandgap. Type (II) Staggered heterojunctions, such as InP/InSb, involve an overlap between
the bandgaps of the two materials where either ΔEC or ΔEV changes signs. This means that
charge carrier symmetry is lost, since one carrier gains more electrons than the other, which
contains more holes. Type (III) Broken gap heterojunctions, such as GaSb/InAs, involve no
bandgap overlaps and so the charge carrier effect is similar as in the Type (II) Staggered
heterojunction, but more pronounced [33]. From existing literature, anisotropic Type (II)
Staggered heterojunctions are most likely useful as photocatalysts, specifically for water
splitting with solar energy [548].

Figure 6.1 - The three types of semiconductor heterojunctions are Type (I) Straddled, Type (II)
Staggered and Type (III) Broken [33].

Photocatalytic water splitting describes the process of using a photocatalyst with potential
difference 1.23V at 0pH, and light irradiation of energy >1.23eV i.e. 1008nm (IR)
wavelength [549], to break a water molecule into its constituent elements of H2 and O2 in a
2:1 ratio whereby, H2 is used as a potential source of fuel, as presented on Figure 6.2.
Theoretically, IR light is energetic enough to allow for water splitting, but the process is slow
since photocatalysts can also not be used effectively. To make use of the full sunlight
spectrum, the photocatalyst potential must be <3.0V. As a result of water transparency to
visible light, under normal conditions, only UV light (wavelengths <180nm) can be used for
photocatalysis water splitting i.e. energies >6.89eV, without use of a photocatalyst [326,
550].

Figure 6.2 - The Photocatalytic water splitting process, utilising a powdered photocatalyst [34].
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One of the most common Type (II) heterojunctions utilised for Photocatalytic water splitting
are TiO2 based (either combined with another material or doped with another element). When
irradiated under UV light, as first found by Fujishima and Honda in 1972 [550], the surface
of the TiO2 will produce electron-hole pairs. The electrons in the valence band, under UV
light exposure, become excited and promote to the conduction band creating the e-h pair, and
a photoexcitation state with the energy difference being known as a band gap. Upon forming
this pair, the positively charged hole breaks apart the adsorbed water molecule to form the H+
and OH radical pairs. The negatively charged electron, from the e-h pair, then forms a super
oxide anion with the O molecule with the cycle continuing under light irradiation [328, 544].
Following from Fujishima and Honda's initial breakthrough, there have been many successful
attempts to confirm TiO2 application in photocatalytic water splitting [546]. Despite the
bottom of the conduction band potential of most TiO2 semiconductors being more negative
than the H2O/H2 redox potential and the valence band potential being more positive than the
O2/H2O redox potential (thus making for a good semiconductor photocatalyst), the driving
force for H2 production is very low. To improve this production a co-catalyst, such as Pt, is
necessary to provide active sites for H2 generation and to suppress electron–hole
recombination in order to increase production to as high as 32–34mmol/g/h [326, 551].
Additionally, adding ethanol to the water as a source of H was also performed, due to the
lower dissociation energy required, thus allowing for more H emission at a near-visible
energy ranges [551, 552]. Other metal oxides have also been investigated such as tungsten
trioxide (WO3), which has been shown to be a very good visibly active photocatalyst through
hydrothermal synthesis [553, 554], to create a powdered photocatalyst for one-step
photocatalysis, and through atmospheric pressure chemical vapour deposition (APCVD)
[498], to create WO3 thin films for two-step photocatalysis. Furthermore, combining TiO2
with metal oxides such as ZnO [555] or noble metals [556] can also enhance photocatalytic
performances, but only under UV light irradiation.
There are three major issues with existing UV based photocatalysts. Firstly, all these catalysts
involve the use of metals that are non-renewable and potentially decay. This decay is a
problem when using a sulphide-based photocatalyst, as the sulphide in the catalyst is oxidized
to S at the same potentials used to split water. This means that sacrificial reagents, such as
sodium sulphide, are needed to replenish any sulphur lost, which changes the main reaction to
H evolution as opposed to water splitting [162, 230, 475]. Secondly, as in TiO2, most of these
metal-based photocatalysts only function under UV light; despite UV light having more
energy than visible light, a broader range of visible light makes it through the Earth's
atmosphere, whilst only a fraction of UV light reaches the Earth's surface. As such, band gap
tuning would be easier to perform with visible light than UV light. Finally, for all
heterojunction based photocatalysts, e-h recombination is a major issue that increases with
more defects and reduces catalyst efficiency. To tackle this, the material needs to have a high
degree of crystallinity - which is why purely organic materials tend to be poor photocatalysts,
and why metals are preferred.
The earliest attempts to create a purely organic visibly active photocatalyst resulted in the
formation of fully recyclable GCN materials that showed water splitting capabilities under
visible light however, efficiency was too low to be considered commercially useful as a result
of high recombination rates [5, 99, 115, 117, 130, 131, 146, 248, 251, 309, 509]. Whilst
attempts to combine GCN with other organic compounds such as graphene oxide (GO) [87,
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227, 475, 557] and carbon black [231, 268, 415] resulted in improved visible activity, due to
improved crystallinity of the GO component, the efficiency was still lower than CN/metal
hybrids, due to the high number of defects present. Treating the GCN with Cs [558], heated
H2SO4 [221], heated NaOH [112], Au nanoparticles [228], Co [448], K [447] and I [236] has
improved the GCN visible activity, but it has also resulted in more complicated and
expensive synthesis processes. A more viable route to improving visible activity has been to
couple the GCN with a metal oxide directly, such as with TiO2 [156, 442, 559-561], Cu2O
[226] and WO3 [310] and the less preferred metal sulphides such as WS2 [499] and other nonTiO2 based photocatalysts [562]. Whilst the organic GCN component allows for visible light
activity, the metallic component adds a strong crystalline component to the material which
reduces e-h recombination rate, thus improving the materials efficiency. Though this is still
not as high as pure metal oxide components, the broader wavelength that can be absorbed
compensates for this.

6.2.1.2 – Aims and Motivation
The purpose of this investigation was to apply the HQRV synthesis approach, discussed in
Chapter 4, to test the GCN film's capabilities as a photocatalyst. This was achieved by:
1. Testing the hydrogen evolution of HQRV coated CN/TiO2 powder, in an ethanol-water
mixture, in a one-step process through GC.
2. Testing the capacitance of HQRV coated CN/WO3 films, in a phosphate buffer solution,
in a two-step process through implementation of 3-electrode cyclic voltammetry (CV).
3. Comparing these hybrid materials with the stand-alone GCN as well as with existing
literature.

6.2.2 – Carbon Nitride/Titanium Dioxide
GCN coated onto TiO2 nanopowder was the powdered photocatalyst tested in this
investigation, due to existing literature already supporting the idea that this combination
produced a very good one-step visible light active photocatalyst, as discussed in Section
6.2.1.1.

6.2.2.1 – Experimental Method
The GCN film, synthesised by heating a precursor mixture of DCDA + LiBr + KBr at
20oC/min up to 700oC (following drying at 10oC/min up to 180oC for 20hrs) was coated onto
Evonik P25 TiO2 nanopowders, through the HQRV synthesis approach discussed in Chapter
4 for at least 24hrs, until the white/silver powders could visibly be observed to be covered by
the GCN layer. TiO2 was utilized due to its existing functionalities as a UV light
photocatalyst whereby the addition of TiO2 has shown to further enhance GCN photocatalyst
performance [156, 557, 561, 563, 564]. For ease of transfer into and out of the HQRV, a
ceramic boat was 90% filled with the TiO2 nanopowder, in order to create a uniformly thick
powder bed. Ceramic was chosen due to its non-reactivity and high durability. This CN/TiO2
material was observed to be grey in colour, as opposed to the usual dark brown/black of
GCN.
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After extracting from the HQRV vessel, the CN/TiO2 powders were split into batches for
various tests whereby some of the batches were platinised under reflux [565] in order to
optimise the material's photocatalyst performance since, for materials such as TiO2 which
have a positive conduction band, platinization allows for an increase in H activity [34].
Platinising the CN/TiO2 would allow narrowing of the band gap, to optimise its performance
as a visible light photocatalyst, with platinization performed by following “Method B” in
Mills [565]. Through use of this method, the CN/TiO2 powder was refluxed for 4hrs in 50ml
of a solution containing 30mg of chloroplatinic acid (H2PtC16), 30ml of 1% sodium citrate
(Na3C6H5O7) solution and 120ml of water. Following this, the product was then dried in an
oven overnight, at 80oC, prior to preparing for H testing through gas chromatography (GC).
To prepare for H testing, 10mg of the samples were then added to separate vials containing
10ml of 0.1M acidified ethanol-water solution. This solution was used as the water-splitting
H source due to its efficiency at releasing H, as observed from existing literature [551, 552,
556]. This mixture was then magnetically stirred under 450nm wavelength and dark
conditions, depending upon the test required, and, at a defined time step, 1μl of H was then
extracted from the top of the seal and then injected into the Varian CP 3800 GC for
measurement [405, 556]. The samples prepared for this investigation were PtCN/TiO2,
CN/TiO2, Pt CN/Mica and CN/Mica whereby Mica powder was coated through the HQRV
process, discussed in Chapter 4, and used as a support rather than a participant in the reaction,
due to its very unreactive photocatalytic properties. [112, 130, 131, 133, 247].
To prepare for photodegradation testing, 10mg of CN/TiO2 was added to 40ml of a solution
composed of 40 ml of H2O and Amg of 4-chlorophenol (4-CP), whereby A was determined
through observation of the absorption range, via ultraviolet-visible (UV-Vis) spectroscopy.
After this, two control samples were prepared where one sample was composed of CN/TiO2
and 40ml of H2O only, and the second control was composed of Amg of 4-CP and 40ml of
H2O only. These three samples were then irradiated under dark conditions and full range
visible light conditions with sample degradation measured through use of the Lambda 25
system, as discussed in Chapter 2, whereby 5ml of the solution was extracted by a filter
syringe and placed in a quartz cuvette for measurement.

6.2.2.2 – Results and Discussion
Results obtained for this part of the investigation were separated into three parts. The first
part involved characterisation of the CN/TiO2 powder, the second part involved H-testing this
sample through GC and the final part involved measuring the photodegradation properties of
the powder through UV-Vis spectroscopy.

6.2.2.2.1 – Material Characterisation
The first part of this investigation was to characterise the CN/TiO2 material in order to
determine how effectively the GCN had coated onto the TiO2 nanopowder substrate, as well
as to determine the extent of the compound’s stability. After removing the ceramic container
holding the TiO2 powder bed, a dark grey product was observed reducing in darkness the
further along the HQRV the powder was positioned (thereby increasing the distance between
the TiO2 powder and the site of precursor heating). This grey is distinctly different to the dark
brown observed for the GCN synthesised in Chapters 4 and 5 and is most likely an effect of
the white TiO2 chemically combining with the blackish GCN. The conformal nature of the
HQRV coating process was further supported by the powders at the bottom of the ceramic
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block being the same colour as the product on the top if the location was the same along the
HQRV. Upon extracting the samples, the darkest powders were then measured under several
characterisation tools, in order to confirm their nature since it was assumed that these darker
powders would contain more C and N than the lighter powders, based on understanding of
the coating process as presented in Chapter 5.
GCN, in Chapter 4, has a 3.24Å XRD d-spacing, as presented on Figure 6.3(A). Both the
TGCN flakes synthesised through the modified PIS approach in Chapter 3 and the GCN film
synthesised through the HQRV approach in Chapter 4 have this peak, which is likely to
correspond to the [002] graphene peak. As presented on Figure 6.3(B), the Evonik P25 TiO2
substrate has an XRD pattern consisting of two phases: one from anatase and the other from
rutile [35]. As such, there are many more peaks for this substrate than for the GCN. When
measuring the XRD pattern of CN/TiO2, as presented on Figure 6.3(A), the pattern
corresponds almost exactly to the XRD pattern of the pure P25 substrate. There is, however, a
small bump between 17o-30o 2θ which could be a result of carbon contribution from the GCN
material, or from additional impurities such as Si. Since the TiO2 material is heavier than the
GCN coating, in addition to the fact that the rutile peak at 27.5o 2θ perfectly overlaps with the
GCN associated [002] peak, XRD may not be able to detect the GCN since the XRD pattern
of the GCN is less intense than TiO2.

Figure 6.3 - XRD pattern of (A) CN/TiO2 compared to TGCN flakes, synthesised in Chapter 3
through the modified PIS procedure, and GCN/SiO2 films, synthesised in Chapter 4 through the
HQRV approach alongside (B) Evonik (P25) TiO2 nanopowder [35].

Since GCN is assumed to be coated on the outside of the TiO2, surface sensitive XPS
measurements were acquired. As presented on Fig. 6.4(B), chemical analysis of the CN/TiO2
powder surface through XPS revealed the presence of N, which wasn't found in the uncoated
TiO2 nanopowder substrate, and a higher amount of C. In addition to this, there appeared to
be much less O and Ti at the CN/TiO2 surface, indicating that there was a thick layer of C and
N at the surface of this coated powder. Upon quantifying these chemical contributions, as
presented on Figure 6.4(A), the quantity of N, at 29.49 at% (27.16 at% according to CHN
analysis), was consistent with the N measured at the surface of the various CN/substrates
tested in Chapter 5. The amount of C also increased by a similar amount resulting in
C/N≈1.88, consistent with the surface ratios found for the other GCN films in Chapter 4 and
Chapter 5. Furthermore, prior to coating, the TiO2 sample had Ti/O≈2 however, after coating,
TiO≈11 for CN/TiO2 which indicates that the surface of the coated material contained
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additional O contamination, which was an impurity found in Chapter 4. Additionally, through
CHN analysis, 39.06 at% of H was measured for CN/TiO2 whilst only 1.47 at% was
measured for the TiO2 sample (most likely from water impurities) supporting that the coating
was composed of sheets with many terminating edges - consistent with GCN sheets observed
through SEM in Chapter 4 and Chapter 5.
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Figure 6.4 - (a) XPS survey analysis of CN/TiO2 compared to uncoated TiO2 (Evonik P25)
nanopowder. (b) Extrapolated at% of C, N, O and Ti from the survey spectra of CN/TiO2 and TiO2.

In order to determine if the source of this C and N was from GCN only, high resolution XPS
scans as well as valence scans were performed, as presented on Figure 6.5. According to the
N1s scan, presented on Figure 6.5(B), there is clearly a higher quantity of N in the CN/TiO2
sample in comparison to the TiO2 (P25) sample, as represented by the high background noise
in the latter sample. The large width of the N1s peak for the CN/TiO2 sample also suggests
that it contains two environments, with the location of this peak consistent for the presence of
sp2N and sp3N, as determined in Chapters 4 and 5 as well as from existing literature. In
addition, according to Figure 6.5(A) and Figure 6.5(C), there are many C1s and O1s
environments present for the CN/TiO2 sample, where the location of these new peaks are
consistent for C=N (285eV) and C-N (287eV) bonds as well as C-O bonds (289eV shoulder
peak in the C1s spectra and 532eV for the O1s spectra). These new peaks, in particular the
location of the C=N and C-N bonds, are comparative to that found for GCN in Chapters 4
and 5. Finally, according to the valence scans on Figure 6.5(D), after coating, a new structure
at 11eV is present which compares to the C2p and N2p σ -bonding environment [29]. In
addition, the feature at <5eV becomes more pronounce and this is comparative to the C2p π bonding and sp2N in planar graphite structure environments [29].
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Figure 6.5 - XPS analysis of CN/TiO2 compared to uncoated TiO2 (Evonik P25) nanopowder showing
high resolution (A) C1s scans, (B) N1s scans, (C) O1s scans and (D) valence scans.

6.2.2.2.2 – Hydrogen Testing
Upon measuring H content of the synthesised samples, Figure 6.6 was acquired [32]. As
determined by this figure, 1.85×10-2μmol/h/g of H was produced when PtCN/TiO2 was
irradiated with 450nm visible light, for 18hrs. This was not a consequence of TiO2 since,
upon exposing the PtTiO2 to the same wavelength, no H content was measured. No visible
activity was also observed for both PtCN (whereby GCN was immobilised onto Al2O3
powder and on Mica) and CN/TiO2, indicating that H activity under visible light was most
likely a result of sensitisation or a charge transfer process across the CN/TiO2 heterojunction,
amplified by the presence of the Pt co-catalyst. This activity was also found to require visible
light since, under dark conditions, no H activity was measured indicating that there is no
degradation occurring during this reaction. This contrasts with observation of the colourless
ethanol changing to yellow brown upon prolonged exposure to the CN/TiO2 sample whereby
this colouring occurred at a greater rate under UV and visible light. This might suggest some
level of acid interaction occurring which isn't resulting in H emission but only a colour
change. The amount of H generated from this reaction was only 1.85×10-2μmol/h/g which is
much lower than the values recorded in existing literature that were found to be between 10100μmol/g [99, 115, 146, 156, 225, 229, 248, 437] indicating that the quality of the GCN
coating the TiO2 in this investigation was poorer than in existing literature. However, this
could also be a result of using incompatible solutions as well as poor coating (a feature that
can only be controlled through the parameters discussed in Chapter 5). Overall, this
investigation suggests that there is some photoactivity under visible light when CN/TiO2 is
platinised, however there might be some photodegradation occurring due to evidence of
solution colour change.
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Figure 6.6 - GC showing H evolution upon 450nm (average across the LED emission spectrum in the
inset) visible light irradiation of PtCN/TiO2 powder, with no H evolution observed for the individual
components of this system under the same conditions [32].

6.2.2.2.3 – Photodegradation Testing
Upon determining the absorption range between 4-chlorophenol (4CP) and H2O (equating to
1mg of 4CP dissolved into 35ml of H2O to allow the absorption peaks to be between an
absorption range of 1-2), as presented on Figure 6.7, the stability of 40ml of this solution was
then confirmed under dark conditions, as presented on Figure 6.8(a), and under FRV light, as
presented on Figure 6.8(b). This is because there was no change in the absorption spectra
where: a peak reduction would correspond to solution degradation and a peak increase would
be evidence of increasing 4CP concentration. This mixture acted as the first control.

Figure 6.7 - UV-Vis absorption spectra of Amg of 4CP + Bml of H2O, in order to determine the ideal
absorption range which, as presented in the inset, lies between 1-2.
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(a)

(b)

Figure 6.8 - UV-Vis absorption spectra of 1mg of 4CP + 35ml of H2O, scaled up to 40ml total
solution, irradiated for (a) 4hrs under dark conditions and (b) 4hrs under FRV light.

After this, PtCN/TiO2 was added incrementally into 40ml of this solution - as the main testing
mixture. By observation, as for the Ethanol:water H testing reaction, a colour change was
observed. The more product that was added, the darker the solution became. Due to this, only
10mg of sample was added (since any more resulted in the final solution becoming too
opaque resulting UV-Vis absorption saturation). A second control was also prepared whereby
10mg of PtCN/TiO2 was added to 40ml of H2O (without 4CP). As in the case of the first
control, as presented on Figure 6.8, the impact of dark exposure and FRV light exposure were
investigated. As presented on Figure 6.8(a), under dark exposure, the absorption peaks
increased representing an increase in solid powder concentration, suggesting that there was
some water loss during the measurement transfer process (since no additional PtCN/TiO2
powder was added). After exposing this mixture to FRV light, as presented on Figure 6.8(b),
absorption peaks were observed to drop in intensity. This shows evidence of PtCN/TiO2
photoactivity however, due to observation of the solution darkening, this suggests that there
might be some photodegradation occurring.

(a)

(b)

Figure 6.9 - UV-Vis absorption spectra of 10mg of PtCN/TiO2 + 40ml of H2O irradiated for (a) 4hrs
under dark conditions and (b) 4hrs under FRV light.
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After performing this dark and FRV light investigation on 10mg of PtCN/TiO2 added to 40ml
of (1mg 4CP + 35ml H2O) solution, Figure 6.10 was obtained. Under dark exposure as
presented on Figure 6.10(a), no photoactivity or photodegradation was observed, as in the
cases of the two controls. Under FRV exposure, as presented on Figure 6.10(b), some
photoactivity or photodegradation was observed since the peaks were dropping in intensity.
This was also observed when 10mg of PtCN/TiO2 was added to 40ml of H2O.

(a)

(b)

Figure 6.10 - UV-Vis absorption spectra of 10mg of PtCN/TiO2 + 40ml of (1mg 4CP + 35ml H2O)
solution irradiated for (a) 4hrs under dark conditions and (b) 4hrs under FRV light.

In order to determine if the drop in peak intensities in Figures 6.9(b) and 6.10(b) was being
affected by the darkening colour of the solution, a photodegradation test on the solution only
was carried out. With the large quantity of powder present, it was difficult to determine if this
darkening was a consequence of more semiconductor powders exfoliating into the solution or
if the change was a consequence of the powders (exfoliated into the solution) degrading
under light exposure. To confirm this, the unexfoliated PtCN/TiO2 powders were removed by
centrifuging the mixture, thus leaving a powder-free solution. This powder-free solution was
then irradiated for 1hr under FRV light. As presented on Figure 6.11, both the powder-free
40ml H2O (Figure 6.11(A)) and 40ml of (1mg 4CP + 35ml H2O) solutions (Figure 6.11(B))
showed evidence of absorption peak decrease after 1hr. This suggests that in both mixtures,
the PtCN/TiO2 already exfoliated into the solutions seems to be degrading, as observed by the
peak decrease and the darkening colour. Since there was no additional powder remaining to
continue exfoliating into the solutions (since this had been removed) it was very likely that
this colour change was evidence of photodegradation.
Further analysis of the absorption spectra in Figure 6.9 reveals two peaks at 204nm and
326nm whilst the absorption spectra in Figure 6.10 reveals three peaks at 224nm, 280nm and
326nm. Based on the components involved, it is likely that the 326nm peak is associated with
the interaction of PtCN/TiO2 and H2O whilst the peak at 280nm is associated with the
interaction of 4CP and H2O. The peaks at 204nm and 224nm are likely associated with an
aromatic structure (most probably from the CN component of the material, which is likely to
be GCN) [567] with the shift an effect of 4CP presence. In Figure 6.9(b), where PtCN/TiO2
was added to H2O and exposed to FRV light, the 326nm peak drops at a faster rate than the
326nm peak in Figure 6.10(b), where PtCN/TiO2 was added to H2O + 4CP and exposed to
FRV light, and this is likely due to the 4CP stabilising the PtCN/TiO2 material. Based on this
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observation, it appears that the PtCN/TiO2 material does exhibit photoactive properties
however, rather than behaving as a catalyst, it seems to exhibit properties more in-line with a
sacrificial reagent since the 4CP seems to stabilise the material which, under contact with the
H2O, appears to be exfoliating, as supported by XPS results of the extracted powders post
light exposure, on Figure 6.12, which shows C1s and N1s peak reduction in comparison to
Figure 6.4(a) for both the PtCN/TiO2 extracted from (10mg PtCN/TiO2 + 40ml H2O)
solution, the PtCN/TiO2 extracted from (10mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml H2O))
solution and the PtCN/TiO2 extracted from (20mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml
H2O)) solution.

Figure 6.11 - UV-Vis absorption spectra of (A) 40ml H2O after PtCN/TiO2 removal and (B) 40ml of
(1mg 4CP + 35ml H2O) solution after PtCN/TiO2 removal. Both have been irradiated for 1hr by FRV
light.

Figure 6.12 - XPS survey analysis of CN/TiO2, washed with KOH to remove Pt, after extracting them
from (10mg PtCN/TiO2 + 40ml H2O) solution, (10mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml H2O))
solution and a (20mg PtCN/TiO2 + 40ml (1mg 4CP + 35ml H2O)) solution. These powders were
extracted post-solution light exposure.

6.2.2.2.4 – Exfoliation Testing
From the photodegradation investigation, evidence of PtCN/TiO2 exfoliation into H2O was
suspected based on the solution changing colour and from C and N reduction in the extracted
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PtCN/TiO2 XPS survey spectra - when compared to the PtCN/TiO2 sample before it was
added to the 4CP + H2O mixture. Based on the study in Chapter 3, TGCN is insoluble in H2O
and only partially soluble in DMSO however, through evidence from Chapter 5, this HQRV
synthesised GCN coating appears to resemble an HCN polymer more-so than TGCN - since,
through the photodegradation investigation, it is exfoliating in H2O.
To investigate this exfoliation behaviour further, CN/Borosilicate samples of size 1cm2 were
placed individually into 10ml solutions of: H2O, ethanol, DMSO, DMF, chloroform, NMP,
10% HCL and acetone and, after 24hrs exposure, dynamic light scattering (DLS) was
performed on the solutions to determine what the sizes of the exfoliates particles were in the
solutions. Prior to DLS, fluorescence under FRV light of the films dissolved into the various
solutions was performed, as shown on Figure 6.13. By observation, most of the vials
fluoresced with different intensities under FRV light indicating that the CN/Borosilicate film
had potentially exfoliated into all the solutions with varying levels of exfoliation.
CN/Borosilicate in H2O and NMP potentially had the highest levels of exfoliation due to the
exfoliated particles being less visible. The presence of exfoliated CN/Borosilicate particles in
the solutions was also observed in Figure 6.14 whereby a red laser, directed through the
solutions, showed evidence of particles through the Tyndall effect17. By observation, these
solutions contained particles of different sizes as well as differing particle densities.

Figure 6.13 - The fluorescence, under FRV light, of CN/Borosilicate films dissolved into (from left to
right): DMF, DMSO, NMP, 10% HCL, ethanol, H2O, acetone and chloroform.

Figure 6.14 - Red laser passing through CN/Borosilicate dissolved into the various solutions, showing
streams of scattered particles.

Upon preparing the solutions for DLS measurements, as described in Chapter 2 in order to
determine the exfoliated particle sizes, Figure 6.15 was obtained. According to this figure, all
the solutions showed evidence of particulates formed from CN/Borosilicate exfoliating into
17

Incoming laser light is scattered at varying angles upon collision with particles, whereby these angles are controlled by the
size of the particles, thereby resulting in increase to beam width observed.

259 | P a g e

the solutions. The sizes of these particles varied from 635.7nm, for the CN/Borosilicate
exfoliated in DMSO (the solution that GCN was expected to dissolve in), 6634nm for
CN/Borosilicate exfoliated in H2O (as expected based on the photodegradation results) and
422μm for the film exfoliated in acetone. From these results, it is evident that the GCN
coating is not very stable, despite having varying levels of stability across different solutions,
which contrasts with the properties of TGCN flakes in Chapter 3. However, due to the GCN
films being easily exfoliated into various solutions, it is very possible that the films are
transferrable i.e. if the GCN film is coated onto one substrate, it can easily be removed and,
through drop casting or spin coating, be transferred onto another substrate thus making the
film reusable. This transferability was observed for the CN/Borosilicate, which was
exfoliated in ethanol, and drop-cast onto another borosilicate substrate as presented on Figure
6.16 where XPS showed evidence of this new film being coated with GCN through both N
presence, as in Figure 6.16(A), and structural bond presence in both the high resolution N1s
spectra, in Figure 6.16(B), and high resolution C1s spectra, in Figure 6.16(C).
Overall, despite observation of poor GCN film stability in the photodegradation tests and
from this exfoliation experiment, the ease of exfoliation allows for the GCN film to be
transferred easily between different substrates. Additionally, as witnessed through H-testing,
this GCN film shows photoactivity but behaves like a sacrificial reagent and so, much in the
same way Pt stabilised this material, another stabilising co-catalyst is required in order to
prevent this material from exfoliating in solutions so readily.

Figure 6.15 - DLS measurements for particle size of the CN/Borosilicate exfoliated particles in the
eight measured solutions.
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Figure 6.16 - XPS analysis of CN/Borosilicate, exfoliated in ethanol and drop-cast onto a new
borosilicate substrate showing (A) survey spectra, (B) high resolution N1s spectra, (C) high resolution
C1s spectra and (D) high resolution O1s spectra.

6.2.3 – Carbon Nitride/Tungsten Trioxide
Results obtained for this part of the investigation were separated into two parts. The first part
involved characterisation of the CN/WO3 film, and the second part involved CV tests of this
film, in comparison to CV of CN/Si as a control.

6.2.3.1 – Experimental Method
6.2.3.1.1 – Synthesis Process
GCN was coated onto APCVD synthesised WO3/FTO [498] through use of the HQRV
approach discussed in Chapter 4 and Chapter 5, whereby the GCN was synthesised through
combination of 1g DCDA with 1.5g of (0.78g of LiBr + 0.72g of KBr). As discussed in
Section 6.2.1.1, WO3 is shown to be a very good visibly active photocatalyst therefore, the
reason for combining it with GCN has been to broaden the GCN's range of visible absorption
as well as to enhance its photocatalyst efficiency [245, 310], but through use of the HQRV
film deposition approach.
For the purpose of this investigation, two types of WO3 substrates were utilised. The first
type was unannealed WO3, blue in colour and composed of WO3.1 + WO2.9 +...+ WO3 ± n
whereby the value of n indicates that there was a slight deviation of this material from pure
WO3. The second type was annealed WO3, white in colour and formed by heating the
unannealed blue WO3 at 500oC under air in order to optimise the photocatalytic performance
of the WO3 for photocatalytic activity, as presented on Figure 6.17. After coating, the
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CN/WO3 photoelectrochemical response was then tested through application of CV, as
discussed in Section 6.2.3.1.2.

Figure 6.17 - Annealed WO3 which is white (Before), prior to GCN coating and then turns nonuniformly distributed brown (After) after GCN coating.

6.2.3.1.2 – PEC Testing Kit
Through incorporation of a potentiostat, visible light and photoelectrochemical cells
(CN/WO3) PEC testing was utilised, in order to directly dissociate the solution into H and O
whereby the electrolyte utilised was a pH7 0.1M KPi buffer solution. The CN/WO3 film was
then immersed in a water-based solution, to keep it as like PV technology as possible, which
is why a slurry or powder form of the material was not used. This technique was utilised, as
opposed to linear voltammetry, due to its high conversion efficiency as well as low operating
temperatures, resulting in almost no greenhouse gases (GHG). Much like CV, this technique
incorporates a NaCl reference electrode and Pt counter electrode (cathode) which functions,
alongside the semiconductor working electrode (anode) as a 3-electrode system with
oxidation occurring at the anode or, for the purpose of this reaction, negative charges will
transfer from the buffer solution to the anode in order to determine its charge storage
efficiency over repeated cycles [568, 569].
A 3-electrode system works if the material has water splitting capabilities, and this is possible
if its conduction band Ec is higher than the water reduction potential Ered (H2/H+) whereas its
valence band Ev is lower than water's oxidation potential Eox (OH-/O2). The reason why an ntype semiconductor is preferred is related to the interaction between the semiconductors
Fermi potential Ef and the redox potential Eredox. For n-type semiconductors, Ef >Eredox, there
is a positive space charge region (the region between the bulk and surface of the
semiconductor) as a result of electrons being transferred to the solution whilst for p-type, Ef <
Eredox, the reverse occurs. Depending on the type of semiconductor, this space charge region
results in the creation of an electric field that causes band bending - a phenomena responsible
for charge recombination - whereby electrons are either attracted to or forced away by the
field. For n-type semiconductors, a negative flat-band is achieved when charge carrier
recombination rates are reduced, broadening the space charge region and thus resulting in
water splitting. Whilst a p-type semiconductor can also be utilised for this purpose, an
external bias is required reducing the system's efficiency. The use of a naturally synthesised
n-type semiconductor, such as WO3, TiO2 and GCN allows for water splitting to occur
naturally. P-type semiconductors can also be used for photocatalysis due to their good
controllability [570, 571] however, due to the chemicals in this investigation containing O,
CN/WO3 behaves like an n-type semiconductor.
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Consequently, PEC testing measures a material's potential and thus determines its capabilities
as a photocatalyst with regards to its electronic structure. The purpose of testing the CN/WO3
was to create a bilayer system, to broaden the absorption range and thus broaden the
depletion region. This would reduce the recombination rate of the space charge region of the
material and, thus, improve H production.

6.2.3.2 – Results and Discussion
Photocurrent density (ID) vs. Potential (V) graphs were plotted for the CN/WO3 (unannealed),
as presented on Figure 6.18, and CN/WO3 (annealed), as presented on Figure 6.19, where
“photocurrent density” is the difference between the light and dark current, divided by the
surface area of the material immersed in the electrolyte solution.

Figure 6.18 - ID vs. V graphs for (A) uncoated, unannealed WO3 and (B) CN/WO3 (unannealed) with
the lights switched on and off during PEC testing.

Figure 6.19 - PEC testing of annealed WO3 and CN/WO3 (annealed), coated for 48hrs.

As presented on Figure 6.18(B), upon testing CN/WO3 (unannealed), the dark current and
photocurrent were both found to be much higher than the unannealed, uncoated WO3 (Figure
6.18(A)). However, the photocurrent was still lower than that measured in existing literature although this could be for several reasons including use of different GCN deposition
technique, use of a different buffer solution, quality of WO3 used etc... [245, 310]. The most
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likely reason for this lower value is the lack of GCN crystallinity increasing e-h
recombination rates, thus reducing film conversion efficiency. In order to improve this
performance, the unannealed WO3 was first annealed at 500oC prior to coating however,
upon coating, Figure 6.19 revealed that the CN/WO3 (annealed) had a much lower ID, which
was unexpected. Whilst annealing WO3 improves crystallinity, thus reduces e-h
recombination rates [498], it is likely that heating the CN might have damaged its existing
crystallinity since, upon removal of the film, the CN layer seemed to have decomposed
completely, since the white colour of the WO3 was restored. However, upon annealing the
CN/WO3 (unannealed) film under the same conditions, the final film was observed to be
slightly darkish, grey. This suggested that the interaction between the CN and the unannealed
WO3 was different to the interaction between the CN and the annealed WO3 with further
characterisation proving irrelevant, since neither combination was stable when immersed in
the buffer solution.
For both annealed CN/WO3 (unannealed) and unannealed CN/WO3 (annealed), upon
immersion into the neutral buffer, the solution changed colour in the same manner as
observed for the H and photodegradation tests supporting evidence of film exfoliation.
Furthermore, due to evidence of the CN/WO3 (unannealed) film having a higher photocurrent
performance than the uncoated unannealed film, coupled with the visible activity observed
for the PtCN/TiO2 powder, this suggests that there may be sensitisation occurring between
the GCN and WO3, further confirming that the GCN film synthesised through the HQRV
process is a photoactive sacrificial reagent, rather than a photocatalyst. Attempts to stabilise
this material through use of TiO2 [572] failed since the GCN immediately exfoliated upon
contact with the neutral buffer solution.

6.2.4 – Conclusion
The purpose of this investigation was to apply the HQRV synthesis approach, discussed in
Chapter 4, to test the GCN film's capabilities as a photocatalyst. This was achieved by:
1. Testing the H evolution of HQRV coated CN/TiO2 powder, in an ethanol-water mixture,
in a one-step process through GC.
2. Testing the capacitance of HQRV coated CN/WO3 films, in a phosphate buffer solution,
in a two-step process through implementation of 3-electrode cyclic voltammetry (CV).
3. Comparing these hybrid materials with the stand-alone GCN as well as with existing
literature.
Whilst evidence of H evolution was observed when CN/TiO2 powder was reacted with an
ethanol-water mixture under visible light, no H was produced with GCN alone. This
indicated that the GCN film's capabilities as a visible photoactive material was only possible
through a sensitisation process between the GCN and TiO2. However, through observation of
the solution darkening and evidence of film leaching, this indicated that the procedure was
degrading the GCN film, thus making it a poor catalyst.
In contrast, not only was GCN leaching observed during CN/WO3 immersion into a
phosphate buffer solution during CV but, no capacitance was measured despite existing
literature showing GCN being a good charge storage material. This was likely a result of the
264 | P a g e

GCN film containing structural impurities which were inhibiting its performance i.e. the
GCN film did not contain only s-triazine structures.
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Section 6.3 – The Application of Carbon
Nitride for Antimicrobial Applications
GCN, in existing literature, is shown to be a good anti-bacterial material. For the purpose of
this investigation, the anti-microbial property of the HQRV synthesised GCN film was
investigated by measuring the change in counts of Escherichia Coli (E. Coli) 1030 and
Epidemic Methicilin Resistant Staphilococcus Aureus (EMRSA) 4742 clinical strains, which
were exposed to the GCN film, under FRV light.

6.3.1 - Introduction
6.3.1.1 - Background
Matsunaga et al. [573] demonstrated that microbial cells, in water, could be eliminated
through photocatalysis. The tested microbial cells: Lactobacillus acidophilus, Saccharomyces
cerevisiae and E. Coli (103ml-1 counts) were photoelectrochemically disrupted with Pt-loaded
TiO2 semiconductor powder, through inhibiting the bacterial respiratory activity. The tested
cells were completely sterilised when incubated with PtTiO2 particles under metal halide
lamp irradiation, for 60-120min.
Compared to conventional disinfection techniques, photocatalysis disinfection is cheaper,
more efficient and has strong oxidative capability for organic pollutants under mild
conditions [574]. Following from this achievement, more materials have since been utilised
for anti-microbial performances with a strong present focus on TiO2 based materials [575578]. Despite its high abundance, environmental friendliness and relatively low cost, an issue
with TiO2 is with respect to the limited UV abundance in the incoming solar radiation that is
necessary for TiO2 photoactivity, as introduced in Section 6.2.1.1.
Consequently, much effort has been made to improve the sunlight harvesting properties of
new disinfectant materials, whilst trying to improve disinfection efficiencies. To achieve this,
modifications to materials include deposition of noble metals such as Pt [579] and Ag [580],
doping of cations such as Fe3+, Cu2+ and Sn4+ [581-583], anion implantation with N [584] and
S [585] and secondary semiconductor coupling with AgBr [586], In2O3 [587] and graphene
sheets [588], with the latter proving particularly useful due to the capabilities of creating
metal-free photocatalyst disinfectants.
As such, in the past several years, there have been attempts to synthesise purely organic
photocatalysts that can perform this disinfection but under the more accessible visible light
irradiation. A strong pioneer in this work is Huang et al. [589] who was the first to reveal the
potential bactericidal effects of GCN on bacterial cells, with specific effect measured on E.
Coli K-12 in water, under visible light illumination. This stable allotrope of CN is useful for
reactions such as benzene activation, trimerization and CO2 activation [4]. However, due to
the presence of light-induced holes at the surface of the GCN, bacterial inactivation can
result, since the radical scavenger –OH has no effect on the inactivation efficiency [589].
High surface area influence was determined [589] through identification of the bacteria E.
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Coli K-12 being completely sterilised at the surface after 4hrs whilst only 90% of the E. Coli
was removed in the bulk of the GCN material, despite extended exposure under visible light.
Following from the study by Huang et al. [589], several additional studies were performed
which supported the evidence of GCN destroying the E. Coli under visible light irradiation.
Zhao et al. discusses how single-layer GCN was found to exhibit the highest bactericidal
performance [590]. It was observed via TEM that the addition of IPA or Cr(VI) resulted in
5log10 of E. Coli cells being destroyed in 4hrs whilst only 2log10 of E. Coli cells were
destroyed upon addition of KI, since the photocatalytic disinfection process over GCN
followed a hole oxidation dominated process under visible light irradiation [589]. The reason
for why these additions enhanced GCN bactericidal performance was a consequence of the
lower charge transfer resistance as well as a more efficient charge separation procedure.
Despite the desire to create a purely organic photocatalyst capable of being used as a bacterial
disinfectant, current systems are still out-competed by metal-organic combinations, Ag
embedded GCN hybrid nanoparticles were found to improve visible light driven antibacterial
activity and biofilm dispersion, relative to simply using pure GCN, since the reactive O
species formed were much more effective [591] This combination was found to effectively
kill both Gram-negative (E. Coli) and Gram-positive (S. Aureus) bacterial structures under
visible light illumination, whilst pure GCN was found mainly to be effective on Gramnegative bacteria only. The advantage of Ag GCN over the separate Ag and GCN as a
bactericidal photocatalyst was due to, under UV irradiation, the hybrid system handling
charge carriers more efficiently through an effective charge separation process – thereby
leaving hole related radicals on the GCN with electrons retained on the Ag [592]. Under
visible light irradiation, surface plasmon resonance of the Ag component proved crucial in
the hybrid materials biocidal action i.e. a process involving adsorption, radical attack and
deactivation of the interaction between the photocatalyst and microorganisms occurred
simultaneously.
Despite this improved photocatalytic biocidal property, the application of Ag GCN for all
areas of bacterial disinfection is difficult to implement with the impact of Ag proving
problematic for areas such as water disinfection – a common application especially in third
world countries. A solution to this was investigated by Wang et al. [593], who co-wrapped
alpha-sulphur (α-S8) with polymeric GCN and reduced graphene oxide (rGO) sheets for
visible light driven disinfection of bacterial cells with a focus on E. Coli K-12. It was found
that a higher photocatalytic bacterial inactivation efficiency was obtained from placing the
rGO between the GCN and α -S8 (CNRGOS8), in an aerobic environment, with GCN placed
between rGO and α -S8 (RGOCNS8) having a greater inactivation efficiency in an anaerobic
environment. This was because, in an anaerobic environment, the photocatalytic process was
dominated by a reductive route as opposed to oxidation

6.3.1.2 – Aims and Motivations
The purpose of this investigation was to investigate the behaviour of the HQRV synthesised
GCN film as an active antimicrobial surface against clinical bacterial strains. This was
achieved by:
1. Measuring the effectiveness of the GCN film's ability to eliminate E. Coli bacterial cells
under visible light, to determine its effectiveness as a visibly active antimicrobial surface.
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2. Measuring the effectiveness of GCN film's ability to eliminate EMRSA bacterial cells
under visible light, to determine its effectiveness as a visible active antimicrobial surface.
3. Measuring the stability of the GCN films during their interaction with the bacterial cells.

6.3.2 – Experimental Method
In order to perform this investigation, a bacterial solution of known concentration was added
to the HQRV synthesised GCN film coated onto SiO2 barrier glass and irradiated under
500lux FRV light for 5hrs. The bacterial counts before and after were then counted.
The GCN film tested was synthesised by combining 1g DCDA with 1.5g eutectic salt mixture
composed of LiBr and KBr and heating at 700oC for 20-48hrs, at 20oC/min. The GCN was
then coated onto 10mm2 SiO2 barrier glass through the HQRV process discussed in Chapter
4, at room temperature. As presented on Figure 6.20, for each inoculum, 3 repeats were taken
under FRV light with each repeat requiring duplicate CN/SiO2, test, films (1st Set) and
duplicate SiO2, control, substrates (2nd Set) for a total of 4 films per repeat. Each set was
placed into its own, separate, humidity chamber prior to testing, to engineer good reaction
conditions. The tested films, coated and uncoated, were 10mm2 in size.

Figure 6.20 - Complete testing procedure followed for both E-Coli 1030 and EMRSA 4742 with two
sets of results per repeat for a blank SiO2 run and a CN/SiO2 run.

The bacteria used in this investigation were E. Coli 1030, which is a multi-resistant Gramnegative clinical bacterial strain, and EMRSA 4742 a clinical Gram-positive strain from the
UCLH, which is a Methicillin resistant bacterial strain as presented on Figure 6.21. Clinical
strains were chosen, as opposed to laboratory strains, due to their behaviour being more
comparable to “real world” pathogenesis, whilst laboratory strains - due to them having been
cultivated in an isolated environment under controlled conditions - are likely to have lost
important pathophysiological characteristics and therefore, are unlikely to model “real world”
pathogenesis accurately [594].
To prepare these bacteria for testing, a single colony was taken from a fresh culture and then
incubated in 10ml brain-heart-infusion (BHI) broth18 for 18hrs at 37oC whilst shaking at
18

BHI is used as a nutrient rich culture medium for microorganism growth.
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200RPM using a SciQuip Incu-Shake FL18-750R. This mixture was then washed with PBS19
twice at 5000RPM for 5min, with an Eppendorf 5804R centrifuge, at 20oC and then
resuspended in 10ml of fresh PBS solution. After this, the solution was diluted in PBS in
1:1000 (10μl of bacterial suspension in 10ml PBS) to attain an inoculum concentration of 105
CFU/ml i.e. Inoculum 1 contained 105 CFU/ml of E. Coli and inoculum 2 contained 105
CFU/ml of EMRSA.

Figure 6.21 - The two bacterial colonies investigated were E-Coli 1030 and EMRSA 4742.

After preparing the samples, to one batch of CN/SiO2 films and one batch of uncoated SiO2
substrate (located in the humidity chamber) 25μl of the first inoculum was dropped onto the
surface of each film separately. Each batch was then irradiated under 500lux FRV light for
5hrs at room temperature separately. After irradiation, both sets of films in each batch were
then placed in their own 50ml centrifuge tubes, along with 450μl of PBS, and vortexed
vigorously for 20s. After this, 100μl of 10-fold dilutions of the obtained suspensions (up to
10-3) were plated onto a blood agar plate (Columbia agar +5% Horse blood) separately, to
determine the CFU numbers, and then incubated for 24hrs at 37oC. As presented on Figure
6.20, this reaction was then repeated for a second and third batch of CN/SiO2 films and
uncoated SiO2 substrate. Finally, three repeats were then performed on the second inoculum.
As recommended for this kind of assay, the overnight bacterial suspension was diluted to a
concentration 105-106 CFU/ml. In order to determine CFU of the bacterial suspensions, the
inocula and resulting suspensions after testing, the suspensions were serially diluted, and then
plated onto blood agar. A count between 50 and 250 CFU is needed for the result to be
considered valid.

6.3.3 – Results and Discussion
Upon performing the experiment, as presented on Figure 6.20, for E. Coli 1030 and EMRSA
4742, Figure 6.22 was obtained. Under exposure to 500lux FRV light for 5hrs, both the E.
Coli counts, as presented on Figure 6.22(A), and EMRSA counts, as presented on Figure
6.22(B), reduced drastically indicating that CN/SiO2 is a very good visible light active
antimicrobial surface. Since the levels of inocula in both situations remained unchanged
19

PBS is a pH control solution used to keep microorganisms active for long storage periods.
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when exposed to the SiO2 surface, this reduction is likely due to GCN presence. However, if
taking into account its behaviour as a photocatalyst in Part 2, whereby evidence of
sensitisation between the GCN coating and both the TiO2 nanopowder and WO3 nanorods
was observed, there is a possibility that the reduction in inocula numbers may be a result of a
sensitisation process between the GCN and the SiO2 surface, under FRV light exposure. To
test this hypothesis, the same experiment can be performed again but with GCN coated onto
another bacteria-friendly surface.

Figure 6.22 - (A) E. Coli 1030 and (B) EMRSA 4742 colony-forming units (CFU) per ml of solution
in the inocula, on the blank SiO2 (control) sample and on the tested CN/SiO2 sample, under 500lux
FRV irradiation for 5hrs.

Furthermore, as presented on Figure 6.23, whilst the EMRSA was reduced by over 5 logs
(99.999%), the more resistant E. Coli were reduced by just over 3 logs (99.9%) indicating
that the reduction of E. Coli 1030 with the GCN film was comparative to the reduction in E.
Coli numbers with g-C3N4, which was tested and found to reduce E. Coli numbers by
93.7(±2.7)% after 2hrs with a 420lux light source [510]. The results from this investigation
are comparative to the behaviour of Cu alloy, which was found to reduce E. Coli numbers by
greater than 99.9% - although this was achieved in 1hr and not 4hrs [595]. Furthermore, the
light source utilised in this investigation was slightly more intense than that used in existing
literature with a further difference being the type of strain used. In this investigation E. Coli
1030 was used however, a different clinical strain was likely utilised in the existing literature
with them both having differing resistances and so, likely to behave differently under the
same conditions. Since the GCN film is purely organic and synthesised by simply coating
onto any substrate directly, through the HQRV synthesis approach discussed in Chapter 4 and
Chapter 5, it is likely that this material would be a cheaper, more versatile and renewable
alternative to the copper alloy. Despite E. Coli numbers reducing by the same amount, the
flexibility of the GCN coating process would make it an upgrade to existing metal-based
antibacterial surfaces.
A major issue with regards to industrial application of the GCN films was leaching, a process
already observed in Part 2. After exposure to visible light, the inoculum coated GCN films
were then immersed into PBS and, upon centrifuging, the GCN films were found to
destabilise (as evidenced through the solution becoming browner in colour). For thinner
CN/SiO2 films, the GCN coatings were completely removed (thus causing the reactions to
fail) whilst the thicker films, though providing results, showed limited re-usability. To
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address this issue, a stabilising agent (such as TiO2) could be used however, as investigated in
Chapter 5, a better alternative would be to try and use a different substrate. A substrate such
as a polymer gel is both renewable and would potentially adhere to the GCN films better, due
to the nature of its chemical composition.

Figure 6.23 - The Log Reduction values of E. Coli 1030 and EMRSA 4742 after testing on CN/SiO2
sample, under 500lux FRV irradiation for 5hrs.

6.3.4 – Conclusion
The purpose of this investigation was to investigate the behaviour of the HQRV synthesised
GCN film as an active antimicrobial surface against clinical bacterial strains. This was
achieved by:
1. Measuring the effectiveness of the GCN film's ability to eliminate E. Coli bacterial cells
under visible light, to determine its effectiveness as a visibly active antimicrobial surface.
2. Measuring the effectiveness of GCN film's ability to eliminate EMRSA bacterial cells
under visible light, to determine its effectiveness as a visible active antimicrobial surface.
3. Measuring the stability of the GCN films during their interaction with the bacterial cells.
Through use of E. Coli 1030 and EMRSA 4742, the synthesised GCN films were found to be
very effective anti-microbial materials since the film, deposited onto SiO2 glass, reduced E.
Coli 1030 numbers by 99.9% and EMRSA 4742 numbers by 99.999% after 4hrs. However,
due to evidence of leaching, the instability of the GCN film would make it difficult to
implement in a social or industrial setting.
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Section 6.4 – D-parameter vs. sp2C and
sp2N Model for Carbon Nitrides
6.4.1 - Introduction
6.4.1.1 - Background
In XPS, C has several photoemission lines at: 280-296eV, for C1s photoemission; 13-23eV,
for C2s; and at 4-8eV for C2p where their location is dependent upon the nature of the C
source; and the Auger line (C KLL) that is located between 240-287eV kinetic energy. N has
several photoemission lines at 394-408eV, for N1s photoemission; 12-20eV, for N2s; and at
4-6eV for N2p where their location is dependent upon the nature of the N source; and N KLL
that is located between 372-402eV kinetic energy.
As discussed by Kaciulis et al. [36], sp2C determination from C1s peak deconvolution
analysis, though relatively simple for ideal sp2 and sp3 systems such as diamond and
graphene, are difficult for “real” systems which contain several C environments as well as
amorphous C (aC) structures, such as adventitious C (adv C). Even under high resolution
XPS and X-ray Auger Emission Spectroscopy (XAES), a broad C1s peak can form for these
“real” C systems, thus making sp2C content difficult to quantify [596, 597]. The two most
important hybridisations of C are: fourfold 3D tetrahedral sp3C through the combination of 1
s-orbital and 3 p-orbitals (which enhances a material's hardness due to the binding strength
between each neighbouring atom being equal and very strong), formed from σ bonds, and
threefold 2D trigonal sp2C through the combination of 1 s-orbital and 2 p-orbitals (which
enhances a material's electronic properties due to the presence of bonding and antibonding π
and π * orbitals in the valence and conduction bands, with the connection of these two bands
at the K-point making it easier for electrons to excite out of the valence band and into the
conduction band, independent of wavelength), formed from π bonds. Other less frequently
encountered hybridisations include spC, which is less frequently encountered due to its
higher reactivity. Because of the two most important C hybridisations, sp2C/sp3C is more
useful than C1s analysis when comparing between different C samples because most “real” C
materials contain a combination of sp2 and sp3 environments due to the presence of impurities
[598, 599]. XAES can quantify sp2C/sp3C for C -only materials non-destructively through use
of the C KLL spectra since C KLL is a convolution of C KVV transitions (1s-2pπ 2pπ and 1s-2pσ -2pπ) thus it can be used to distinguish between different hybridisation
states of C on solid surfaces since the C KLL peak energy directly corresponds to electron
transitions between K and L levels [600, 601]. This transition between K and L levels causes
C KLL spectra shift which is a consequence of the double-holes formed being screened by
electrons, that undergo extra atomic relaxation [602]. The energy of the main C KLL peak
ranges from 280-280eV kinetic energy with secondary features at 241eV kinetic energy,
associated with energy loss [603]. The C KLL relative peak heights are associated with
surface bond saturation (where the topmost layer of C -structure doubly bond with the second
layer to saturate them) by electron transfer from one layer to the next [600]. Raman
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spectroscopy, even under surface enhanced mode, provides indirect sp2C/sp3C data since both
the G band and D-band are associated with sp2C [604, 605]. XAES is preferred over AES
since it is a non-destructive and capable of analysing electron binding energies without
sample charging [606]. Other techniques include electron energy loss spectroscopy, which
can determine sp3C in aC films non-destructively but only for sp2C>60% since the C peaks
created by this technique have poor intensity [607-611].
The width of the most intense peak in the main C KLL transition is easier to measure in the
first derivative state when background noise is present in the original spectra, since the
gradient change is more easily observed, with separation between the most negative and
positive peaks corresponding to the C D-parameter [612]. This derivation also emphasises the
Auger fine structure, represented by smaller secondary peaks surrounding the main Auger
peak, which arise from the presence of the same element in multiple chemical states on a
surface or from relaxation transitions associated with the substrate's valence band electrons
[521, 603, 613]. The derivative spectra have maxima and minima peaks to represent the
changing gradient of the primary peak in the non-derivate spectra. In addition, the derivative
of the XAES obtained C KLL spectra is found to correspond to the AES spectra and so, for
comparative purposes, a derivative spectra is more useful with direct comparison between the
two spectra possible by referencing them to the Fermi level of the material being measured,
which is accomplished by shifting the AES data to higher kinetic energy by the amount of the
analyser work function. Since the C2s transitions are localised at 17-18eV binding energies,
the C KLL contribution at kinetic energies less than 255eV are predominantly due to
transitions involving C2s electrons [614]. For kinetic energies above 270eV, the contribution
is from pπ electrons, whilst the binding energy of pσ electrons is about 8eV [36], where the
Auger bands originate from the C KV (2pπ) V(2pπ) and the C KV (2pσ) V(2pπ) transitions,
which also have a large FWHM. When these p π electron contributions increase, C KLL
above 270eV shifts to lower kinetic energies in a manner implying that the rise is
proportional to the pπ electron concentration i.e. C KLL above 270eV directly corresponds to
the sp2C site concentrations [612, 614]. In the derivative C KLL spectra, the shoulder peak at
250eV is associated with a π -plasmon loss feature, with respect to graphite, with additional
features observed at 237eV and at 246eV, attributed to π + σ plasmon loss features [615].
Satellite peaks, originating from multiple ionisation events in an atom or ionisation cascades
in which a series of electrons are emitted whilst relaxation for core holes of multiple levels
occurs, can distort or shift C KLL features due to changing surface chemical information
[600, 616].
In the N KLL spectra, two peaks are observed between 374-401eV kinetic energy. At 382eV,
which is attributed to the N KV (2pπ) V(2pπ) and the N KV (2pσ) V(2pπ) transitions in
nitrides and at 388eV, which is attributed to either interatomic [617] or intra-atomic [618]
Auger transitions and found to vary in intensity depending on what the nitride is bonded to,
similar to the behaviour of the 275eV peak in carbides [602, 619]. The peak intensity at
388eV is more pronounced in some transition metal combinations than others which, in
decreasing intensity, are: Ru-N, Ta-N, Cr-N and Zr-N with entire spectra shift observed for
Al-N (although the features remained the same). The impact of O on the nitride peak at
388eV was ruled out by Berghe and Vlaeminck, who found no O in their samples, and by
Frankenthal et al. who found that oxidation of NbN caused the nitride feature in the N KLL
spectrum to disappear [620]. In the first derivative N KLL spectra, the minimum at 377eV is
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analogous to the minimum for the differentiated C KLL peak at 260-267eV where energies
higher than 377eV are predominantly due to N2s electrons. The most intense minimum,
between 388-390eV, is associated with different nitride environments [602]. This is
analogous to the derivative C KLL spectra minimum and so the contribution higher than
390eV is from pπ electrons whilst the energy of pσ electrons is about 6eV. Therefore, the
minimum at 390-392eV corresponds to the sp2 hybridisation between N and C in the
structure. There is a shoulder peak in the derivative N KLL spectra at 372eV which is
analogous to the shoulder peak at 260eV for the derivative C KLL spectra and is likely
associated with a π-plasmon loss feature, with respect to graphite, for aromatic nitride
systems. The minimum between 383-385eV in the N KLL derivative spectra is not observed
in the C KLL derivative spectra. Through molecular orbital theory, this is likely associated
with sp3 hybridisation between C and N in the structure, analogous to the O KLL derivative
second minimum which was associated with O single bonds [621]. On Table 6.1, the N KLL
spectra shifts depending on the N environment due to unknown relaxation effects [40]. From
Table 6.1(b), the NH3 before and after adsorbing onto the MoS reveals very little peak
shifting but includes an additional transition state related to the substrate interaction.
Furthermore, the number of observed transition peaks are less than those calculated, implying
that resolution of the spectrometer was a potential limiting factor in the measurements.
Finally, on Table 6.1(a), there are peak assignments related by molecular orbitals where: 3a1
corresponds to the molecular orbital for the lone pair electrons of the N-H σ bond in NH3, 1e
corresponds to the molecular orbital for the valence electrons of the N-H σ bond in NH3 and
2s corresponds to the N2s state. From these definitions, and information presented on Table
6.1(a), identification of the peaks formed from the samples in this investigation might be
possible.
Table 6.1 - (a) XPS peak assignment of the observed N KLL peaks compared to those calculated by
the equivalent core principle, for NH3 gas. (b) XPS peak assignment of the NH3 heated to 450oC, N
KLL peaks compared to NH3 adsorbed onto Mo2N surface [40].
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Kaciulis et al. determined a relationship between the D-parameter of C and the sp2C (%) for a
variety of sp2 and sp3 C-only samples. To avoid structure modification, all samples were
measured without prior treatment and only depth profiled after surface analysis was
performed. It was found that increasing D-parameters corresponded linearly to increasing
sp2C content in the materials. This relationship did not hold for O and N containing C
systems such as carbon nitrides, which increased sp3C content in the system as a result of CO and C-N bond increase [612, 614, 622, 623]. Zemek et al. further commenting that the C
KVV line of carbon nitrides (CN) is comparable to that of oxidised graphite, but lower than
pure graphite and N-doped graphite [623]. Despite this knowledge, a model to quantify
sp2C/sp3C or sp2N/sp3N for CN has not yet been determined.

6.4.1.2 – Aims and Motivation
Since the C KLL spectra has been shown in existing literature to distinguish between
different hybridisation states of C in C-only solids [36], it is expected that C KLL and N KLL
spectra can be used to distinguish between different hybridisation states in pure CNs something which has not been performed in literature before. This was achieved in this
investigation by:
1. Determining the D-parameter and sp2 relationship for CNs composed of only C-N and
C=N bonds
2. Distinguishing limitations to the ideal model by including samples composed of nonalternating sp2 and sp3C and N, spC, spN and O
3. Comparing N D-parameter results to high resolution XPS analysis
4. Applying the model to lab synthesised CNs of unknown sp2 and sp3 C and N content

6.4.2 - Experimental Procedure
Through application of Thermo Fishers K-Alpha+ XPS system equipped with an Al Kα
excitation source (1486.6eV) and a 128-channel detector, a study into determining a
quantitative relationship between sp2C/sp3C and sp2N/sp3N and its corresponding Dparameter, for a pure CN, was performed. The K-Alpha+ obtained photoemission and X-ray
induced KLL spectra from a variety of CNs, to allow for the creation of a figure analogous to
Figure 6.24(A) produced by Kaciulis [36], albeit modified for N inclusion. Whilst the
photoemission spectra were collected at 150eV constant pass energy, the C KLL and N KLL
spectra were collected at 100eV constant pass energy and analysed over a circular area of
diameter 0.4mm. Furthermore, following initial surface scans, depth profiling of the samples
was performed through application of a 4keV Ar cluster source, set at a size of 150, at 30s
etch cycles for up to 3 levels and a further 60s etch cycles for 3 levels for the purpose of
removing adv C acquired through sample-environment interaction. Surface measurements
were performed at 1×10-7Pa vacuum pressure, with pressure increasing to 8×10-7Pa following
depth profiling.
After acquiring the C KLL and N KLL depth profiles of the measured CNs, they were first
collapsed over etch time, with the surface results removed due to adv C contribution, and
then differentiated by using a 11 data point differentiation width. After this, a Gaussian model
was overlapped over the differentiated spectra, as presented in the Appendix on Figure 9.41
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for C KLL and Figure 9.43 for N KLL, through taking into consideration a weighted average
of both minima peaks and the minimum peak with the distance between the Gaussian peaks
equating to D-parameter [36, 603, 612].
The C-N and C=N containing CNs investigated were:
•
•
•
•

Melamine [99% purity, Sigma Aldrich] - (Labelled as “1”)
2-amino-1,3,5-triazine [98% purity, Sigma Aldrich] - (Labelled as “2”)
s-Triazine [99% purity, Santa Cruz Biotechnology Inc.] - (Labelled as “3”)
2,4-diamino-1,3,5-triazine [99% purity, Santa Cruz Biotechnology Inc.] - (Labelled as
“4”)

Other sp2 and sp3 C and N containing CNs investigated were:
•
•

2,4-diamino-6-methyl-1,3,5-triazine [99% purity, Santa Cruz Biotechnology Inc.] (Labelled as “5”)
4-vinylanilin [90% purity, Acros Organics] - (Labelled as “6”)

DCDA [99% purity, Sigma Aldrich] - (Labelled as “7”) - was measured in order to determine
the impact of spC and spN contribution whilst urea [99.5%, Sigma Aldrich] - (Labelled as
“8”) - was measured in order to determine the impact of O. The models were then compared
to results obtained from high resolution XPS analysis, performed on the K-Alpha.
To prepare for XPS and XAES analysis the samples, the model compounds were fixed on top
of the K-Alpha holder through use of double-sided C tape. Ion gun induced sample charging
was removed through application of a flood gun, with depth profiling performed with a
cluster source to prevent sample structure modification induced by mono ion gun sputtering.

6.4.3 – Results and Discussion
6.4.3.1 - Determining the D-parameter vs. sp2 Models
6.4.3.1.1 – Carbon D-parameter vs. sp2 Carbon Content
As discussed by Kaciulis [36] and presented on Figure 6.24(A), there exists a positive linear
correlation between C D-parameter and sp2C for structures that contain only sp2C and sp3C
[612], whereby the D-parameter change is a response to changing sp2C/sp3C configuration of
the C KLL fine structure [624]. This model, for pure C materials as presented in the
Appendix on Figure 9.40, can be reproduced through using a weighted Gaussian technique.
However, this relationship doesn't hold for CNs, as confirmed on Figure 6.24(B) where
sp2C=100at% for all the C-N and C=N containing CNs, regardless of their D-parameters,
because of the s-triazine presence. This means that for CNs, either the weighted Gaussian
technique for C fails or that there is no relationship between C D-parameter and sp2C.
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Figure 6.24 - C D-parameter vs. sp2C(%) for (A) pure C structures containing only sp2C and sp3C [36]
and (B) pure CN structures containing only C-N and C=N bonds through use of a weighted Gaussian
technique.

6.4.3.1.2 – The Model for Nitrogen D-parameter vs. sp2 Nitrogen
Content

Figure 6.25 - First derivatives of the N KLL spectra for the CN model compounds composed of only
C=N and C-N bonds.

After this, N D parameter vs. sp2N was then determined for CN model compounds composed
of only C=N and C-N bonds through using a weighted Gaussian technique derived from
Lascovich et al's model [612]. Prior to this investigation, the relationship between N Dparameter and sp2N had never been quantified for any system through use of the N KLL
spectra from XPS. Upon differentiating the obtained N KLL spectra of the CN model
compounds composed of only C=N and C-N bonds, a spectra with a single minimum and two
minima of varying relative intensities were observed with the energy of the second minimum
visibly moving to higher binding energies (lower kinetic energies), as presented on Figure
6.25. As determined in the Appendix on Figure 9.43, incorporation of the weighted Gaussian
technique on this derivative spectra results in a positive linear relationship between sp2N(%)
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and N D-parameter for CNs containing only C-N and C=N bonds with the sp2N(%) between
50-100at%, as presented on Figure 6.26. This is like the model determined by Kaciulis et al.
for C D-parameter and sp2C(%) however, the spread of the N D-parameter values is lower
than the C D-parameter data spread [36]. This means that errors are more impactful on the N
D-parameter values obtained from the N KLL spectra, thus requiring the weighted Gaussian
process to be very precise.

Figure 6.26 - N D-parameter vs. sp2N(%) for CNs composed of only C=N and C-N bonds (1-4, black)
and non-alternating sp2 and sp3 C and N bonds (5 & 6, red) through using a weighted Gaussian
technique.

The weighted Gaussian technique is considering the weighted average between the two
minima (thereby representing an interaction between the sp2 hybridised states and the sp3
hybridised states between C and N). Unlike for the C KLL spectra, where only C bonds are
present, CNs have two different atoms bonding. This implies that even though the nitride
peak is shifting to lower binding energies for CNs with decreasing overall sp2N content, the
minimum is also shifting in the same direction whilst the overlapping Gaussian minimum
function, affected by the weighted average of the nitride peak and the secondary minimum
intensity (increasing due to the effect of increasing NH2 terminating bonds i.e. greater sp3 C
and N bonds), shifts less significantly resulting in the spacing between the Gaussian
minimum decreasing, despite the spacing between the nitride peak and minimum increasing.
Based on this, Figure 6.26 appears to be the more accurate model. Upon including
information regarding the total N content of the samples measured, melamine has the highest
N content but had the lowest sp2N content with s-triazine, having the highest sp2N
contribution. This is comparative to existing literature where, decreasing N transforms the
nitride from tetrahedral (sp3) to the more stable trigonal (sp2) configuration, where more
aromatic electrons participate in charge transport [36, 465, 625]. Furthermore, as presented
on Figure 6.25, s-triazine has a slight minimum at 383-385eV, despite not containing any
NH2 terminating groups, suggesting sp3C contamination in the form of adv C, and a stronger
peak at 382eV, most likely due to O contaminating as confirmed through XPS survey
analysis. Finally, the peaks in the 1st derivative N KLL spectra were also narrower for CNs
with a higher weight percentage of N.
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6.4.3.2 - Determining the D-parameter vs. sp2 Model
Limits
Upon addition of sp2 and sp3 C and N containing samples, with C-C and C=C contributions,
to Figure 6.26 an extension of the linear fit was obtained. When using the weighted Gaussian
technique, as presented on Figure 6.26, the positive linear fit between N D-parameter and
sp2N was extended to a sp2N range of 0-100at%, thereby creating a model as complete as that
found by Kaciulis et al. [36]. This suggests that the positive linear correlation holds for all
CNs if composed of sp2 and sp3 C and N species only (with inclusion of errors). 4vinylaniline followed the model despite its structure whereby, out of the six compounds
tested, it is the only one to have an aromatic benzene ring without any N contribution whilst
the others are all composed of an s-triazine group. This is because it is impossible to create a
sample containing an s-triazine group with no sp2N composition. Consequently, this also
explains why the D-parameter value for 4-vinylaniline is much lower than that of the other
compounds since a similar behaviour, but less intense, was observed for the CH4 containing
2,4-diamino-6-methly-1,3,5-triazine sample.
Through inclusion of a CN compound containing only a single sp2O bond, but otherwise
composed of C-N bonds i.e. urea, the D-parameter value of 11.4(±0.1) completely broke
down the model as presented on Figure 6.27, a behaviour analogous to how O presence
impacted Kaciulis et al's model [36]. Due to the presence of C≡N, the D-parameter of DCDA
at 11.2(±0.1) also failed to fit the model, which was expected due to the model only
considering sp2N and sp3N, as presented on Figure 6.27.

Figure 6.27 - N D-parameter vs. sp2N(%) for CNs composed of sp, sp2 and sp3 C and N bonds with
sp2O contribution through using a weighted Gaussian technique.

To summarise, there is no relationship between C D-parameter and sp2C for the model
compounds. However, there is a strong linear positive relationship between N D-parameter
and sp2N for CN compounds containing sp2 and sp3 C and N bonds when applying a
weighted Gaussian fit to the differentiated N KLL spectra, which breaks down with inclusion
of sp2O. This is despite the N D-parameter range for CNs being smaller than that observed
for the C D-parameter range for C materials, most likely due to the peak energy separations
in the XAES N KLL fine structure being smaller than that for the C KLL peak separations,
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due to the surface and bulk plasmon energies of different CNs varying less significantly than
the plasmon energies of different C structures [603, 613].

6.4.3.3 - Determining the N D-parameter vs. sp2N Model
To determine the reliability of the sp2N values of the CN model compounds tested, through
use of the N D-parameter vs. sp2N model, high resolution XPS N1s analysis was used to
determine a CNs sp2N content.
Through application of Thermo Fisher Scientifics K-Alpha XPS system, high resolutions N1s
spectra of the model CN compounds were acquired through use of Avantage and
deconvoluted in order to determine the reliability of sp2N content from this technique, as
presented in the Appendix on Figure 9.57. In order to extract the sp2N values from the N1s
spectra, a smart background (which is a convolution of many Shirley backgrounds) was taken
and then many overlapping peaks of constrained FWHM, between 0.5-2.0eV, were manually
included into the model until the resultant overlapping spectra overlapped the original N1s
spectra as close as possible. The number of peaks decided upon was dependent upon the
number of N environments present in the known CN model compounds' molecular structures,
plus an additional component included to represent external impurities, usually observed in
the form of the N1s peak being asymmetric or of a FWHM > 3eV - both of which indicative
of multiple environments. The binding energies of these overlapping peaks were defined
through values found in existing literature for common CNs, with errors included in the
definition since the position of these overlapping peaks were found to shift depending on
various factors including ion gun induced sample charging [4, 30, 32, 87, 231, 439, 612,
614]. Much in the same way background noise and sample charging can reduce C1s peak
resolution, such effects can also impact N1s peak resolution thus the results from this
technique are expected to contain errors due to impurities and defect presence, especially
since the difference in N1s peak location varies by <1eV for many systems, which is difficult
to measure in XPS if noise is presented. As such, in the same way the width of the most
intense peak in the main C KLL transition is easier to measure in the 1st derivative state, to
reduce the impact of XAES sample charging and background interference, a similar
improvement might also yield for the main N KLL transition since each CN species has its
own unit N KLL value. This behaviour has also been reported for a variety of other KLL
systems such as O KLL [36, 40, 377, 602, 603, 613, 618, 621, 624, 626].
Following this, the measured sp2N values were then compared to the theoretical values, as
presented on Figure 6.28. It was found that the XPS high resolution N1s deconvoluted spectra
did provide sp2 content, but it was completely different to the theoretical values. In the case
of s-triazine and 4-vinylaniline, this may have been due to the sample changing phase during
XPS measurements, and vaporising, but the differences in the other samples could be due to
N impurities as well as due to the process of peak deconvolution. As presented in the
Appendix on Figure 9.57, both the number of environments and their binding energies within
the N1s spectra are statistically determined through peak deconvolution. This means that
performing the same peak deconvolutions may result in a different number of environments
at different binding energies. This can be further influenced by manually controlling the
constraints which may work for samples of known chemical content, but difficult to perform
for samples where no information is known. Furthermore, observation of sample charging is
also difficult to observe in CNs thus the location of the overall N1s spectra may also be
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inaccurate whilst in the N KLL spectra, sample charging would not have as much of an effect
since maxima-minima separation is most important in determining the D-parameter, and not
the location of these maxima/minima.

Figure 6.28 - The Avantage measured sp2 N after N 1s peak deconvolution, compared to theoretical
sp2N of the CN model compounds.

6.4.3.4 - Comparative Application of D-parameter Model
to Determine sp2N Content
To determine the model's accuracy, HQRV synthesised GCN films (from Chapter 4 and
Chapter 5) [32] and yellow CN [4] were tested with comparative analysis from high
resolution N1s analysis.

6.4.3.4.1 – GCN Polymer Thin Film
6.4.3.4.1.1 – Weighted Gaussian D-Parameter Analysis
These HQRV synthesised GCN films [32] were determined to be GCN through XPS analysis
with application of the K-Alpha+ system, as presented on Figure 6.29.
By removal of the top layer of the film, using 4keV cluster etching, with 150 beam size,
surface contamination in the form of adv C was removed. Quantitatively, this resulted in the
film being confirmed as a GCN with C/N =1 and with <4% O, regardless of the temperature
and rate at which the films were procured.
According to a weighted Gaussian technique on Figure 6.30, the average N D-parameter for
GCN films is 11. If the GCN film is composed of only sp2 and sp3 C and N, with negligible
O, this indicates an sp2N content close to the value of melamine of 46 (±4)% , with errors,
which supports the XPS survey analysis ratio where C/N=1 from Figure 6.29.
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(a)

(b)
Figure 6.29 - XPS survey depth profiles through use of an 8keV Ar cluster source for (a) GCN films
synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at 20oC/min
heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv) 20oC/min
and (v) 30oC/min for 20hrs up to 700oC.
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Figure 6.30 - N D-parameter vs. sp2N for CNs composed of only sp2 and sp3 C and N bonds with
inclusion of average GCN film N D-parameter values into a weighted Gaussian technique.

Due to the unknown state of the film, the range of sp2N values has been represented by a
horizontal line since there could be several factors that could influence this content which are
that:
1. The weighted Gaussian technique could be wrong thus the analysis of the GCN films be
incorrect regardless of which model is used
2. The GCN films could contain some spC or spN contributions thus their sp2N content
would be lower overall
3. Despite containing <4% O, this contribution may still influence the N D-parameter which
could lower sp2N

6.4.3.4.1.2 – XPS High Resolution Photoemission Analysis
Through use of Thermo Fishers K-Alpha+ XPS system, high resolution N1s and C1s
deconvolutions of the GCN films and yellow CN powder were obtained. Prior to this
investigation, the most common way of determining sp2 and sp3 C and N environments in
CNs was high resolution XPS scans [4, 36, 87, 137-139, 172, 187, 190, 251, 263, 625, 627630] where the N1s spectra can be deconvoluted into four identifiable peaks at:
1.
2.
3.
4.

∼ 398.7eV which is associated with sp2N/pyridine N/C=N
∼ 400.3eV which is associated with sp3N/pyrrolic N/C-N
∼ 401eV which is associated with an amine group
∼ 402.5eV which is associated with amino groups, N-O or N=N bonding
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(a)

(b)
Figure 6.31 - XPS high resolution N1s depth profiles through use of an 8keV Ar cluster source for (a)
GCN films synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at
20oC/min heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min for 20hrs up to 700oC.
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(a)

(b)
Figure 6.32 - XPS high resolution C1s depth profiles through use of an 8keV Ar cluster source for (a)
GCN films synthesised at (i) 650oC, (ii) 700oC, (iii) 750oC, (iv) 800oC and (v) 900oC for 20hrs at
20oC/min heating rate and (b) GCN films synthesised at (i) 5oC/min, (ii) 10oC/min, (iii) 15oC/min, (iv)
20oC/min and (v) 30oC/min for 20hrs up to 700oC.
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As presented on Figure 6.31, after etching the GCN films with a 8keV Ar cluster source, at
20s per cycle over 4 cycles, the obtained N1s spectra transitioned from a sp2N environment to
a sp3N environment, indicating that none of these films have sp2N=0at% or 100at%.
Furthermore, based on N1s location prior to and after the initial etch, there are at least two N
environments in the film. Deconvolution, through application of Avantage, suggests that
these two environments are located at 399.2eV, which corresponds to sp2N or pyridine N, and
at 400.1eV, which corresponds to sp3N or pyrrolic N. Upon simplifying the analysis to
include only these two bonds, sp2N=44at% for the GCN film grown at 700oC for 20hrs,
heating at 20oC/min, after 60s etching. Whilst the films etched with a cluster source, to
prevent graphitisation as caused by the mono ion beam etching, were used with 8keV the
chosen energy to remove surface contamination such as adv C (284.8eV) as presented on
Figure 6.32, the film synthesised at 700oC for 20hrs, heating at 20oC/min, was chosen due to
its low O content which, on Figure 6.27, is shown to affect the CN N D-parameter. With
inclusion of errors, and Figure 6.31, sp2N=44at% for the GCN film corresponds to the
expected position of the sp2N for the GCN films through use of the N D-parameter on Figure
6.37.

6.4.3.4.2 – Yellow GCN Powder
6.4.3.4.2.1 – Weighted Gaussian D-Parameter Analysis
By heating DCDA, without the LiBr + KBr salt mixture, up to 580oC under a gently flowing
N2 atmosphere for 20hrs at 10oC/min, yellow CN powder was synthesised. Unlike the HQRV
synthesised GCN films, yellow CN powder was a direct consequence of the starting reagent
transforming in a solid state. Evidence of this was presented by the location of the
synthesised yellow CN powder remaining in the same ceramic crucible as the DCDA was
placed in, with no evidence of a gas phase presence.

Figure 6.33 - XPS survey depth profiles through use of an 8keV Ar cluster source for yellow CN
powder.

Upon removal of yellow CN, preparation for XPS was performed with N D-parameter
characterisation undertaken on the surface of the powder, as well as measurements performed
following depth profiling, with the depth profiling parameters utilised as discussed on Section
6.4.2. Upon analysis of the XPS photoemission spectra of this powder, as presented on Figure
286 | P a g e

6.33, O was removed after depth profiling since < 3% was measured (lower than on the
HQRV synthesised GCN films) with C/N=0.91 (higher than C/N=1 determined for the GCN
films but lower than C/N=0.66 as expected for TGCN. This implies that the yellow CN
powder is a CN material different to the GCN films and the TGCN flakes. and closer to the
CHN value of 45.1%. This value is lower than expected due to adv C contribution.
Upon determining the average D-parameter values of yellow CN from its N KLL spectra, as
presented on Section 6.4.4, a N D-parameter of 11.4(±0.1) was obtained through application
of the weighted Gaussian technique. Upon inclusion of this material's N D-parameter onto
Figure 6.30, as presented on Figure 6.34, the sp2N within the yellow CN powder is predicted
to be between 80-92% - very close to the location of s-triazine, with inclusion of adv C
contamination. This implies that the structure of yellow CN powder is very likely composed
of s-triazine units or of a high quantity of sp2N [4].

Figure 6.34 - N D-parameter vs. sp2N for CNs composed of only sp2 and sp3 C and N bonds with
inclusion of yellow CN powder N D-parameter values into a weighted Gaussian technique.

6.4.3.4.2.2 – XPS High Resolution Photoemission Analysis
As discussed in Section 6.4.3.4.1, the same XPS system was utilised for the purpose of
obtaining high resolution N1s and C1s data for yellow CN however, due to the powdered
nature of this sample, the same depth profiling parameters as used in Section 6.4.3.1. were
utilised, where depth profiling with a 4keV Ar cluster source was performed (as opposed to
8keV as used for the GCN film).
As presented on Figure 6.35(A), upon deconvolution of the high resolution N1s spectra,
several N environments were found at 399.2eV, corresponding to sp2N or pyridine N,
400.1eV, corresponding to sp3N or pyrrolic N, and 401eV, corresponding to an amine group
(where amines are associated with a sp3N). Through quantifying these values, sp2N=81% was
determined which, based upon Figure 6.30, was lower than expected. However, upon
deconvolution of the C1s spectra, as presented on Figure 6.35(B), there is a peak at 284.8eV
which is associated with adv C. This indicates that C/N<0.91 for yellow CN, as measured in
Section 6.4.3.4.2, and closer to TGCN expected ratio of 0.67. After etching, this adv C
remains suggesting that the removal of surface contamination was unsuccessful and so, there
is still some contaminant sp and sp3N reducing the measured sp2N content relative to the
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expected value. This may imply that the model presented on Figure 6.30 is impacted by some
surface contamination and more depth profiling is required.

Figure 6.35 - XPS high resolution (A) N1s and (B) C1s depth profiles through use of a 4keV Ar
cluster source for yellow CN powder synthesised at 580oC for 16hrs at 10oC/min heating rate.

6.4.4 - Conclusion
The purpose of this investigation was to determine a model relating C and N D-parameters to
sp2 C and N for CNs as performed for pure C structures [36]. This was performed by:
1. Determining the D-parameter and sp2 relationship for CNs composed of only C-N and
C=N bonds
2. Distinguishing limitations to the ideal model by including samples composed of nonalternating sp2 and sp3 C and N, spC, spN and O
3. Comparing the sp2 results to high resolution XPS analysis
In order to determine the best model, CN model compounds of known C and N content had
their D-parameters measured through acquisition of the C KLL and N KLL spectra via
XAES. After which, a weighted Gaussian model overlapping the 1st derivative KLL spectra
and the separation between the maxima and minima of this Gaussian function taken as the Dparameter. The “weighted” considered peak binding energy as well as intensity prior to
plotting the Gaussian function. This technique was derived from existing literature [603,
612].
Through the weighted Gaussian technique, no relationship between C D-parameter and sp2C
for CN was observed whilst a strong positive linear relationship between N D-parameter and
sp2N for CNs containing sp2 and sp3 C and N bonds was observed however, upon inclusion of
spC, spN and sp2O, this model failed. Based on the behaviour of this model, along with
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contributions from existing literature, the weighted Gaussian technique gave a reliable N Dparameter vs. sp2N model for sp2 and sp3 C and N containing CNs. This is because both
minima present in the 1st derivative N KLL spectra are necessary in defining the sp2N
contribution in a CN since one minimum represents the nitride/sp2N component of the
measured samples whereas the second minimum represents the interaction between the N and
C within the CN.
In comparison to high resolution N1s XPS analysis, the sp2N values obtained by peak
deconvolution did not match the theoretical sp2N values of the model compounds due to
possible sample charging and peak deconvolution errors - both of which have little effect on
the D-parameter obtained sp2N.
Application of the weighted Gaussian technique to the yellow CN powder gave sp2N values
of 80-92at% which were very close to its theoretical value of 100at% (s-triazine) [4], but
much higher than from high resolution XPS N1s analysis, possible due to adv C contribution.
Additionally, the HQRV synthesised GCN films had sp2N content of 46 (±4)at%, as based on
the weighted Gaussian technique. This value matched the high resolution XPS sp2N content
of 44 at%. The slightly higher content may have been due to the presence of O, confirmed
through XPS survey analysis, which is found to increase N D-parameter levels as observed
for Urea. Based upon the reaction mechanism of the GCN films, as presented in Chapter 5,
some C ≡ N might also be present although high resolution XPS N1s analysis did not support
this.
Though the weighted Gaussian XAES technique gives the best model for sp2 and sp3 C and N
containing CNs, through determining a suitable D-parameter, high resolution XPS N1s
analysis suggests that the samples contain potential impurities. To address this, films of the
same chemicals would be more suitable to use since depth profiling can more efficiently
remove surface contamination of the films in comparison to the model compounds. Upon
testing the accuracy of the D-parameter model on lab synthesised samples: HQRV
synthesised GCN films and yellow CN powder, the values obtained with the weighted
Gaussian technique gave sp2N values matched the results obtained from high resolution N1s
XPS analysis indicating that this model was fairly accurate, within error.
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Chapter 7 – The Application
of Friedel-Crafts Arylation
Synthesised Phenolic
Triazine Frameworks For
Photocatalyst Applications
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Section 7.1 – Introduction
Through Friedel Crafts Arylation (FCA), phenolic triazine frameworks (PTFs) were
synthesised for application in photocatalyst devices [37, 305].

7.1.1 – Background of Phenolic Triazine
Frameworks
As discussed in Chapter 1, organic polymers with a high nitrogen (N) content tend to have a
very microporous structure. It is this micro porosity which, in existing literature, has
demonstrated a use for these organic polymers in carbon dioxide (CO2) capture at ambient
pressures [37, 352, 631-635]. Most recently, these polymers have also demonstrated
significant use as photocatalytic materials due to their high N and hydrogen (H) content,
thermal stability and structural flexibility [636]. This structural flexibility is emphasised by
the polymer's ability to be doped through a variety of components - a behaviour analogous to
s-triazine graphitic carbon nitrides (TGCNs), as discussed in Chapter 3, and GCN films, as
discussed in Chapters 4 - 6 [309-315].
GCNs are organic frameworks, composed of carbon (C) and N, with H present in the form of
a terminating group. Throughout the course of this investigation, it has been established that
GCNs are very versatile, adaptable, easy to produce and applicable as a visible active
photocatalytic material as well as potential to be a very useful component to hybrid materials.
However, one of the biggest difficulties with regards to the GCN synthesis was the removal
of external contamination in the form of adventitious C (adv C) and oxygen (O). Whilst
etching with an Ar cluster source has shown to be a very promising candidate for surface
contamination removal, as discussed in Chapter 5, evidence of O presence throughout the
material was still observed, which was found to hinder the maximum efficiency of the GCN
film. Additionally, etching energies which were too high were found to modify the GCN
structure unfavourably, thus even etching was not always possible.
To address this issue, controllable incorporation of O into the GCN structure to modify it into
a more efficient polymer can be performed. One such study was by Conn and Eisler in 2011
and then later expanded upon by Travis in 2015, whereby 2,4,6-Tris(2,4,6-trihydroxyphenyl)1,3,5-trizaine (PTF) was synthesised through FCA aryl-aryl coupling of the N -rich cyanuric
chloride (C3Cl3N3) and phloroglucinol (C6H6O3) with the use of an AlCl3 catalyst and 1,2dichloroethane solvent, as presented on Figure 7.1 [37, 305]. As discussed in Chapter 1,
C3Cl3N3 has been used quite regularly to synthesise crystalline CNs, thus its use is justified in
creating covalent organic framework (COF) however, it has been shown to be a difficult
precursor to control and give consistently similar products [512, 514, 517, 518]. The benefit
of using FCA with this precursor mixture, over most other hyper-cross-linked polymer (HCP)
synthesis techniques, is that the aryl-aryl bond formation from FCA can result in bond
rigidity of the PTF, which can potentially yield intrinsic porosity, different from the sp3
linkages encountered by the other HCPs [37, 352, 631-635]. However, no evidence of
intrinsic porosity of the PTF was observed through BET analysis [305].
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As presented on Figure 7.1, PTFs are a class of polycyclic aromatic hydrocarbons (PAHs)
composed of C, N and H and, much like TGCN, they have a 2D arrangement of s-triazine
units (which makes the structure stable) but, unlike TGCN, these units are embedded inbetween O composed phenolic aromatic groups, which allows for a band gap more tuneable
than TGCN [37]. Like TGCN, PTFs are also shown to possess tremendous potential as both a
stand-alone photocatalytic material, but also as a component of a hybrid material [316]. This
is likely a result of H presence and the atomically precise phenolic and s-triazine structural
influence of the compound which, like TGCN, are structurally derived from graphene [282,
283, 324].

Figure 7.1 - FCA of C6H6O3 + C3Cl3N3, with AlCl3 catalyst and 1,2-DCE solvent, to synthesise the
PTF structure [37].

7.1.2 – Aims and Motivation
The purpose of this investigation was to synthesise a COF which utilised controlled O
dopants alongside s-triazine units, to enhance its band gap tunability for photocatalyst
applications. This was achieved by:
1. Using FCA to synthesise PTF by reacting C3Cl3N3 with C6H6O3 with AlCl3 catalyst but
replacing 1,2-DCE with 1,4 dioxane and then 1,2-dichlorobenzene solvents
2. Characterising the PTF to determine its structural and chemical properties as compared to
existing literature, the TGCN flakes in Chapter 3 and the GCN films in Chapters 4 - 6
3. Determining the PTFs photocatalytic performance

292 | P a g e

Section 7.2 –Phenolic Triazine
Framework Experimental Method
7.2.1 – Starting Reagents
C3Cl3N3 was utilised due to its performance in FCA from existing literature, whereby it was
found to constantly produce crystalline COFs [37, 512, 514, 517, 518]. Furthermore, it was
utilised due to its s-triazine based-structure which provides a high source of N and where the
terminating chlorine (Cl) groups can easily be replaced in order for the structure to form a
1,3,5-triazine component for melamine based derivatives or COFs composed of s-triazine
units such as GCN and PTF [37, 512]. Finally, being composed of organic components, this
material reduced the possibility of metal-based impurities being found in the COF. A major
issue with C3Cl3N3 was its volatility at room temperature, where it was weighed and
transferred to the Schlenk tube, resulting in health and safety issues. Furthermore, the
presence of Cl would likely result in HCl formation when reacting with C6H6O3 and so,
additional safety precautions in the form of a NaOH bubbler had to be used. Alternatives to
C3Cl3N3 were difficult to obtain, due to the s-triazine nature of the compound as well as its
positive COF formation under FCA, which very few starting precursors have.
C6H6O3 was used due to it being a good phenol source, an essential second component of the
PTF structure, with the H in the OH terminating group of the C6H6O3 being easily removed
during the FCA process upon interaction with the Cl from the C3Cl3N3. In addition, as based
on existing literature, C6H6O3 has a long history of being a very good, inexpensive linker
capable of forming long chained phenol-based polymer networks [638]. Alternative to
C6H6O3, resorcinol could also be used since this would potentially change the structure of
PTF to be between one phenol network and four s-triazine groups, as opposed to three.
Though this would make the COF more stable and a better photoactive material (as evident
from the GCN behaviour), the interaction between C3Cl3N3 under FCA did not yield success
[305].
Since FCA of PTF requires aryl-aryl coupling of the N-rich C3Cl3N3 and C6H6O3, a powerful
Lewis acid catalyst is required to remove the Cl from the C3Cl3N3 to form the aryl cation
participating in the reaction. AlCl3 is used due to its strength as a Lewis acid [639, 640],
despite claims of it only being strong if in a solution [641], as well as inexpensiveness whilst
anhydrous AlCl3 is preferred since water is found to degrade COFs in some situations [642644].
Instead of 1,2-DCE which has a boiling point of 84oC and so limiting reactions to this
maximum temperature, 1,4-dioxane and 1,2-dichlorobenzene were utilised as solvents since
both are deactivated high boiling point (101oC and 180oC respectively) aromatic groups
which do not participate in FCA since neither interacts with the Lewis acid as a result of the
aromatic system [305, 645].
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7.2.2 – Synthesis Methods
7.2.2.1 - Phenolic Triazine Framework Synthesis with 1,4Dioxane
A precursor mixture of C6H6O3 (1.88g) and C3Cl3N3 (2.75g), were placed inside an ovendried 250ml Schlenk flask, along with an oven-dried stirrer bar, and then sealed with a rubber
super-seal and vacuum purged and back-filled with dry N2 several times through use of a
Schlenk line [305]. Under an overpressure of dry N2 at room temperature, anhydrous 1,4dioxane (40ml) was injected through the rubber super-seal over a period of 5mins. Following
this, under a constant flow of dry N2, the rubber super seal was removed and anhydrous AlCl3
(6g) powder, which had been ground with an agate pestle and mortar inside an air-tight
glovebox at room temperature, was added to the solution in small increments over a period of
10mins, whilst the Schlenk tube was immersed in an ice bath. Immediately after this the
rubber seal, with a needle placed through the seal and connected to a NaOH bubbler, was
placed back on the Schlenk tube opening and the tube was then transferred to a pre-heated oil
bath at temperatures: 40oC, 50oC, 60oC, 70oC and 80oC over a period of 5 days. Repeats were
performed at different temperatures.
Following completion of the reaction, the solution formed was diluted to neutral pH with DI
water before the solid product was separated by centrifugation and then washed and
centrifuged several times with DI water. This product was then washed in additional DI water
at 80oC for 24-48hrs before a final centrifuging, in order to remove excess 1,4-dioxane and
AlCl3. Following this, the obtained powder was then washed and centrifuged several times
with 10% HCl before rewashing in 10% HCl at 60oC for 24hrs to remove additional metalbased impurities. This powder was then washed and centrifuged several more times with
water, in order to neutralise the 10% HCl, before washing and centrifuging several times with
ethanol, in order to remove the water. After which, the powder was placed inside a glass
sample vial and oven-dried before further characterisation/tests were performed.

7.2.2.2 - Phenolic Triazine Framework Synthesis with 1,2Dichlorobenzene
A precursor mixture of C6H6O3 (1.88g) and C3Cl3N3 (2.75g), were placed inside an ovendried 250ml Schlenk flask, along with an oven-dried stirrer bar, and then sealed with a rubber
super-seal and vacuum purged and back-filled with dry N2 several times through use of a
Schlenk line. Under an overpressure of dry N2 at room temperature, anhydrous 1,2dichlorobenzene (40ml) was injected through the rubber super-seal over a period of 5 mins.
Following this, under a constant flow of dry N2, the rubber super seal was removed and
anhydrous AlCl3 (6g) powder, which had been ground with an agate pestle and mortar inside
an air-tight glovebox at room temperature, was added to the solution in small increments over
a period of 10 mins, whilst the Schlenk tube was immersed in an ice bath. Immediately after
this the rubber seal, with a needle placed through the seal and connected to a NaOH bubbler,
was placed back on the Schlenk tube opening and the tube was then transferred to a preheated oil bath at temperatures: 40oC, 60oC, 80oC, 100oC and 120oC over a period of 5 days.
Repeats were performed at different temperatures.
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Following completion of the reaction, the solution was first diluted to neutral pH with DI
water. However, since 1,2-dichlorobenzene is insoluble in water, ethanol was then added to
the neutralised solution since 1,2-dichlorobenzene is soluble in ethanol. Ethanol was not
added immediately after the reaction completion due to the HCl by-product reacting with the
ethanol and forming ethyl chloride thus DI water was added, not only to neutralise the
solution, but to remove any ethyl chloride by-product that formed, as well as the AlCl3
catalyst. After adding this 1:1 ratio of water and ethanol to the reaction mixture, the solid
product was then separated from the solvent by centrifugation. This solid was then re-washed
and centrifuged with additional ethanol:water several times, before leaving to wash in
additional water:ethanol mixture at 80oC for 24-48hrs before a final centrifuging, in order to
remove excess 1,2-dichlorobenzene, AlCl3 and ethyl chloride. After this, the obtained powder
was then washed and centrifuged several times with 10% HCl before rewashing in 10% HCl
at 60oC for 24hrs to remove additional metal-based impurities. This powder was then washed
and centrifuged several more times with DI water, in order to neutralise the 10% HCl, before
washing and centrifuging several further times with ethanol, in order to remove the water.
After which, the powder was placed inside a glass sample vial and oven-dried before further
characterisation/tests were performed.

7.2.3 – Application Methods
7.2.3.1 - Cinnamic Acid Photodegradation Test
The aromatic water pollutant, cinnamic acid (CA), found in landfills and effluents [646, 647]
are extremely difficult to degrade, with their presence in water extremely harmful to both the
environment [648-650] and microorganisms [651] through continued exposure. Existing
attempts to remove CA from waste water through photodegradation has involved the use of a
variety of metal-based catalysts which are expensive, difficult to synthesise and rare to
acquire naturally [652-654]. Whilst these materials did perform the task, to varying levels of
success, the more successful attempts utilised UV light. More recently, attempts to use visible
light to degrade CA has involved the use of metal organic frameworks (MOFs) and TiO2,
which have improved degradation efficiency and cheapness in comparison to previous
techniques [655-659]. However, an issue with MOFs is the extreme complexity in their
synthesis as well as their poor renewability.
In this investigation, we attempted to address this renewability issue by investigating the
ability of the PTF powder to degrade this harmful pollutant. To achieve this, a water chamber
containing 200mg of dried PTF powder added to 200ml, 50ppm of CA was prepared, as
presented on Figure 7.2. This chamber was surrounded by a cold trap and sealed with a lid
containing the light source on the underside. After this, the mixture was then irradiated under
full range visible (FRV) light (at 80% light intensity, with a combined water coolant to
prevent overheating), with a filtered-syringe inserted through the holes within the lid and
used to extract 5ml of this solution every hour in order to test the colour change in the
Lambda 25 UV-Visible (UV-Vis) spectrometer before replacing it back into the main
solution each time, to keep the reaction volume constant. The purpose of this colour change
was to identify degradation of the CA in the form of a band gap shift. Several additional
samples containing 200mg of dried PTF powder added to 200ml, 50ppm of CA were also
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prepared but tested under: dark conditions (used as a control), 450nm (80% light intensity),
627nm (80% light intensity) and UV light (80% light intensity).

Figure 7.2 - Photodegradation reaction setup for PTF + CA and PTF + 4CP which was covered by a
black body outer casing with the lights located on the underside of the lid.

7.2.3.2 – 4-Chlorophenol Photodegradation Test
4-Chlorophenol (4CP) is a chemical component found in pesticides and herbicides [660]. A
major environmental issue, with regards to pesticide use, is their leaching into nearby sources
of moving water which can filter into drinking water and result in severe toxicity and
environmental damage [661, 662]. Though water treatment plants can remove these phenols,
the procedures can be complicated, expensive and even involve more harmful substances
such as lead [663-665]. One way in which this chemical removal has been addressed in
existing literature is through photodegradation with TiO2 - based catalysts under visible light
[666-669]. However, since metal-based catalysts are not renewable and limited in availability
naturally, as well as expensive to synthesise in bulk, attempts to use organic catalysts have
been tried with mixed success [229, 670]. In this investigation, the ability of the PTF powder
to degrade the 4CP was investigated through a similar procedure as the CA test since, MOFs
have been shown to photodegrade 4CP with great effect [671-673] and so, for renewable
purposes, a COF might be a better alternative.
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To investigate this potential, a mixture of 100mg PTF powder was added to 100ml, 50ppm of
4CP and then magnetically stirred within a glass water chamber, surrounded by a cold-water
jacket and sealed with a fully opaque lid containing the light source in the underside, in the
same setup as Figure 7.2. After this, the mixture was then irradiated under FRV light (at 80%
light intensity), with a filtered-syringe inserted through the holes within the lid and used to
extract 5ml of this solution every hour in order to test the colour change in the Lambda 25
UV-Vis spectrometer before replacing it back into the main solution, to keep the volume
constant before continuing the reaction. The purpose of this colour change was to identify
degradation of the 4CP in the form of a band gap shift. Several additional samples containing
100mg of dried PTF powder added to 100ml, 50ppm of 4CP were also prepared but tested
under: dark conditions (used as a control), 450nm (80% light intensity), 627nm (80% light
intensity) and UV light (80% light intensity).

7.2.3.3 – Silver Nitrate Test
Whilst most carcinogenic and toxic chemicals are regulated in water sources, such as 4CP
and CA, silver nitrate (AgNO3) is unregulated by EPA [674]. AgNO3 is very toxic and
corrosive [675], and high doses can result in skin burns and a condition called Argyria with
potential carcinogenic impacts [676] - although these impacts are found to be more associated
with colloidal Ag. Although Ag nanoparticles have been shown to be extremely good
antimicrobial materials [677, 678], their presence in waste water has been shown to be
environmentally unfriendly in large quantities [679]. Existing attempts to remove Ag ions
from waste water include: ion flotation [680], which is a separation technology used to
recover metal ions from dilute aqueous solutions by use of an ionic collector to transport nonsurface active negatively charged ions from a bulk solution to the solution–vapour interface
[681]; and microbial cell use, through utilisation of the freshwater amphipod Hyalella azteca
[682] and the aquatic plant-based Azolla filiculoides [683] as well as other microbes [684,
685]. Existing attempts to use a photocatalyst to remove Ag contaminants from waste water
has involved the use of metal-based materials, with TiO2 the preferred candidate [686-688].
However, a major issue with use of metal-based catalysts is their non-renewability as well as
potential toxicity issues. To address this issue, pure organic based materials can be used but,
no attempt to use a COF has been attempted yet.
In order to test the removal of Ag in this investigation, three sample vials containing 20mg of
dried PTF powder and 30ml 0.1M of AgNO3 solution, along with a magnetic stirrer each,
were prepared. The three sample vials were then, separately, irradiated for 2hrs under: dark
conditions, FRV light (80% light intensity) and UV light (80% light intensity) at room
temperature (kept constant through use of a water coolant chamber) through the setup
presented on Figure 7.3, which illuminated the samples at the same distance from the light
source, to keep exposure area constant. Following 2hrs of exposure, the PTF solid was then
separated from the AgNO3 solution by centrifugation, before being washed and centrifuged
with DI water half a dozen times, in order to remove all excess AgNO3. The water was then
removed from the surface of the PTF powder through several washes and centrifuges with
ethanol, before further drying on a hot plate at 80oC. These dried PTFs were then tested by Xray photoelectron spectroscopy (XPS) to determine if any Ag had crashed onto the surface of
the PTF.
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7.2.3.4 – Platinization Test
Much like Ag and Au, platinum (Pt) is a rare metal found in sewer waste water [689]. In
addition, much like Ag, extraction of Pt from waste water is extremely useful more so for
applicational values rather than to limit health hazards, since it has been determined that the
presence of Pt in drinking water has cancerostatic properties [690, 691]. Through removal of
this Pt from waste water, in a more cost-effective way, it can be reused in drinking water for
health benefits, utilised for electronic purposes (since Pt is a really good counter electrode in
CV) and even sold for monetary benefits. One common way of extracting Pt from waste
water, much like for Ag, is to use microbes such as halophilic bacterial cells in acidic saline
conditions [692] however, a major issue with use of microbes is their accompanying health
hazards which, in large numbers, could biologically contaminate drinking water and make it
unsafe to drinks. This is also the case for other bacterial-based recovery methods [684, 685].
Another recovery technique is the two-part AquaCat®, as created by Johnson Matthey, which
determines the precious metal content of a spent heterogeneous catalyst using a unique
sampling method before supercritical water oxidation leaves precious metals in their oxide
form due to the carbonaceous material being converted into less noxious compounds [693].
Much like for Ag, photocatalytic recovery of Pt has predominantly been performed by TiO2
under UV light [694], due to its cheapness and availability however, due to non-renewability
and potential toxicity issues, PTFs would be more useful.

Figure 7.3 - Photodegradation reaction setup for PTF + AgNO3 and PTF + H2PtCl6 + Na3C6H5O7
which were irradiated under the light source whilst encased in a black body casing

In order to test the removal of Pt in this investigation, three sample vials containing 8mg of
dried PTF powder each were added to 20ml of a Pt-citrate solution. This solution was
prepared, as described by “Method B” in Mills [565], by refluxing 30mg of chloroplatinic
acid (H2PtCl6) with 30ml of 1% sodium citrate and 120ml of water for 4hrs, at 80oC. As with
the PTF/AgNO3 mixture, the quantity of PTF powder in the solution had to be high enough to
cause a measurable effect, but low enough to keep the mixture translucent. The three sample
vials were then, separately, irradiated for 4 hrs under: dark conditions, FRV light (80% light
intensity) and UV light (80% light intensity) at room temperature (kept constant through use
of a water coolant chamber) through Figure 7.3, which illuminated the samples at the same
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distance from the light source, to keep exposure area constant. Following 4hrs of exposure,
the PTF solid was then separated from the Pt -citrate solution by centrifugation, before being
washed and centrifuged with DI water half a dozen times, in order to remove all excess Pt citrate. The water was then removed from the surface of the PTF powder through several
washes and centrifuges with ethanol, before further drying on a hot plate at 80oC. These dried
PTF products were then tested under XPS to determine if any Pt had crashed onto the surface
of the PTF material.

299 | P a g e

Section 7.3 – Results and Discussion
7.3.1 – Phenolic Triazine Framework Synthesis
with 1,4-Dioxane
By combining C6H6O3, a light-yellow powder, and C3Cl3N3, a white powder, with the
colourless 1,4-dioxane, no observable change in the mixture was recorded prior to and post
vacuum purging and dry N2 flushing. However, upon addition of the white AlCl3 catalyst
powder over an ice bath, the solution instantly changed to a bright yellow colour. This
“yellowing” rate increased proportionally to the temperature of the oil bath, in which the
flask was immersed inside of. Over increased exposure time, the yellow colour darkened (the
rate of which was proportional to the oil bath temperature) to a very dark yellow after an hour
and finally red after several hours or longer. This red colour remained for the duration of the
experiment, 5 days, with the eventual removal of the solution revealing a hard, dark red
coated solid pellet (or pellets) at the bottom of the flask, as presented on Figure 7.4(A).
Through DI water washing, 10% HCl washing and further DI water washing, this hard, dark
red solid was broken down into a dark red powder, as presented on Figure 7.4(B) – which
was then utilised for further characterisation. Through physical observation, not only is this
final product noticeably different to the starting precursors used (indicating a reaction had
been initiated) but both the observable texture and colour corresponds to the acquired hard
dark red HCP in existing literature [37, 632].

Figure 7.4 - (A) The PTF immediately after reaction completion, compared to a magnetic stirrer of
20mm length. (B) The ground PTF pellets, after separation and purification, synthesised at
temperatures between 40oC-80oC with 1,4-dioxane solvent.

7.3.1.1 – Reaction Mechanism
From the expected reaction depicted on Figure 7.1 [37], FCA of C3Cl3N3 and C6H6O3 with
1,4-dioxane is still expected to form a solid covalent organic structure i.e. PTF and a Cl based by-product. As depicted on Figure 7.5, this by-product is likely to be HCl since a
gaseous product was observed to form during the reaction, and no Cl was found on the PTF
from the XPS survey spectra on Figure 7.8(A). The nature of the PTF product corresponds to
HCP 2,4,6-tris(2,4,6-trihydroxyphenyl)-1,3,5-triazine due to the aryl-aryl coupling between
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the N-rich C3Cl3N3 and the C6H6O3 – which is dissimilar to sp3 containing HCPs [632].
Through solid state nuclear magnetic resonance (SSNMR), the reaction responsible for the
synthesis of the product was found to be an electrophilic aromatic substitution procedure, via
a mechanism presented on Figure 7.6 [38]. It is a plausible theory that this reaction
mechanism, or a mechanism very similar to this, is what results in the synthesis of the PTF
product in this investigation. To confirm that the PTF structure is 2,4,6-tris(2,4,6trihydroxyphenyl)-1,3,5-triazine (better known as CTF-0), structural and chemical
characterisations of the PTF samples, synthesised at various temperatures as presented on
Figure 7.4(B), were performed.

Figure 7.5 - The reaction between C3Cl3N3(s) and C6H6O3(s), with AlCl3 catalyst (s) and 1,4-dioxane
solvent (aq) is expected to produce the solid PTF organic structure as well as HCl (g) by-product.

Figure 7.6 - A possible reaction mechanism for the electrophilic aromatic substitution reaction
between C6H6O3 and C3Cl3N3. (a) The C3Cl3N3 complexes with the Lewis acidic AlCl3 (b) which
results in the removal of the Cl by the catalyst to leave an electrophilic acylium ion (c) and so,
nucleophilic attack of this ion by the p orbital electrons of the C6H6O3 occurs. (d) Upon undergoing
proton loss to regain aromaticity, HCl gas forms consequently to complete a single triazine-phenol
bond forming the PTF structure [38].
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7.3.1.2 – Material Characterisation
7.3.1.2.1 – Structural Characterisation
Through use of powder X-ray diffraction (XRD) (Figure 7.7(A) and in the Appendix, Figure
9.58), the PTFs all exhibited intense narrow peaks between 1-2° 2θ, which could elude to the
materials mesoporous nature however gas adsorption isotherms are more useful for obtaining
this information [695]. Additionally, this peak could also contain information with regards to
the materials pore sizes, although small angle X-ray scattering (SAXS) would be a better
technique to calculate this [695]. This low angle peak could be further impacted by X-ray
scattering effects, which can be removed via SAXS but not from this technique. XRD also
showed broad peaks cantered at 20-27° 2θ and 44° 2θ. These broad peaks indicate that the
material is semi-crystalline, without long range order, but with increasing synthesis
temperature resulting in increasing crystallinity and long-range ordering, as represented by
the peak at 24-27° 2θ becoming more defined (the most defined being for PTF 80). This
semi-crystalline state is common in polymers, due to the presence of both semi-ordered and
amorphous crystallites, with the semi-ordered region composed of connected crystallites,
comprised of large domains with 3D long range periodicity or smaller, short-range domains
of a few molecular units in length [696]. This XRD pattern is analogous with the broad peaks
corresponding to [002] and [101] planes of graphite, as found in amorphous C (aC) [697].
However, as determined from Raman spectroscopy with laser wavelengths 514.5nm (Figure
7.7(D) and Appendix, Figure 9.60) and 785nm (Figure 7.7(E) and Appendix, Figure 9.61),
this structure is slightly different to pure graphite and N- doped graphite (which has more
defined peaks) and similar to the structure of GCN and related materials [32, 698], as a
consequence of the asymmetric peak between 1200cm-1 and 1750cm-1 being found in GCN.
This peak is a convolution of the graphite related G and D vibrational modes, in the same
manner as GCN, and so forms irrespective of whether the material is highly crystalline or not
[698]. Upon determining the D to G intensity (ID and IG) ratio, where the position of the G
peak was close to 1550cm-1 and the position of the D peak was close to 1400cm-1, ID/IG=0.31
at 40oC on Figure 7.7(D), with the value approaching 0.6 as temperature was increased,
similar to 0.51 calculated for GCN [32]. Since the D peak is related to the proportion of sp3C
(tetrahedral bonded), and the G peak is associated with sp2C, the ratio observed in these
graphs is comparative to the CTF-0 expected ratio [267, 699]. The D band decreasing in
intensity for higher temperatures, which corresponds to the increase in C/N, confirms that the
amount of N in the PTF is reduced at higher temperatures, since the intensity of the D band
corresponds to the number of defects in the system. The enhanced broadness of this peak, in
comparison to TGCN, is likely a consequence of the O in the phenol part of the structure, as
supported by XPS (Figure 7.8), attenuated total reflectance IR (ATR-IR) spectroscopy
(Figure 7.7(B)), CHN analysis (Appendix, Table 9.41) and Raman spectroscopy through use
of a 325nm (UV) laser as presented on Figure 7.7(C) and Appendix, Figure 9.59 [115, 287289, 416]. Through the UV wavelength laser, defined peaks resembling doped graphene were
observed with the most intense peaks at 1573-1594cm-1 and 1366-1375cm-1 corresponding to
the G and D vibrational bands respectively. The presence of O is supported by the defined
peaks forming at 1251-1263cm-1 and 1078-1090cm-1, with the peak at 588-596cm-1
confirming the presence of Cl in the form of C-Cl, suggesting that not all the Cl in the
C3Cl3N3 was substituted. The PTF is shown to be like GCN through Raman spectroscopy
with XRD further supporting the presence of layered 2D sheets, with the presence of two
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convoluted peaks between 20-27° 2θ. This is based on the study by Conn et al. [37], who
found that the bonding of the phenolic OH groups with the N in the s-triazine structure forms
a conjugated H bonded network, which increases planarity and conjugation of the entire PTF
network, thus favouring the formation of a 2D sheet-like polymer [37, 700].

Figure 7.7 - PTF synthesised at 40oC-80oC with 1,4-dioxane, characterised by (A) XRD, between 050o 2θ; (B) ATR-IR spectroscopy, between 500-4000cm-1; (C-E) and Raman spectroscopy at (C)
314.5nm wavelength between 300-2000cm-1, (D) 514.5nm wavelength between 300-3000cm-1 and (E)
785nm wavelength between 300-3000cm-1.

Furthermore, from the XRD pattern, the peak at 24-27° 2θ was found to be associated with
the s-triazine part of the PTF structure, as supported by the presence of a sharp peak at
775cm-1 by ATR-IR spectroscopy on Figure 7.7(B). This peak corresponds to a d-spacing
between 0.33 - 0.37nm, which is very close to the [002] peak d spacing of GCN (0.324nm),
graphite (0.335nm) and CTF-0 (0.33nm), with the slightly larger value most likely associated
with the interaction between the O -containing aromatic phenolic group and carboxylic group
with the s-triazine group, as determined from XPS (Figure 7.8) and ATR-IR spectroscopy
(Figure 7.7(B)) [4, 30, 102, 109, 115, 316, 317, 701, 702]. The influence of O is also
represented by a second feature at 22-23° 2θ (corresponding to a d-spacing between 0.3860.404nm), which diminishes in intensity with respect to the peak at 24-27° 2θ as temperature
is increased. From ATR-IR spectroscopy and XPS, along with the XRD peak at 43° 2θ, the
peak at 22-23° 2θ is likely associated with a -OH terminating group bonded to a benzene
structure, since these two peaks are analogous to the [002] and [100] features found in
reduced graphene oxides (rGO) [703-706]. A final feature of note is with regards to PTF
80oC, which exhibits a peak at 5-6° 2θ, with an interlayer spacing of 14.7-17.7nm being
ascribed to intercalated 1,4-dioxane solvent - although this is larger than that found for
intercalated water and methanol in GO, of interlayer spacing 0.5-0.9nm [707]. As such, this
intercalation is unlikely. Due to all of the samples containing Cl , and only PTF 40oC
containing traces of Al , the impact of these contaminations is also unlikely – with the Al
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impact further negated by the XRD patterns exhibiting no peaks at 14° 2θ, which is
associated with a crystalline phase formation by the material coordinating with remaining Al
species - a feature visible in the CTF material coordinating with excess Zn catalyst [320].

Figure 7.8 - PTF synthesised at 40oC-80oC with 1,4-dioxane, characterised by XPS showing: (A)
survey spectra, (B) element atomic (%), and high resolution (C) C1s, (D) N1s and (E) O1s spectra.

7.3.1.2.2 – Chemical Characterisation
With regards to chemical characterisation, it was determined from the XPS survey spectra, on
Figure 7.8(A & B), that all the PTF samples were composed of C, N and O primarily – all of
these being expected components of the CTF-0 structure [37]. However, there was trace Al
and Cl contribution in PTF 40oC indicating the presence of excess AlCl3 – but only trace Cl
contribution in the other samples, indicating that the reaction had not gone to completion at
40oC. This suggests that the samples contained an organic Cl contamination such as HCl, or
unreacted C3Cl3N3.
To determine if excess C3Cl3N3 was present, as well as strengthening the support for the PTF
being CTF-0, high resolution XPS analysis of the C1s, N1s and O1s spectra was performed
for the PTF samples at synthesis temperatures of: 40oC, 50oC, 60oC, 70oC and 80oC. In all
these high-resolution spectra, the samples synthesised at all the recorded temperatures appear
to have the same chemical constituents but in differing ratios, indicating potentially different
stages of reaction completion. For all the samples, five or six environments were observed in
the C1s spectra on Figure 7.8(C), as detailed on Figure 7.9 and in the Appendix on Table
9.38, and these were associated with several features. Firstly, a shake-up peak at 290.4–
290.5eV, whereby this peak is very commonly found in aromatic C -based structures - a
feature supported by the presence of an asymmetric peak between 90-110ppm (peak ii) in the
13
C CPMAS SSNMR spectra on Figure 7.12(B) and Figure 9.62 on the Appendix, indicating
a merged peak, with the main peak at 98.7ppm associated with an aryl-aryl C environment
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and the slight shoulder at 95.2ppm associated with a protonated aryl C environment. The
significance of the 95.2ppm peak indicates that the phloroglucinol may be reacting at the 2,4
and 6-positions with cyanuric chloride as presented on Figure 7.6. Narrowing of this merged
peak in the 13C NQS SSNMR spectra on Figure 7.12(C) and Figure 9.63 in the Appendix
suggests that some protonated aryl carbon environments may be retained. Then, from XPS,
environments at 287.5–287.6eV are likely associated with s-triazine, with C-O or C-N
terminating groups (such as C-OH or C-NH2) present at 286.6–286.7eV. Heterocyclic C and
adv C are associated with the peak at 284.7–284.8eV, whereby the heterocyclic group is
present in CTF-0 whilst the contribution of adv C is likely contamination based. Finally, OC=O bonds at 289.0–289.3eV, which is likely associated with a terminating carboxylic group
and, due to not being found in CTF-0, a potential contaminant [30, 37, 138, 161172, 181,
190]. Through analysis of the 13C CPMAS SSNMR spectra, the C bonds within the phenol
and s-triazine structures is determined through the presence of a broad peak between 140200ppm (peak iii) whereby this large peak has five merged peaks. This peak is also
associated with the main proton spectra on Figure 7.12(A) between 5-20ppm with the peak at
2ppm likely associated with water. The environments associated with the broad peak between
140-200ppm are likely associated with: =C(H)-C(OH)=C(H)-, =C(OH)-C(H)=C(OH)-,
=C(OH)-C(s-triazine)=C(OH)-, -N=C(phenol)-N= and =C(phenol)-N=C(phenol)- bonds.
Whilst the lowest intensity peaks on peak (iii) are likely associated with =C(OH)-C(striazine)=C(OH)- and -N=C(phenol)-N=, the quantity of other three environments are
roughly the same. Unlike for peak (ii), The feature at 20ppm (peak i) on Figure 7.12(B & C)
is likely associated with C-NH2 or C-OH terminating groups [31, 37, 416, 708].

Figure 7.9 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution C1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.

305 | P a g e

Figure 7.10 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution N1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.

In the N1s high resolution XPS spectra presented on Figure 7.8(D), all of the PTF samples
had two environments present as detailed on Figure 7.10 and in the Appendix on Table 9.39:
C=N (398.9–399.0eV) and C-NH2 (400.3–400.4eV) whereby both of these bonds are striazine associated. The presence of s-triazine is also supported by ATR-IR spectroscopy
where, for all the PTF samples, a sharp peak is found at 815cm-1 which corresponds to striazine [30, 102, 115, 212]. Further support is also gained from 15N CPMAS SSNMR
analysis on Figure 7.12(D) and in the Appendix, Figure 9.64, where the single peak between
120-160ppm is associated with N in a s-triazine environment [37, 416, 708]. Since the peak is
very broad, with some asymmetry, there are likely multiple environments present - as
expected from XPS. Additionally, from ATR-IR spectroscopy (Figure 7.7(B)), small defined
peaks between 1500-1720cm-1 is likely related to C=N/C=O/C=C bonding i.e. carbonyl
groups closer to 1720cm-1, with C-O and C-N groups found between 1000-1500cm-1. For the
O1s high resolution XPS spectra presented on Figure 7.8(E), a further two peaks are found, as
detailed on Figure 7.11 and in the Appendix on Table 9.40, which correspond to the
terminating C-OH bond at 533.0–533.1eV and the terminating O-C=O bond at 531.4–
531.6eV. The presence of the terminating O-C=O group is supported by the very broad
feature in the ATR-IR spectroscopy spectra between 2000-3500cm-1, whereby the jaggedness
of this peak implies the presence of unsaturated bonds, along with the broadness suggesting
potentially a carboxylic group HO-C=O. The presence of a terminating C-OH group,
associated with phenol, is supported by the presence of a very small bump at 3500cm-1, with
the small bump just below 3000cm-1 associated with C-H stretch. As a result of the region
close to 3300cm-1 not being smooth, the presence of a secondary amine is also unlikely [37,
217, 709].
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Figure 7.11 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution O1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC.

Figure 7.12 - SSNMR spectra of PTF synthesised at 40oC-80oC with 1,4-dioxane showing (A) 1H
chemical shift (ppm), (B) 13C CPMAS chemical shift (ppm), (C) 13C NQS chemical shift (ppm) and
(D) 15N CPMAS chemical shift (ppm) information.
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From XPS, C/N between 5.3-6.7 was calculated for the PTF samples on Table 7.1(A) with
C/O between 2.6-3.0 as detailed on Table 7.1(B). Whilst the distribution of C/O appeared to
be independent of the synthesis temperature, C/N was much lower for PTF 80oC and PTF
40oC (whereby Al contamination was present). These values indicate that for increasing
synthesis temperature, C/N increased gradually whilst C/O remained relatively constant – a
feature also observed upon depth profiling the powders. Following this depth profiling, both
ratios increased by +2.0 or greater for all the samples indicating that the surface has a higher
N and O content when compared to the bulk. When compared to the ratios of CTF-0 [37],
C/O was found to be slightly less than the accepted value of 3, due to the presence of excess
O in the form of the carboxylic group. The presence of excess O is also confirmed via CHN
(Appendix, Table 9.41) whereby, for all the PTF samples, C/O <2 was obtained. C/N,
expected to be 3, was much greater in XPS by more than double, with the CHN calculated
C/N being closer to 5 but still larger than the expected model. This indicates that either there
is a higher than expected content of C or that the amount of N in the sample is much less. The
former is possible since there is a high content of adv C, based on high resolution C1s
analysis as well as the additional peaks in ATR-IR spectroscopy between 1000-1500cm-1.
However, since the bulk PTF has higher ratios than the surface, this is unlikely to be the only
reason. Based upon the carbonisation and graphitisation of GCN under high energy ion gun
etching [310], the increase in the ratios may be due to the 1keV ion beam graphitising the
PTF sample upon extended exposure, which would explain why the ratios continue to
increase for further etch cycles.
Table 7.1 - XPS of PTF samples synthesised at between 40-80oC with 1,4-dioxane and depth profiled
by using a 1keV mono Ar ion gun showing (A) C/N and (B) C/O ratios.

7.3.1.2.3 – Electronic Characterisation
Through UV-Vis spectroscopy, as presented on Figure 7.13(B), the direct optical band gap
was observed to range between from 2.0-2.3eV for PTF 40-80oC. This direct band gap was
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found to be much higher than the 1.73eV measured for the GCN films discussed in Chapters
4 and 5 of this report [32] and the 0.7eV found for narrow bandgap COFs [710] but much less
than the N -rich TGCN band gap of 2.77–2.82eV [711] as well as the ideal C3N4 TGCN
bandgap of 2.7eV [30, 32, 156]. This low band gap is likely associated to the presence of O
which, for GO, results in a wider band gap of tuneable range from 1-3eV [712].
From XPS valence band analysis on Figure 3.10(A), the valence band minimum (VBM) for
all PTF materials was close to 2.3eV, indicating that the PTF is a very strong n-type
semiconductor. This is expected as a result of high N and O content in the sample. In
addition, this VBM does not vary with temperature indicating that the temperature most
likely influences the Fermi level directly, supported the variation in the band gap observed
from the UV-Vis spectra.

Figure 7.13 - (A) XPS valence band analysis and (B) UV-Vis spectroscopy, post Kubelka-Munk
transformation, of the PTF synthesised at 40oC-80oC with 1,4-dioxane.

7.3.1.2.4 – Summary
In summary, through XRD and Raman spectroscopy, the materials are shown to be semicrystalline and CN-like, with additional crystallinity and long-range order observed for PTF
synthesised at higher temperatures. The presence of several peaks in XRD, as well as
supporting evidence of UV Raman spectroscopy, signifies that the PTF is composed of two
structures – a phenolic and a s-triazine structure. Based upon XPS survey analysis, this PTF
material is found to be composed of C, N and O with H also found via CHN however, there is
also some Cl and Al contamination in all the samples. Through XPS high resolution analysis,
along with ATR-IR spectroscopy and SSNMR, the PTF structure CTF-0 is the expected
model with potential contamination in the form of a carboxylic group. The higher than
expected C/N is likely associated with the presence of adv C (which could not be removed
through 1keV mono ion beam etching) which increased in value for increasing synthesis
temperatures. Lastly, because of the 2.0-2.3eV bandgap, coupled with the high content of H
as determined from CHN analysis, the PTF material is a likely candidate for use as a visible
light photocatalyst.

7.3.1.3 – Material Application
In order to test the visible light photocatalyst properties of the PTF material, several tests
were performed to test its photodegradation properties as well as to determine the materials
stability and porosity.
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7.3.1.3.1 – Porosity Test
As discussed in the beginning of this chapter, micro porosity and N content of organic
polymers have been shown in literature to play a significant role for the selective capture of
CO2 at ambient pressures [37, 352, 631-635]. However, upon BET analysis of the PTF
material as presented on Table 7.2 and in the Appendix, Figure 9.66, none exhibited any
measurable surface area, which contrasts the argument presented by the XRD pattern in the
Appendix, Figure 9.58(B), which shows evidence of a peak at 1-2° 2θ. This contrasting
information might indicate that the PTF materials are only porous in the ultra-micropore
region <0.7nm [352, 631] however, to completely confirm this, gas adsorption isotherms
(BJH analysis) would have to be performed since, unlike BET analysis, BJH analysis can
perform mesoporous determination of multi-layered surfaces (which was difficult to confirm
the presence of for the powders through SEM and TEM since the beam kept destroying the
samples under immediate exposure), and not just monolayers.
Table 7.2 - BET analysis of the PTF synthesised at 40oC-80oC with 1,4-dioxane, presenting
information on specific surface area (m2g-1) and total pore volume (cm3g-1)

7.3.1.3.2 – Thermal Stability Test
Thermogravimetric analysis (TGA) of the PTF materials revealed them increasing in stability
at higher synthesis temperatures, with 40% of the PTF 40oC material retained up to 1000oC,
and 50% of the PTF 80oC material retained as presented on Figure 7.14(A). This increased
stability corresponds to the apparent increase in crystallinity, as determined by XRD, and the
presence of s-triazine, which is supported by the impact of s-triazine on the stability of GCN
[109, 110, 132]. Additionally, the PTF 40oC material was found to contain the highest content
of OH bonds, as based on ATR-IR spectroscopy, thus reduced the greatest in mass up to
200oC (confirming it potentially contained the most water or ethanol contamination from the
washing step).

Figure 7.14 - TGA analysis of the PTF synthesised at 40oC-80oC with 1,4-dioxane showing change in
weight (%) as a function of (A) sample temperature (oC) and (B) time (s).
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7.3.1.3.3 – Cinnamic Acid Photodegradation Test
Prior to adding the PTF powder to the CA, the stability of this acid was first tested under UV
light (80% intensity) and, as presented in the Appendix on Figure 9.67, it was found to be
relatively stable although the peak at 280nm increased in intensity as presented on Figure
7.15. This indicates that the concentration of the PTF powder increased due to acid loss
during the transfer process from the mixture in Figure 7.2 to the Lambda 25 testing cuvette.
By observation, the colourless CA remained colourless with no other visible change to the
solution.

Figure 7.15 - CA photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
change in 280nm peak intensity as a function of measurement runs at different light conditions.

After adding the PTF powder to the CA, the solution immediately became red. After this, as
presented on Figure 7.16(A), a dark run of the CA+PTF mixture was performed for 5hrs and,
as determined on Figure 7.15, the peak intensity of the absorbance spectra began to reduce
for the first 2hrs but then stabilised after this. This indicates that there might be some
chemical interaction between the PTF and CA in the beginning, which is supported by the
solution becoming a darker red, indicative of chemical changes most likely due to the PTF
breaking down upon interaction with the acid.
After this, the mixture tested in Figure 7.16(A) was then irradiated under FRV light (80%
intensity) and, as presented on Figure 7.16(B), the intensity of the peak was immediately
observed to decrease indicating that the PTF material was using visible light to degrade the
CA. Through investigation of specific visible wavelengths of: 450nm, as presented on Figure
7.16(D), and 627nm, as presented on Figure 7.16(E), the 450nm wavelength was found to
contribute to the largest CA peak intensity reduction, as observed on Figure 7.15. This is
expected since 627nm is associated with red, in the visible spectrum, and the PTF powder is
red in colour thus will absorb the 627nm light and not the 450nm blue light. The 627nm
wavelength light did result in photodegradation however, the rate was much less than the
450nm. This was confirmed after exposing the mixture used on Figure 7.16(E) to FRV light
as presented on Figure 7.16(F), whereby the CA peak intensity continued to decrease at the
same rate for 5hrs. Since the rate of decrease is consistent over a longer period than that
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observed in the dark run, there is definite observation of visible active photodegradation
however, due to the colour change, the PTF is very likely breaking down thus not a good
catalyst.

Figure 7.16 - CA photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
absorption spectra of the solution under: (A) dark exposure for 5hrs, (B) FRV light (80% intensity)
exposure for 5hrs, (C) 365nm light (80% intensity) exposure for 6hrs, (D) 450nm light (80%
intensity) exposure for 3hrs, (E) 627nm light (80% intensity) exposure for 5hrs followed by the same
sample being irradiated under (F) FRV light (80% intensity) exposure for 5hrs.

Exposure of the mixture to 365nm (UV) light, as presented on Figure 7.16(C), resulted in a
decrease of the CA peak for a first 2hrs however, much like the dark run, after 2hrs the peak
intensity remained stable and this is likely due to the PTF not being a UV-activated catalyst.
The initial decrease was most likely due to sample degradation - a common feature found
throughout the scans.

7.3.1.3.4 – 4-Chlorophenol Photodegradation Test
The next photodegradation test performed was for 4CP and, as presented on Figure 7.17(A),
addition of the PTF powder and exposure under dark conditions for 5hrs revealed a very
observable decrease in peak intensity. This decrease was much more profound than that
observed with CA on Figure 7.16(A) indicating that the chemical interaction between 4CP
and PTF was much stronger. In addition, as presented on Figure 7.17(B), exposure under
FRV light (80% intensity) resulted in a decrease of the peak intensity however, this decrease
was at a slower rate than the dark run indicating that the reaction did not work due to the PTF
material not being stable or the 4CP being stabilised under visible light. Observation of a
rapid darkening of the PTF+4CP mixture indicated that the PTF material being chemically
altered was the most likely reason for this failed test.
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Figure 7.17 - 4CP photodegradation test of the PTF synthesised at 80oC with 1,4-dioxane, showing
absorption spectra of the solution under: (A) dark exposure for 5hrs and (B) FRV light (80%
intensity) exposure for 5hrs.

7.3.1.3.5 – Silver Nitrate Test
In order to determine the impact of PTF on Ag+ removal, after performing the reaction as
specified on Figure 7.3 under various light conditions, the PTF powders were then separated
from the solution, washed many times with DI water to remove excess 𝑁𝑂3− , and then
characterised with XPS to determine the presence of Ag.
As presented on Figure 7.18(A), all the samples contained measurable Ag3d peaks post PTF
separation and washing. Since the dark run, as presented in the Appendix on Table 9.42(A),
has 1.24at% of Ag3d present, this supports the results in the CA and 4CP run where the PTF
appears to react chemically with the AgNO3 thus not behaving as a catalyst. In addition, as
presented in the Appendix on Tables 9.42 (B & C), only 1.36at% Ag3d was measured
following the FRV run, whereas 2.83at% was measured following the UV run, indicating that
the PTF influence on the AgNO3 was more influential under UV conditions. This contrasts to
the results of the CA and 4CP test that show that PTF is a visible light active material.
In order to determine if there was a substitutional reaction, as opposed to ion embedding,
occurring between the AgNO3 and PTF, presence of Ag(0) was measured through acquisition
of high resolution Ag3d spectra. For the dark run, as presented on Figure 7.18(B) and detailed
in the Appendix on Table 9.43(A), about 29at% of the total Ag3d composition was from
Ag(0), which was slightly less than the 30at% measured for the FRV run on Figure 7.18(C)
and detailed in the Appendix on Table 9.43(B). This indicates that FRV light had very little
impact on initiating a chemical interaction between the PTF and AgNO3. In contrast, the UV
run obtained sample contained 39at% Ag(0), as presented on Figure 7.18(D) and detailed in
the Appendix on Table 9.43(C), which indicates that the UV light source promoted chemical
interaction between the PTF and AgNO3, leading to PTF destruction as represented by the
darkening mixture. Under all three light conditions, the content of Ag+ (from AgNO3)
remained unchanged with about 33-34at% content indicating that the embedding of Ag+ into
the PTF was not a photoactive driven process.
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In summary, the PTF material showed little evidence of being a visibly active photocatalyst,
with regards to Ag+ removal, and appeared to be very unstable due to Ag(0) presence under
the dark run, which was further impacted by the UV light source indicating that the PTF was
chemically interacting with the AgNO3.

Figure 7.18 - Ag+ removal with the PTF synthesised at 80oC with 1,4-dioxane, showing (A) XPS
survey spectra for the reaction after 2hrs under UV, FRV and dark conditions in addition to high
resolution XPS Ag3d spectra for (B) dark conditions, (C) FRV conditions and (D) UV conditions post
PTF powder removal and cleaning.

7.3.1.3.6 – Platinization Test
Upon determining the PTF samples ability to remove Pt under various light conditions, it was
found that the PTF responded very poorly. As presented on Figure 7.19, whilst a high content
of C, N and O were present, as detailed in the Appendix on Table 9.44, which represented the
PTF sample with respect to C/N and C/O values, no evidence of Pt was observed. However,
despite washing intensely with DI water, high levels of Na were obtained which indicated
that there was Na intercalation occurring - more intensely under FRV and UV light
conditions. Due to the values of C, N and O matching that for unreacted PTF samples, as
presented on Figure 7.8(A & B), it is unlikely that the source of this Na is from residue
Na3C6H5O7. Based on these results, whilst PTF is a poor material for use in Pt extraction, it
has potential as a good material for Na intercalation and, therefore, for charge storage
applications.
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Figure 7.19 - Pt removal with the PTF synthesised at 80oC with 1,4-dioxane, showing XPS survey
spectra for the reaction after 4hrs under UV, FRV and dark conditions.

7.3.2 – Phenolic Triazine Framework Synthesis
with 1,2-Dichlorobenzene
By combining C6H6O3, a light-yellow powder, and C3Cl3N3, a white powder, with the
colourless 1,2-dichlorobenzene, no observable change in the mixture was recorded prior to
and post vacuum purging and dry N2 flushing. However, upon addition of the white AlCl3
catalyst powder over an ice bath, a slow emission of a yellow vapour/liquid was observed
emanating from the powder-solvent interface at a rate slower than that observed with 1,4dioxane. This “yellowing” rate increased proportionally to the temperature of the oil bath, in
which the flask was immersed inside of. Over increased exposure time, the yellow colour
darkened (the rate of which was proportional to the oil bath temperature) to a very dark
yellow after an hour and finally red after several hours. This colour remained for the duration
of the experiment, 5 days, with the eventual removal of the solution revealing a powder at the
bottom of the flask. Through DI water washing, in order to neutralise the solution, two layers
of solvent were formed following observation of a white fume being released (likely HCl)
with a transparent red colour at the bottom and a thick yellow colour resting on top. Two
layers were formed since 1,2-dichlorobenzene is insoluble in water and, being denser, is
likely to have been the bottom solution. After several DI water washings to completely
neutralise the mixture, ethanol was added to the mixture in order to remove the 1,2dichlorobenzene which resulted in observation of orange powder. These powders were then
rewashed in DI water, 10% HCl, more DI water and then ethanol, and then observed to
become redder in colour - although becoming more orange/yellow at higher synthesis
temperatures.
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7.3.2.1 – Material Characterisation
Despite the reagents and catalyst used being the same as in existing literature [37, 305], the
use of a different solvent (one which has never previously been investigated for this reaction),
is still expected to give a reaction mechanism that is still similar between the two processes.
To confirm this, several characterisation techniques were used.

7.3.2.1.1 – Structural Characterisation
Due to 1,2-dichlorobenzene having a higher boiling point, a wider range of temperatures
could be used in order to synthesise the PTF powders. This was beneficial since the PTF
synthesised with 1,4-dioxane at the highest temperature of 80oC was found to be the most
crystalline. However, due to 1,4-dioxane's lower boiling point, temperatures above 80oC
could not be safely investigated.
To determine the reliability of this statement for the PTF synthesised with 1,2dichlorobenzene, XRD patterns of the PTF powders synthesised at different temperatures was
first performed. As presented on Figure 7.20(A), the acquired XRD patterns for the 1,2dichlorobenzene PTF samples shows a convoluted peak between 20-27o 2θ which appears to
match the convoluted peak on the XRD patterns for the PTF powders formed from 1,4dioxane, as presented on Figure 7.7(A).

Figure 7.20 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by (A) XRD,
between 4-60o 2θ; (B) ATR-IR spectroscopy, between 400-4000cm-1; (C-E) and Raman spectroscopy
at (C) 314.5nm wavelength between 300-3000cm-1, (D) 514.5nm wavelength between 300-3000cm-1
and (E) 785nm wavelength between 300-3000cm-1.
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This sharp but convoluted peak indicates a crystalline material with amorphous features, that
is more crystalline at lower temperatures, even more so than the PTF 80oC sample
synthesised with 1,4-dioxane. This overall semi-crystalline structure is common in polymers,
due to the presence of both semi-ordered and amorphous crystallites, with the semi-ordered
region composed of connected crystallites, comprised of large domains with 3D long range
periodicity or smaller, short-range domains of a few molecular units in length [696]. This
XRD pattern's peaks appear to represent the [002] and [101] planes of graphite, as found in
amorphous C (aC) [697] except that the Raman spectra with laser wavelengths: 314.5nm
(Figure 7.20(C)), 514.5nm (Figure 7.20(D) and 785nm (Figure 7.20(E)) shows an asymmetric
peak between 1200cm-1 and 1750cm-1 common for GCN and related materials, as opposed to
graphite and N-doped graphite [32, 698]. This peak is a convolution of the graphite related G
and D vibrational modes, in the same manner as GCN, and so formed irrespective of whether
the material is highly crystalline or not [698]. Upon determining the D to G ratio, where the
position of the G peak was close to 1550cm-1 and the position of the D peak was close to
1400cm-1, ID/IG=0.4 at 40oC on Figure 7.20(D) with the value remaining relatively unchanged
as temperature was increased, suggesting that the percentage of defects in the system
remained unchanged. This value is lower than the 0.51 calculated for GCN [32] and different
to the ratio of both the PTF synthesised with 1,4-dioxane on Figure 7.7(D) and the CTF-0
expected ratio [267, 699]. Although it could be that temperature does not influence the PTF
material (which is not supported by XRD), the impact of a changing peak ratio for the red
laser on Figure 7.20(E) seems to indicate that the changing temperature is influencing the
PTF powder synthesised with 1,2-dichlorobenzene, differently to how the temperature was
influencing the PTF powder synthesised with 1,4-dioxane - indicating that the two PTF's are
different chemically and structurally. This difference is eluded to on Figure 7.20(C) where
the UV Raman spectra shows no additional peaks - which was found on Figure 7.7(C) to
support the presence of a phenolic group - as well as it being shown to be extremely noisy.
This is indicative of the presence of a chemical bond that absorbs UV wavelengths such as CCl, which could indicate that there is either some 1,2-dichlorobenzene remaining in the
sample or that the reaction has not gone to completion. This incompletion is possible since
AlCl3 is not soluble in 1,2-dichlorobenzene and, based on existing Friedel-Crafts theory,
AlCl3 is only an effective catalyst for these reactions if it is in solvent form [641]. Since AlCl3
is unlikely to have dissolved into 1,2-dichlorobenzene, it is very possible that not all the Cl in
the C3Cl3N3 was replaced. This is further supported by the higher presence of Cl on Figure
7.21(A & B) than found on Figure 7.8(A & B). The lack of Al on Figure 7.21(A & B) and
Figure 7.20(A), where no peak is observed at 14° 2θ [320], further implies that this Cl
contribution is also most likely in the form of a C-Cl bond. Despite no evidence from Raman
spectroscopy, the broadness of the D band is likely a consequence of the O in the phenol part
of the structure, as supported by XPS (Figure 7.21), ATR-IR spectroscopy (Figure 7.20(B))
and CHN analysis (Appendix, Table 9.48) [115, 287-289, 416].
Based on the similarity of the reagents used, synthesis process and reaction conditions, it is
likely that the most intense XRD peak at 25-27o2θ on Figure 7.20(A) is analogous to the most
intense XRD peak at 24-27o2θ on Figure 7.7(A) and is associated with the s-triazine
component of the PTF structure, supported by the presence of a sharp peak at 775cm-1 by
ATR-IR spectroscopy on Figure 7.20(B). This peak corresponds to a d-spacing between 0.330.36nm, which is very close to the [002] peak d spacing of GCN (0.324nm), graphite
(0.335nm) and CTF-0 (0.33nm), with the slightly larger value most likely associated with the
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interaction between the O-containing aromatic phenolic group and carboxylic group with the
s-triazine group [4, 30, 102, 109, 115, 316, 317, 701, 702]. The broader peak between 2223o2θ (corresponding to a d-spacing between 0.386-0.404nm), along with the less intense
peak at 43° 2θ , is likely associated with a OH terminating group bonded to a benzene
structure, since these two peaks are analogous to the [002] and [100] features found in
reduced graphene oxides (rGO) [703-706]. Based on these three peaks alone, the XRD
pattern for the PTF synthesised with 1,2-dichlorobenzene appears to be structurally like the
XRD pattern for the PTF synthesised with 1,4-dioxane however, there were several major
differences. Firstly, as synthesis temperature was increased, unlike for 1,4-dioxane, the
broadness of all peaks increased which indicates that PTF powders became less crystalline at
higher temperatures. This could be due to the higher temperatures thermally decomposing the
samples or the products formed changing with temperature, as supported by the increase in Cl
observed on Figure 7.21(A & B). In contrast to Figure 7.7(A), the phenolic peak at 22-23o 2θ
appeared to increase in intensity at higher temperatures, relative to the s-triazine peak at 2527o 2θ suggesting that the higher synthesis temperatures, with 1,2-dichlorobenzene as a
solvent, might be influencing the formation of the phenolic group instead of the s-triazine
group or, due to the increasing presence of Cl on Figure 7.21(B), suggestive to less Cl in the
C3Cl3N3 being substituted at higher temperatures. Finally, there is a slight peak at 14o 2θ
which could be a result of intercalated 1,2-dichlorobenzene solvent, since the interlayer
spacing of 6.32nm is much larger than that found for intercalated water and methanol in GO,
of interlayer spacing 0.5-0.9nm [707].
This PTF structure was shown to be like GCN through Raman spectroscopy with XRD
further supporting the presence of layered 2D sheets, with the presence of two convoluted
peaks between 20-27° 2θ. This is based on the study by Conn et al. [37], who found that the
phenolic OH group bonding with the N in the s-triazine structure forms a conjugated Hbonded network, which increases planarity and conjugation of the entire PTF network, thus
favouring the formation of a 2D sheet-like polymer [37, 700]. A behaviour present for the
PTF formed with 1,4-dioxane.

7.3.2.1.2 – Chemical Characterisation
With regards to chemical characterisation, XPS analysis was performed in order to determine
the chemical nature of the structure. It was determined from the XPS survey spectra, on
Figure 7.21(A & B), that all the PTF samples were composed of C, N and O primarily – all of
these being expected components of the CTF-0 structure [37]. However, there was high Cl
contribution in all samples but no Al indicating that there was no excess AlCl3 but potentially
the presence of residue 1,2-dichlorobenzene or unreacted/incomplete reacted C3Cl3N3.
To determine if excess C3Cl3N3 was present, as well as determining how similar the PTF
synthesised from 1,2-dichlorobenzene was to the PTF synthesised with 1,4-dioxane, high
resolution XPS analysis of the C1s, N1s and O1s spectra was performed for the PTF samples
at synthesis temperatures of: 40oC, 60oC, 80oC, 100oC and 120oC. In all these high-resolution
spectra, the samples synthesised at all the recorded temperatures appear to have the same
chemical constituents but in differing ratios, indicating different stages of reaction
completion. For all the samples, six or seven environments were observed in the C1s spectra
on Figure 7.21(C), as detailed on Figure 7.22 and in the Appendix on Table 9.45. Firstly,
there is a shake-up peak at 291.3eV–291.5eV, whereby this peak is very commonly found in
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aromatic C-based structures - a feature supported by the presence of an asymmetric peak
between 90-110ppm (peak ii) in the 13C CPMAS SSNMR spectra on Figure 7.25(B) and
Figure 9.68 in the Appendix, indicating a merged peak, with the main peak at 98.7ppm
associated with an aryl-aryl C environment and the slight shoulder at 95.2ppm associated
with a protonated aryl C environment. The significance of the 95.2ppm peak indicates that
the phloroglucinol may be reacting at the 2,4 and 6-positions with cyanuric chloride as
presented on Figure 7.6. Narrowing of this merged peak in the 13C NQS SSNMR spectra on
Figure 7.25(C) and Figure 9.69 in the Appendix suggests that some protonated aryl carbon
environments may be retained. Then, from XPS, environments at 287.5–288.0eV are likely
associated with s-triazine, with C-O or C-N terminating groups (such as C-OH or C-NH2)
present at 286.4–286.7eV. Heterocyclic C and adv C are associated with the peak at 284.5–
284.8eV, whereby the heterocyclic group is present in CTF-0 whilst the contribution of adv C
is likely contamination based. Finally, O-C=O bonds at 289.1–289.6eV, which is likely
associated with a terminating carboxylic group and, due to not being found in CTF-0, a
potential contaminant [30, 37, 138, 161, 172, 181, 190]. Through analysis of the 13C CPMAS
SSNMR spectra, the C bonds within the phenol and s-triazine structures is determined
through the presence of a broad peak between 140-200ppm (peak iii) whereby this large peak
has five merged peaks. This peak is also associated with the main proton spectra on Figure
7.12(A) between 5-20ppm with the peak at 2ppm likely associated with water. The
environments associated with the broad peak between 140-200ppm are likely associated with:
=C(H)-C(OH)=C(H)-, =C(OH)-C(H)=C(OH)-, =C(OH)-C(s-triazine)=C(OH)-, N=C(phenol)-N= and =C(phenol)-N=C(phenol)- bonds. Whilst the lowest intensity peaks on
peak (iii) are likely associated with =C(OH)-C(s-triazine)=C(OH)- and -N=C(phenol)-N=,
the quantity of other three environments are roughly the same. Unlike for peak (ii), the
feature at 20ppm (peak i) on Figure 7.12(B & C) is likely associated with C-NH2 or C-OH
terminating groups. Unlike the 1,4-dioxane PTF CPMAS SSNMR spectra, this PTF sample
shows a peak at 120-140ppm (peak iv) on Figure 7.25(B & C) which increases in intensity
with temperature - much like how Cl increases in at% on Figure 7.21(B) with temperature.
This, along with the broadness of the high resolution C1s spectra on Figure 7.22 indicates
that the peak at 286.4–286.7eV might also have contributions from C-Cl bonds. This might
be in the form of incomplete C3Cl3N3 to s-triazine conversion, since the peak at 20ppm,
associated with C-NH2 terminating groups [31, 37, 416, 708], reduces in intensity compared
to the PTF synthesised with 1,4-dioxane.
In the N1s high resolution XPS spectra presented on Figure 7.21(D), all of the PTF samples
had two environments present as detailed on Figure 7.23 and in the Appendix on Table 9.46:
C=N (398.7–399.0eV) and C-NH2 (400.2–400.5eV) whereby both of these bonds are striazine associated. The presence of s-triazine is also supported by ATR-IR spectroscopy
where, for all the PTF samples, a sharp peak is found at 755cm-1 whereby the location of this
peak corresponds to a s-triazine environment [30, 102, 115, 212]. Further support is also
gained from 15N CPMAS SSNMR analysis on Figure 7.25(D) and in the Appendix, Figure
9.70, where the single peak between 125-170ppm (peak v) is associated with N in a s-triazine
environment [37, 416, 708]. Additionally, from ATR-IR spectroscopy (Figure 7.20(B)), small
defined peaks between 1500-1720cm-1 are likely related to C=N/C=O/C=C bonding i.e.
carbonyl groups closer to 1720cm-1, with C-O and C-N groups found between 1000-1500cm1
. The presence of C-Cl is also likely since there are many more peaks within 1000-1500cm-1
for the PTF sample synthesised with 1,2-dichlorobenzene than with 1,4-dioxane. For the O1s
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high resolution XPS spectra presented on Figure 7.21(E), a further two peaks are found, as
detailed on Figure 7.24 and in the Appendix on Table 9.47, which correspond to the
terminating C-OH bond at 532.7–532.9eV and the terminating O-C=O bond at 531.2–
531.5eV. The presence of the terminating O-C=O group is supported by the very broad
feature in the ATR-IR spectra between 2000-3500cm-1, whereby the jaggedness of this peak
implies the presence of unsaturated bonds, along with the broadness suggesting a carboxylic
group HO-C=O. The presence of a terminating C-OH group, associated with phenol, is
supported by the presence of a very small bump at 3500cm-1, with the small bump just below
3000cm-1 associated with C-H stretch. As a result of the region close to 3300cm-1 not being
smooth, the presence of a secondary amine is also unlikely [37, 217, 709]. On Figure
7.25(D), there is also a very broad peak between 170-250ppm (peak vi) which is not observed
in the 15N CPMAS SSNMR spectra of the PTF synthesised with 1,4-dioxane. The nature of
this peak may be a consequence of Cl presence indicating an incomplete reaction.

Figure 7.21 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS
showing: (A) survey spectra, (B) element at%, and high resolution (C) C1s, (D) N1s and (E) O1s
spectra.
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Figure 7.22 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution C1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.

Figure 7.23 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution N1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.

From XPS, C/N ranging from 6.7 to 12.32 was calculated for the PTF samples on Table
7.3(A) with C/O ranging between 2.47 to 2.85 as detailed on Table 7.3(B). The distribution of
C/O appeared to increase very slightly with the synthesis temperature whilst C/N increased
massively with synthesis temperature, with exception of PTF 120oC. This increase may have
been a result of increasing Cl concentration at increasing synthesis temperatures. This could
also explain why the C/N values were much higher for the PTF synthesised with 1,2321 | P a g e

dichlorobenzene than with 1,4-dioxane. Following depth profiling, C/O increased by >2 for
all the samples, much like on Figure 7.4(B), indicating that the surface has a higher O content
when compared to the bulk. However, C/N seemed to follow an irregular behaviour
increasing and decreasing in content at random. This might be a consequence of a nonuniform N distribution due to an incomplete reaction with C-Cl bonds embedded throughout
the PTF structure. When compared to the ratios of CTF-0 [37], C/O was found to be slightly
less than the expected value of 3, due to the presence of excess O in the form of a carboxylic
group. The presence of excess O is also confirmed via CHN (Appendix, Table 9.48) whereby,
for all the PTF samples, C/O <2 was obtained. C/N, expected to be 3, was much larger in
XPS by more than twice the value, with the CHN calculated C/N being >5 but still larger
than the expected model. This ratio was larger than the C/N value calculated for the 1,4dioxane PTF sample, in the Appendix on Table 9.41, due to the potential presence of Cl as
well as a higher than expected content of C due to the presence of adv C, based on high
resolution C1s analysis as well as the additional peaks in ATR-IR spectroscopy between
1000-1500cm-1. Based upon the carbonisation and graphitisation of GCN under high energy
ion gun etching [310], the increase in C/O may be due to the 1keV ion beam graphitising the
PTF sample upon extended exposure, which would explain why the ratios continue to
increase for further etch cycles. This graphitisation could also explain the rapid changes in
C/N.

Figure 7.24 - PTF synthesised at 40oC-80oC with 1,2-dichlorobenzene, characterised by XPS showing
high resolution O1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
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Table 7.3 - XPS of PTF samples synthesised at between 40-120oC with 1,2-dichlorobenzene and
depth profiled by using a 1keV mono Ar ion gun showing (A) C/N and (B) C/O ratios.

Figure 7.25 - SSNMR spectra of PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene showing
(A) 1H chemical shift (ppm), (B) 13C CPMAS chemical shift (ppm), (C) 13C NQS chemical shift
(ppm) and (D) 15N CPMAS chemical shift (ppm) information.
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7.3.2.1.3 – Electronic Characterisation
Through UV-Vis spectroscopy, as presented on Figure 7.26(B), the direct optical band gap
was observed to range between from 2.0-2.5eV for PTF 40-120oC. This direct band gap was
found to be much higher than the 1.73eV measured for the GCN films discussed in Chapters
4 and 5 and the 0.7eV found for narrow bandgap COFs [710] but much less than the N-rich
TGCN band gap of 2.77–2.82eV [711] as well as the ideal C3N4 TGCN bandgap of 2.7eV
[30, 32, 156]. This low band gap is likely associated to the presence of O which, for GO,
results in a wider band gap of tuneable range from 1-3eV [712] with the wider range a likely
consequence of Cl presence.

Figure 7.26 - (A) XPS valence band analysis and (B) UV-Vis spectroscopy, post Kubelka-Munk
transformation, of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene.

From XPS valence band analysis, as presented on Figure 7.26(A), the VBM for all PTF
materials was close to 2.8-3.0eV, indicating that PTF is a strong n-type semiconductor which
is expected due to the high content of N and O in the sample. However, due to the separation
between the VBM and band gap being larger than that observed on Figure 7.13 for the PTF
synthesised with 1,4-dioxane, this suggests that the PTF in this reaction was less n-type
which is possible with the additional Cl, since Cl is not considered a good n-type dopant in
comparison to N. [713, 714]. In addition, this VBM does not vary with temperature indicating
that the temperature most likely influences the Fermi level directly, supported the variation in
the band gap observed from the UV-Vis spectra.

7.3.2.1.4 – Summary
In summary, through XRD and Raman spectroscopy, the materials are shown to be semicrystalline and CN-like, with reduced crystallinity at higher synthesis temperatures. The
presence of several peaks in XRD, as well as supporting evidence from ATR-IR
spectroscopy, signifies that the PTF synthesised with 1,2-dichlorobenzene is also composed
of two structures – a phenolic and a s-triazine structure. Based upon XPS survey analysis, this
PTF material is found to be composed of C, N and O with H also found via CHN analysis.
However, there is much more Cl in all the samples, but no Al, implying that the reaction has
not gone to completion with potential cyanuric chloride remaining. Through XPS high
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resolution analysis, along with ATR-IR spectroscopy and SSNMR, this PTF structure follows
the same CTF-0 reaction mechanism as determined for the PTF synthesised with 1,4-dioxane.
The higher than expected C/N is likely associated with the presence of adv C (which could
not be removed through 1keV mono ion beam etching) which increased in value for
increasing synthesis temperature. It could also be a result of some Cl not being replaced with
N due to the AlCl3 not being soluble in the 1,2-dichlorobenzene solvent. Lastly, because of
the 2.0-2.5eV bandgap, coupled with the high content of H as determined from CHN
analysis, the PTF material is a likely candidate for use as a visible light photocatalyst
although would potentially perform less adequately than the PTF synthesised with 1,4dioxane.

7.3.2.2 – Material Application
7.3.2.2.1 – Porosity Test
As discussed in the beginning of this chapter, microporosity and N content of organic
polymers have been shown in literature to play a significant role for the selective capture of
CO2 at ambient pressures [37, 352, 631-635]. However, upon BET analysis of the PTF
material as presented on Table 7.4 and Figure 9.72 in the Appendix, none exhibited any
measurable surface area as was the case for the PTF synthesised with 1,4-dioxane with the
slight discrepancy in values a consequence of Cl presence. Once again, this might indicate
that the PTF materials are only porous in the ultramicropore region <0.7nm [352, 631]
however, to completely confirm this, BJH analysis would have to be performed to determine
mesoporosity of multi-layered surfaces.
Table 7.4 - BET analysis of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene, presenting
information on specific surface area and total pore volume.

7.3.2.2.2 – Thermal Stability Test
TGA of the PTF materials revealed a material decreasing in stability at higher synthesis
temperatures, with 55% of the PTF 60oC material retained up to 1000oC, and 45% of the PTF
120oC material retained as presented on Figure 7.27(A). This increased stability corresponds
to the apparent decrease in crystallinity, as determined by XRD, corresponding to a reduction
in s-triazine units, which is supported by the impact of s-triazine on the stability of GCN
[109, 110, 132]. Additionally, the PTF 120oC material was found to contain the highest
content of OH bonds, as based on ATR-IR spectroscopy, thus reduced the greatest in mass up
to 200oC (confirming it potentially contained the most water or ethanol contamination from
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the washing step). Finally, the overall values for the PTF synthesised with 1,2dichlorobenzene were much higher than the PTF values formed from 1,4-dioxane, due to the
higher content of Cl found from XPS which could have been removed in the form of HCl
(which is also why the sample with the highest Cl content has the lowest remaining mass i.e.
PTF 120oC).

Figure 7.27 - TGA analysis of the PTF synthesised at 40oC-120oC with 1,2-dichlorobenzene showing
change in weight (%) as a function of (A) sample temperature (oC) and (B) time (s).
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Section 7.4 – Conclusion
In conclusion, through reacting cyanuric chloride with phloroglucinol with the use of AlCl3
(catalyst) and 1,4-dioxane (solvent) a material very similar to CTF-0 was synthesised [37],
labelled PTF. Through XPS, ATR-IR spectroscopy, XRD, Raman spectroscopy and other
characterisation techniques, the structure of PTF was confirmed to be consistent with a striazine group connected to a phenol group in repeating units. In contrast to the GCN and
TGCN material discussed in the previous chapters, the presence of O was found to enhance
the PTF's electronic properties and, in particular, it was determined to tune the band gap more
effectively thus making it a much better n-type semiconductor, as confirmed by UV-Vis
spectroscopy and XPS VBM values. Despite having good thermal stability and crystallinity,
which improved with increasing synthesis temperatures, this material was shown to have
poor microporosity, as confirmed by BET analysis. In addition, despite showing potential as a
good visible active photocatalyst with CA photodegradation evidence, it showed poor
catalytic properties when dealing with 4CP and AgNO3 due to evidence of chemically
induced degradation under dark conditions indicating it was not a very stable catalyst.
Finally, no evidence of Pt capture was observed during visible light exposure of the PTF to
platinised sodium citrate solution, further confirming its poor photocatalytic properties despite showing evidence of Na intercalation - suggesting a potential use the PTF in charge
storage devices.
To improve the material's crystallinity, a solvent which could be used at higher temperatures
than 1,4-dioxane was utilised which, for the purpose of this reaction, was 1,2dichlorobenzene. Because of the characterisation results for the PTF synthesised with 1,2dichlorobenzene being very similar to the PTF synthesised with 1,4-dioxane, it is very likely
that the structure and chemical composition of PTF synthesised with 1,2-dichlorobenzene is
very similar to that presented on Figure 7.5. However, due to the confirmed presence of C-Cl
through XPS, NMR and other characterisation techniques, it is very likely that the reaction
did not go to completion with this solvent and the final product formed was a combination of
the PTF product formed on Figure 7.5 and the metastable states presented on Figure 7.6,
whereby not all of the Cl was removed from the cyanuric chloride reactant. This is possible
since AlCl3 is not soluble in 1,2-dichlorobenzene and, based on existing Friedel-Crafts
theory, AlCl3 is only an effective catalyst for these reactions if it is in the form of a solvent
[641]. If this is the case, then it is very possible that the catalyst did not perform effectively,
in comparison to the 1,4-dioxane reaction, and so only some Cl was substituted from the
cyanuric chloride. As such, 1,2-dichlorobenzene is not a good alternative to 1,4-dioxane for
FCA with AlCl3 which is further supported by the material being shown to be a weaker ntype material through UV-Vis spectroscopy analysis than the PTF synthesised with 1,4dioxane. This is also supported by the poor porosity and thermal stability tests which were
lower than that of the PTF material synthesised with 1,4-dioxane.
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Chapter 8 – Final Discussion
and Future Work
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Section 8.1 – Final Discussion
Following the investigation presented in this thesis, several major results were obtained
which were found to be useful both from a research standpoint and to industry.Whilst there
already exists much literature on carbon nitride materials and their synthesis and applications,
the different types of carbon nitride structures present are many and not all are useful. In this
thesis, the primary form of carbon nitride required was triazine (or heptazine) graphitic
carbon nitride T(H)GCN.
The polycondensation ionothermal synthesis (PIS) approach discussed in literature was the
template utilised for the initial reaction undertaken in this thesis with the very first
modification being to perform the reaction under a dynamic vacuum. The purpose of this was
to create TGCN flakes in an environment more stable than that synthesised by Algara (where
2 test tubes, out of 3, exploded during the reaction process). To this effect, the investigation
performed in this thesis was successful with the modified PIS approach resulting in only 3
test tubes out of 10 failing. Through characterisation of the newly formed TGCN flakes,
evidence of a s-triazine (and even potentially s-heptazine) structure was observed
comparative to that found in existing literature, although evidence of oxygen and amorphous
carbon was observed, in addition to the final flakes not being phase pure. The first pseudonovel result obtained for this thesis, which proved crucial for the basis of many of the studies
presented in this thesis, was evidence of the TGCN flakes forming in a gas phase. This
behaviour, though not unheard of for carbon nitrides, was never observed for the precursors
utilised nor the synthesis process implemented, suggesting modification of the PIS approach
has resulted in a potential change to the reaction mechanism of the TGCN production.
Through various alterations of the modified PIS approach, as discussed in this thesis, a
psuedo-ALD based reaction setup was engineered (called the HQRV setup) which attempted
to direct the GCN, in its gas phase, onto various substrates (which were held at room
temperature) in order to initiate single-step film growth. Whilst carbon nitride film growth
has been performed before, there were two novel aspects of this study. Firstly, an attempt to
directly grow TGCN films onto a substrate had not been successfully implemented before
and, secondly, growth onto films held at room temperature had also not been implemented
before with existing literature only able to grow CN films onto heated substrates. To this
second point, the procedure was successful as evidenced by observation on a variety of
substrates ranging from borosilicate to TiO2 nanopowders. However, the growth of TGCN
was deemed mostly unsuccesful with very little evidence of an s-triazine structure on most
films synthesised (with exception of the double bunsen setup). Instead, it was found that the
films, despite being composed of carbon and nitrogen (as well as hydrogen) contained a high
content of oxygen (mostly at the surface) and structurally were amorphous. There was,
however, evidence of layer growth indicating that the films could potentially be 2D sheets
(like graphene) and, thus, tuned in order to control its thickness.
A further novelty of this study involved the innovation of a CVD technique which didn't
require an external gas flow or a heated substrate, factors crucial in existing CVD techniques.
Through in-depth analysis of the reaction mechanism responsible for the conformal GCN
film growth (which appeared to grow via an SK-type growth process), the films were
observed to conformally coat onto substrates sequentially in a manner less like traditional
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CVD and more like ALD with factors such as reaction temperature, temperature ramp rate,
substrate type, depth profiling etc... affecting the chemical and structural properties of the
material. However, in addition to the differences mentioned previously, the gases responsible
for the formation of the CN-type film (which was characterised to contain features associated
with a HCN polymer as well as some GCN evidence) were sequentially coating the substrate
under their own control as opposed to traditional ALD which requires valves and separate gas
sources to be fed into a chamber sequentially. Not only is this behaviour unique for
synthesised carbon nitride films in existing literature, but it has also not been observed in
ALD-based reactions in general. The reaction mechanism, which involved HCN reacting
with NH3 is unheard of for this exact reaction mechanism but not unheard of with regards to
HCN polymer formation. However, an attempt to replicate the results of this reaction by
combining NH3 and HCN through an alternative means did not yield the same results,
indicating another experimental factor was at work which was creating the HCN polymer,
With regards to applications, the GCN/HCN films synthesised generated hydrogen during
water-ethanol mixture splitting under visible light, as well as showed evidence of
antibacterial properties. Whilst hydrogen levels during the reaction under visible light was
much lower than expected (from existing literature where CN/TiO2 was tested) and
photoelectrochemical tests were very poor (where CN/WO3 was used), the anti-bacterial
behaviour was better than expected with effective removal of E-coli and EMRSA in a shorter
time frame than in literature. However, in all these situations, one of the biggest issues arising
was with regards to the film’s stability regardless of which substrate it was coated onto. This
stability was observed as decolouring of the solution in which the CN material was immersed
in which was indicative of the CN material leaching into the system.
Furthermore, in relation to applicational testing, the CN films synthesised in this investigation
were used to test a carbon nitride XPS related D-parameter model, which was constructed in
this thesis as an attempt to determine the differences between carbon nitrides composed of
purely sp2 and sp3 C and N. This was the first time a model such as this was created. Through
application of carbon nitride materials of known sp2 and sp3 C and N content, a linear fit was
obtained which related sp2 and sp3 N to %N content. Upon using a cross validation set of
samples, this model was confirmed to be a linear fit. The CN films and flakes synthesised
throughout the course of this thesis were then used as the test set of samples whereby the
model created was used to determine if their sp2 and sp3 N content matched that determined
by more conventional means e.g. XPS high resolution N1s peak fitting. It was found that the
model was reliable, within error.
The last part of this thesis investigated the importance of oxygen presence in a carbon nitride
structure and how the oxygen contamination in the GCN structures can enhance properties of
s-triazine based structures if embedded into the structure in such a way. The material
synthesised and investigated to confirm this was a phenolic triazine framework. Whilst the
material itself is not very novel, the approach to synthesising it was slightly different to that
in existing literature with further differences being the applications the PTF was tested for.
Through analysis of the PTF's photocatalyst and gas adsorption properties, despite the
material clearly having crystalline properties and sharing properties typical of covalent
organic structures, it was determined that the material was not very good. There was no
evidence of good gas adsorption and photocatalyst measurements indicated potential material
degradation.
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Section 8.2 – Future Work
Following the completion of this thesis, there are several areas of the research presented that
could be expanded upon in the future and investigated further.
Nearing the end of the carbon nitride investigation, one of the most pressing concerns was
with regards to the films leaching upon immersion into a solution of water, ethanol or other
relatively non-corrosive solutions. This resulted in the films having a finite lifetime and,
therefore, not very practical in an industrial/commercial environment where longevity of a
material is crucial. During the study, it was observed that the carbon nitride films adhered
differently to different substrates thus a further study into how these interactions between
substrate and film was different could be investigated further to find the best way to improve
carbon nitride film stability. Improvement in their stability could allow repeated testing of
their photocatalytic behaviour as well as attempts to test their semiconducting and
optoelectronic properties directly - something which had failed instantly in this investigation.
In addition to stability observation, the chemical and structural properties of the film was
found to vary significantly when coated onto the different substrates as discussed to some
extent in chapter 5 however, a definitive reasoning for these differences is, as yet, unknown
with certain features observed in the various characterisation techniques not clearly
understood e.g. the small double peaks at 2750cm-1 on the ATR spectra of the CN films
appearing on some substrates but not on others etc.... For a future investigation, further
analysis of the GCN reaction mechanism as well as further understanding of how the CN
interacts at the surface of the substrate could be performed through use of more in-situ
techniques such as XAS or XRF etc... In addition, the reaction mechanism of the TGCN
flakes synthesised in chapter 3 could also be investigated in order to determine how adjusting
the synthesis technique influences the chemistry of the reaction process i.e. how the same
combination of precursors could create several different types of carbon nitrides simply by
changing the other parameters. The use of alternative starting precursors, in addition to those
tested in this investigation, could also be used.
Due to the carbon nitride films synthesised though the double Bunsen approach and the flakes
synthesised through the modified polycondensation ionothermal synthesis approach having a
chemical and structural arrangement more related to TGCN/HGCN, a future study could also
be performed in order to test both their hydrogen content and their behaviour as
photocatalysts. This is because they are, theoretically, more likely to behave as
TGCN/HGCN is expected to. In addition, further testing of these materials as charge storage
frameworks could also be performed since, according to literature, TGCN is expected to be a
good charge storage material but there was no evidence of this with the HQRV synthesised
CN films discussed in chapter 4. Finally, with regards to being a good anti-bacterial material,
the HCN-GCN films showed good promise and, following improved stability performance, a
further investigation into this behaviour could be looked into in future investigations.
Finally, despite the D-parameter model presented in chapter 6 for %N as a function of sp2N
proving to be reliable, when testing the synthesised HCN/GCN films and TGCN flakes, an
argument can be made that there were not nearly enough samples to create an accurate model.
In order to create a working model, three sets of data sets are required: Training set, Crossvalidation set and Test set. Whilst the training set is the actual set of initial data (or in this
case, samples) that are required to create the model, which was achieved through the various
CN model compounds used with a known sp2 C and N content; and the test set is the final
collection of data which has been modelled through other means and, therefore, used on a
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fully tested model for comparison purposes, which was achieved through utilisation of the
GCN films and yellow GCN powders synthesised in this research; there was reason to believe
that there was not enough data/samples present to provide a cross-validation set of results. In
order to tackle this issue, many more synthesised forms of carbon nitrides (such as the TGCN
powder), with known sp2N content (found through alternative means) can be tested to build
up the number of test samples. Then, about 20% of the gathered samples can be used as the
cross-validation set of samples whereby high variance and high bias in the model can be
reduced (if these are an issue) and, therefore, provide results with a lower error. A machine
learning program could be implemented in order to create an accurate fitting in case the
relationship is not a linear one.
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Chapter 9 – Appendix
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Supporting Data for Chapter 3
Reagents
Lithium and Potassium Bromides

Figure 9.1 - XRD pattern of LiBr and KBr obtained from online databases.

Dicyandiamide

Figure 9.2 - XRD pattern of DCDA as obtained from online databases.
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Figure 9.3 - XPS survey scan of DCDA.

Figure 9.4 - ATR-IR spectroscopy spectra of DCDA.

Figure 9.5 - Raman spectroscopy spectra, under 327nm UV wavelength and between 500-3000cm-1,
of DCDA.
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Carbon Nitride Quartz Tube Flake Production

Figure 9.6 - XPS analysis of TGCN flakes synthesised by modified PIS. (A) Survey spectra. (B) High
resolution C1s spectra. (C) High resolution N1s spectra. (D) High resolution O1s spectra.
Table 9.1 - XPS deconvoluted O1s, N1s and C1s peak information for the TGCN flakes produced by
modified PIS.

Graphitic Carbon Nitride Pressure Investigation
X-ray Photoelectron Spectroscopy
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Figure 9.7 - XPS at top side of quartz reaction vessel for C1s, N1s, O1s and Br3d.
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Figure 9.8 - XPS at bottom of quartz reaction vessel for C1s, N1s, O1s and Br3d.
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Figure 9.9 - XPS at lower side of quartz reaction vessel for C1s, N1s, O1s and Br3d.
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Fourier Transform Infrared Spectroscopy

Figure 9.10 - FTIR spectroscopy of the product formed at the top of the vessel with expected peak
locations from existing literature.

Figure 9.11 - FTIR spectroscopy of the product formed at the bottom of the vessel with expected peak
locations from existing literature.
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Figure 9.12 - FTIR spectroscopy of the product formed at the lower side of the vessel with expected
peak locations from existing literature.
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Supporting Data for Chapter 4
Carbon Nitride Bent Quartz Tube Thin Films

Figure 9.13 - BQT-synthesised CN film XPS high resolution (A) C1s, (B) O1s and (C) N1s spectra.

Carbon Nitride Small Quartz Vessel Thin Films

Figure 9.14 - XPS survey of the SQRV-SB synthesised CN film.
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Carbon Nitride Version 2.0 Thin Film XPS Data
Table 9.2 - XPS depth profile data tables for the HQRV synthesised GCN films for (A) survey
spectra, (B) high resolution C1s spectra and (C) high resolution N1s spectra.
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Supporting Data for Chapter 5
Hydrogen Cyanide + Ammonia Investigation
Table 9.3 - XPS table of data for (A) HCN polymer and (B) filter paper control, prior to filtering.

Carbon Nitride Film Surface Layer Data
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Figure 9.15 - SEM, through application of the Jeol 6100F of CN/FTO at increasing resolution from
(A) to (F).

Figure 9.16 - SEM, through application of the Jeol 7500F of CN/FTO at increasing resolution from
(A) to (E).

Figure 9.17 - SEM, through application of the Jeol 7500F of CN/selotape at increasing resolution
from (A) to (F).
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Figure 9.18 - SEM, through application of the Jeol 7500F of CN/Borosilcate at increasing resolution
from (A) to (F).
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Figure 9.19 - SEM, through application of the Jeol 6100F of CN/SiO2 at 1μm resolution.

Figure 9.20 - SEM, through application of the Jeol 7500F of CN/PTFE at increasing resolution from
(A) to (E).
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Carbon Nitride Film Near-Surface Angle Resolved
X-ray Photoelectron Spectroscopy Data

Figure 9.21 - ARXPS survey analysis of CN/FTO, depth profiled with a 1keV Ar mono ion gun for
(A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
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Figure 9.22 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/FTO.

Figure 9.23 – High resolution C1s ARXPS spectra of CN/FTO at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.

Figure 9.24 – ARXPS survey analysis of CN/Si, depth profiled with a 1keV Ar mono ion gun for (A)
0s (B) 30s (C) 60s and (D) 90s etch cycles.
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Figure 9.25 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Si.

Figure 9.26 – High resolution C1s ARXPS spectra of CN/Si at (A) 0s and (B) 30s etch cycles, using a
1keV Ar mono ion gun, for different θg.
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Figure 9.27 – ARXPS survey analysis of CN/PTFE, depth profiled with a 1keV Ar mono ion gun for
(A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.
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Figure 9.28 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/PTFE.

Figure 9.29 – High resolution C1s ARXPS spectra of CN/PTFE at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.
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Figure 9.30 – ARXPS survey analysis of CN/Acetate, depth profiled with a 1keV Ar mono ion gun
for (A) 0s (B) 30s (C) 60s and (D) 90s etch cycles.

Figure 9.31 – Atomic % of (A) N, (B) C, (C) O and (D) Si as a function of θg, at 0s, 30s, 60s, and 90s
etch cycles using a 1keV Ar mono ion gun for CN/Acetate.
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Figure 9.32 – High resolution C1s ARXPS spectra of CN/Acetate at (A) 0s and (B) 30s etch cycles,
using a 1keV Ar mono ion gun, for different θg.

Atomic Force Microscopy of Pure Silicon

Figure 9.33 – AFM of pure B-doped Si substrate shows a relatively smooth surface with only
nanometer roughness.

Carbon Nitride Films Surface vs Bulk Data
Argon Mono Ion Beam Etching of Films Synthesised at
Varying Synthesis Temperatures at 20oC/min
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Table 9.4 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.

Table 9.5 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey
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Table 9.6 - (a) 1keV and (b) 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at
20oC/min for 20hrs at varying temperatures for XPS C/N values.

Table 9.7 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
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Table 9.8 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.

Table 9.9 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.
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Table 9.10 - 500 eV Ar mono ion beam etching of CN/Borosilicate synthesised at 20oC/min for 20hrs
at varying temperatures for XPS high resolution N1s scan.

Argon Mono Ion Beam Etching of Films Synthesised at
Varying Rate of Temperature Ramping up to 700oC
Table 9.11 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
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Table 9.12 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.

Table 9.13 - (a) 1keV and (b) 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at
700oC for 20hrs at varying temperature ramp rates for XPS C/N values.
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Table 9.14 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.

Table 9.15 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
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Table 9.16 - 1keV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.

Table 9.17 - 500eV Ar mono ion beam etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.
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Argon Cluster Source Etching of Films Synthesised at
Varying Synthesis Temperatures at 20oC/min
Table 9.18 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.

Table 9.19 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS survey.
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Table 9.20 - (a) 8keV and (b) 4keV Ar cluster source etching of CN/Borosilicate synthesised at
20oC/min for 20hrs at varying temperatures for XPS C/N values.

Table 9.21 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.

Table 9.22 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution C1s scan.
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Table 9.23 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.

Table 9.24 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 20oC/min for 20hrs at
varying temperatures for XPS high resolution N1s scan.
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Argon Cluster Source Etching of Films Synthesised at
Varying Rate of Temperature Ramping up to 700oC
Table 9.25 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.

Table 9.26 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS survey.
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Table 9.27 - (a) 8keV and (b) 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC
for 20hrs at varying temperature ramp rates for XPS C/N values.

Table 9.28 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.

Table 9.29 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution C1s scan.
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Table 9.30 - 8keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.

Table 9.31 - 4keV Ar cluster source etching of CN/Borosilicate synthesised at 700oC for 20hrs at
varying temperature ramp rates for XPS high resolution N1s scan.

Carbon Nitride Target Substrate Type
Table 9.32 - 1keV Ar mono ion gun etching of CN/Borosilicate synthesised at 700oC for 20hrs,
heating at 20oC/min for CN on various substrates, showing XPS C/N values.
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Figure 9.34 - XPS 1keV Ar mono ion gun depth profiles of CN/SiO2 for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.

Figure 9.35 - XPS 1keV Ar mono ion gun depth profiles of CN/FTO for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
368 | P a g e

Figure 9.36 - XPS 1keV Ar mono ion gun depth profiles of CN/PTFE for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.

Figure 9.37 - XPS 1keV Ar mono ion gun depth profiles of CN/Acetate for (A) survey spectra, (B)
C1s spectra, (C) valence spectra and (D) N1s spectra.
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Figure 9.38 - XPS 1keV Ar mono ion gun depth profiles of CN/Tape for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.

Figure 9.39 - XPS 1keV Ar mono ion gun depth profiles of CN/Si for (A) survey spectra, (B) C1s
spectra, (C) valence spectra and (D) N1s spectra.
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Carbon Nitride Films Different Starting Precursors
Table 9.33 - 4keV Ar cluster source etching of CN/Borosilicate synthesised (i) with a eutectic salt
mixture (Chapter 4) (ii) without a eutectic salt mixture (pure DCDA CN film) at 700oC for 20hrs,
heating at 20oC/min.

Table 9.34 - 4keV Ar cluster source high resolution (a) C1s and (b) N1s etching of CN/Borosilicate
synthesised (i) with a eutectic salt mixture (Chapter 4) (ii) without a eutectic salt mixture (pure DCDA
CN film) at 700oC for 20hrs, heating at 20oC/min.
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Table 9.35 - XPS survey analysis of (a) pure DCDA by-products, (b) Chapter 4 CN film by-products,
(c) yellow CN and (d) TGCN powder from Chapter 3.
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Table 9.36 - XPS high resolution (a) C1s spectra of pure DCDA CN film by-products, (b) N1s spectra
of pure DCDA CN film by-products and (c) C1s and N1s spectra of yellow CN.
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Supporting Data for Chapter 6
Model Carbon Nitride Samples Composed of C-N
and C=N Bonds Only
The weighted Gaussian technique to measure the D-parameter for the C KLL and N KLL
spectra are presented here.

C KLL and 1st Derivative C KLL Spectra

Figure 9.40 - The XPS obtained C KLL spectra for CN samples containing only C-N and C=N bonds.

Figure 9.41 - The weighted Gaussian fitted 1st derivative C KLL spectra for CN samples containing
only C-N and C=N bonds.
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N KLL and 1st Derivative C KLL Spectra

Figure 9.42 - The XPS obtained N KLL spectra for CN samples containing only C-N and C=N bonds.

Figure 9.43 - The weighted Gaussian fitted 1st derivative N KLL spectra for CN samples containing
only C-N and C=N bonds.
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Model Carbon Nitride Samples Composed of sp2
and sp3 Carbon and Nitrogen Bonds Only
N KLL Spectra

Figure 9.44 - The Avantage obtained N KLL spectra for CN samples containing only sp2 and sp3 C
and N bonds.

1st Derivative N KLL Spectra

Figure 9.45 - The Avantage obtained 1st derivative N KLL spectra for CN samples containing only
sp2 and sp3 C and N bonds.

376 | P a g e

Figure 9.46 - The weighted Gaussian fitted 1st derivative N KLL spectra for CN samples containing
only sp2 and sp3 C and N bonds.

Model Carbon Nitride Samples Composed of sp,
sp2 and sp3 Carbon and Nitrogen Bonds Only

Figure 9.47 - The Avantage obtained N KLL spectra for CN sample, DCDA, containing only sp, sp2
and sp3 C and N bonds.

Figure 9.48 - The weighted Gaussian fitted 1st derivative N KLL spectra for DCDA.
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Model Carbon Nitride Samples Composed of sp,
sp2 and sp3 Carbon and Nitrogen Bonds With sp2
Oxygen Contribution

Figure 9.49 - The Avantage obtained N KLL spectra for CN sample, Urea, containing only sp, sp2 and
sp3 C and N bonds with sp2 O contribution.

Figure 9.50 - The weighted Gaussian fitted 1st derivative N KLL spectra for Urea.
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Data for Model Carbon Nitride Samples
Table 9.37 - CN model compounds measured in Chapter 6, Sections 6.4.3.1 and 6.4.3.2, along with
their graph labels, theoretical sp2 C and N content and C D-parameter and N D-parameter values,
along with errors where “ D ” indicates values obtained through the weighted Gaussian technique “*”
indicates a material that underwent a phase change during XPS characterisation. “#” indicates errors
that were calculated by determining the variation from average D-parameter value with the maximum
and minimum value following each etch cycle, except the initial.
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Lab Synthesised Carbon Nitride Samples with
Unknown sp2 Carbon and Nitrogen Content
Horizontal Quartz Reaction Vessel Synthesised Graphitic
Carbon Nitride Films N KLL and 1st Derivative N KLL
Spectra
Temperature Dependent Graphitic Carbon Nitride Films From
Chapter 5

Figure 9.51 - The Avantage obtained N KLL spectra for HQRV synthesised GCN films, synthesised
at: (A) 650oC, (B) 700oC, (C) 750oC, (D) 800oC and (E) 900oC for 20hrs at 20oC/min heating rate,
with the films containing unknown sp2 N and C bonds.
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Figure 9.52 - The Avantage obtained 1st derivative N KLL spectra for HQRV synthesised GCN films,
synthesised at: (A) 650oC, (B) 700oC, (C) 750oC, (D) 800oC and (E) 900oC for 20hrs at 20oC/min
heating rate, with the films containing unknown sp2 N and C bonds.

Rate of Temperature Dependent Graphitic Carbon Nitride Films From
Chapter 5

Figure 9.53 - The Avantage obtained N KLL spectra for HQRV synthesised GCN films, synthesised
at 700oC for 20hrs at heating rates of: (A) 5oC/min, (B) 10oC/min, (C) 15oC/min, (D) 20oC/min and
(E) 30oC/min, with the films containing unknown sp2 N and C bonds.
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Figure 9.54 - The Avantage obtained 1st derivative N KLL spectra for HQRV synthesised GCN films,
synthesised at 700oC for 20hrs at heating rates of: (A) 5oC/min, (B) 10oC/min, (C) 15oC/min, (D)
20oC/min and (E) 30oC/min, with the films containing unknown sp2 N and C bonds.

Yellow Graphitic Carbon Nitride Powder N KLL and 1st
derivative N KLL Spectra

Figure 9.55 - The Avantage obtained N KLL spectra for yellow CN powder containing unknown sp2
N and C bonds.
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Figure 9.56 - The Avantage obtained 1st derivative N KLL spectra for yellow CN powder containing
unknown sp2 N and C bonds.

X-ray Photoelectron Spectroscopy High
Resolution N1s Deconvoluted Spectra for Model
Carbon Nitride Samples

Figure 9.57 - The Avantage obtained, and deconvoluted, N1s high resolution spectra for the model
compounds.
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Supporting Data for Chapter 7
Phenolic Triazine Framework with 1,4-Dioxane
Characterisation
X-ray Photoelectron Spectroscopy
Table 9.38 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution C1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.
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Table 9.39 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution N1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.

Table 9.40 - PTF synthesised with 1,4-dioxane, characterised by XPS showing high resolution O1s
spectra, synthesised at: (A) 40oC, (B) 50oC, (C) 60oC, (D) 70oC and (E) 80oC table of data.
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X-ray Diffraction

Figure 9.58 - (A) XRD pattern of the PTF materials synthesised at 40-80oC shows increasing
crystallinity for increasing synthesis temperature. (B) The low angle peak between 1-2o 2θ suggests a
mesoporous structure. (C) The peak at 24-27o 2θ is associated with a s-triazine structure whereas the
peaks at 22-23o 2θ and 43o 2θ is associated with a phenolic structure.

Raman Spectroscopy
UV Wavelength

Figure 9.59 - Raman spectroscopy spectra, with a UV wavelength laser, of the PTF materials
synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 300-2000cm-1.

Visible (Green) Wavelength

Figure 9.60 - Raman spectroscopy spectra, with a visible (green) wavelength laser, of the PTF
materials synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 750-2000cm-1.
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Near-IR (Red) Wavelength

Figure 9.61 - Raman spectroscopy spectra, with a near-IR (red) wavelength laser, of the PTF materials
synthesised at 40-80oC between (A) 300-3000cm-1 and (B) extended between 750-2000cm-1.

Solid State NMR Spectra
13

C CPMAS

Figure 9.62 - (A) 13C CPMAS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
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13

C NQS

Figure 9.63 - (A) 13C NQS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
15

N CPMAS

Figure 9.64 - (A) 15N CPMAS SSNMR spectra of the PTF materials synthesised at 40-80oC with 1,4dioxane with individual spectra for PTF synthesised at (B) 40oC, (C) 50oC, (D) 60oC, (E) 70oC and (F)
80oC.
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CHN Testing
Table 9.41 - CHN Analysis of PTF synthesised at between 40-80oC with 1,4-dioxane showing weight
(%) and atomic (%) of C, N and H content with O content derived from these.

UV-Vis Spectroscopy

Figure 9.65 - (A) UV-Vis reflectance (%) spectra of the PTF samples synthesised at 40-80oC with 1,4dioxane alongside (B) the Kubelka-Munk obtained F(R) as a function of energy (eV).

BET Analysis
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Figure 9.66 - BET analysis of the PTF synthesised at 40-80oC with 1,4-dioxane, presenting
volume@STP (ml) vs. Relative Pressure (Pa).
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Phenolic Triazine Framework with 1,4-Dioxane
Application
Cinnamic Acid Photodegradation Testing

Figure 9.67 - CA photodegradation under UV light exposure for 6+ hrs.

AgNO3 Photodegradation Testing
Table 9.42 - XPS survey information of PTF samples synthesised at between 40-80oC post AgNO3
separation, water washing and drying with reactions performed under: (A) dark conditions, (B) FRV
light conditions and (C) UV light conditions.
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Table 9.43 - XPS high resolution Ag3d information of PTF samples synthesised at between 40-80oC
post AgNO3 separation, water washing and drying with reactions performed under: (A) dark
conditions, (B) FRV light conditions and (C) UV light conditions.
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Platinization Testing
Table 9.44 - Pt removal with the PTF synthesised at 80oC with 1,4-dioxane, showing XPS survey
spectra for the reaction after 4hrs under UV, FRV and dark conditions.
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Phenolic Triazine Framework with 1,2Dichlorobenzene Characterisation
X-ray Photoelectron Spectroscopy
Table 9.45 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution C1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.
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Table 9.46 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution N1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.

Table 9.47 - PTF synthesised with 1,2-dichlorobenzene, characterised by XPS showing high
resolution O1s spectra, synthesised at: (A) 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC table
of data.
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Solid State NMR
13

C CPMAS

Figure 9.68 – 13C CPMAS SSNMR spectra of the PTF materials synthesised with 1,2dichlorobenzene at: 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
13

C NQS

Figure 9.69 – 13C NQS SSNMR spectra of the PTF materials synthesised with 1,2-dichlorobenzene at:
40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.
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15

N CPMAS

Figure 9.70 – 15N CPMAS SSNMR spectra of the PTF materials synthesised with 1,2dichlorobenzene at: 40oC, (B) 60oC, (C) 80oC, (D) 100oC and (E) 120oC.

Phenolic Triazine Framework with 1,2Dichlorobenzene Application
CHN Analysis
Table 9.48 - CHN analysis of PTF samples synthesised at between 40-80oC with 1,2-dichlorobenzene
showing weight (%) and atomic (%) of C, N and H content with O content derived from these.
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UV-Vis Spectroscopy

Figure 9.71 - (A) UV-Vis reflectance (%) spectra of the PTF samples synthesised at 40-120oC with
1,2-dichlorobenzene alongside (B) the Kubelka-Munk obtained F(R) as a function of energy (eV).

BET Analysis

Figure 9.72 - BET analysis of the PTF synthesised at 40-80oC with 1,2-dichlorobenzene, presenting
volume@STP (ml) vs. Relative Pressure (Pa).
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