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Abstract

The doping graphene helps breaks its surface inertness providing it an intrinsic degree of catalytic
activity. While single elemental doping of graphene (e.g. with N) enhances its catalytic potential, the
current trend is to develop graphene doped with multiple elements. These heterodoped graphene
species have improved electro-catalytic activities as compared to their corresponding single
heteroatom doped counterparts because of strong charge redistribution and synergistic effects due to
differences in the dopant electro-negativities. Hence, they are better suited for multiple catalytic
reactions to better cope with reaction intermediates. Never-the-less, to date only a few examples exist.
In this work we show it is possible to synthesize in a single CVD step, large area single- and few- layer
graphene doped with oxygen and nitrogen species. Moreover, this is achieved using a solid precursor
in a pure H, environment with growth being achieved in under 5 min.

1. Introduction

Electrocatalysts are typically based on expensive transition metals. Therefore, from economic considerations it is
important to develop metal free electrocatalysts such as those based on carbon. However, carbon based catalysts
better suit heterogeneous catalysis. Nevertheless, this limitation can be overcome by reducing the dimensions to
the nanometer scale and/or decreasing the layer number of carbon based materials [1]. Graphene has a myriad
of fascinating physical properties [2] yet pristine graphene is chemically inert and a zero band gap material that
limits its applications in electrocatalysis and the semiconductor industry. Introducing vacancies and defects into
the hexagonal carbon framework of graphene through heteroatom doping can not only open up graphene’s
band gap but also breaks its surface inertness providing it an intrinsic degree of catalytic activity [3]. In fact, the
most widely studied heterodoped carbon based material in catalysis is graphene oxide. However, it often
contains impurities and amorphous debris that block vacancies and defects that are the active sites for catalysis
[4]. Therefore, hetero-doped graphene that possess properties such as a large active surface area, single atom
thick layers, chemically stability, purity, crystallinity and electrical conductivity can provide a superior materials
choice for both heterogeneous and homogenous electrocatalysis [5].

© 2019 IOP Publishing Ltd
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Table 1. Hetero-doped Graphene through CVD synthesis reactions in the literature and this work.

Hetero dopants CVD Flow gas Precursor Layer number Substrate References
PandN APCVD Ar (NH,);PO,4, CHy Few layer MgO [9]
SandN APCVD N, Pyrimidine thiophene Few layer Fe-Co/AlO; [10]
BandN LPCVD Ar,H, NH;-BH;, CHy Few layer Cu [11]
BN domains LPCVD H,, N, CH,, Boricacid, N, Monolayer (or few) Cu [12]
OandN LPCVD H, Nitrophenyl Ferrocene Monolayer Cu This work
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Figure 1. (a) Ball and stick model for nitrophenyl ferrocene precursor molecule. (b) Stick and ball model showing various
configurations for the hetero-doped graphene configurations obtained in this work .

N doping has the ability to donate electrons to adjacent carbon atoms that results in an ‘activation region’ on
graphene surface and can directly participate in catalysis. Being a close neighbor of carbon, nitrogen doping in
graphene improves its electro catalytic performance without considerably disturbing its two dimensional planar
symmetry required for large surface area property [6]. In addition, the presence of oxygen in graphene (in form
of graphene oxide) can also make graphene catalytically active [7]. The new emerging trend in electrocatalysis is
to dope graphene with two or more heteroatoms. These heterodoped graphene species have improved electro-
catalytic activities as compared to their corresponding single heteroatom doped counterparts because of strong
charge redistribution and synergistic effects due to differences in the dopant electronegativities [8]. Nevertheless,
the idea of multi-elemental doping has to date hardly been explored in graphene (See table 1) [9—12]. There are
only a handful of examples where hetero-doped combinations like boron and nitrogen [13] nitrogen and
phosphorous [14] nitrogen and sulphur [15] have been developed and which exhibit comparatively higher
oxygen reduction reaction (ORR) performance as compared to other graphene derivatives, viz., enhanced
catalytic performance as compared to single element doping [16]. Thus, the synthesis and exploration of new
hetero-doped combinations in graphene sheets is important. The combination of nitrogen and oxygen
functionalities tested in mesoporous carbon and hydrogels have shown high electro-catalytic activity towards
ORR and oxygen evolution reaction (OER) respectively [17, 18]. However, such a combination of oxygen and
nitrogen based species in hetero-doped graphene sheets has yet to be demonstrated.

Herein, we report synthesis of monolayer graphene hetero-doped with oxygen and nitrogen species in the
form of carbonyls, hydroxyls, NO, pyridinic N and graphitic N, viz, N and O hetero-doped graphene, for the first
time. This is achieved using a single solid precursor of nitrophenyl ferrocene in the presence of H, (See figure 1).

The synthesis of our multi-doped graphene takes place in a single step low pressure chemical vapor
deposition (LPCVD) reaction. Unlike the previous CVD synthesis approaches for hetero-doped graphene, our
precursor simultaneously provides a source of O, N and C for large area hetero-doped mono-layer and few-layer
graphene synthesis. (Figure S1 is available online at stacks.iop.org/MRX /6 /055604 /mmedia) Contrary to
conventional methods such as ball milling and hydrothermal used for synthesizing hetero-doped graphene
[19,20] CVD synthesis can provide a scalable and crystalline product. Moreover, we have investigated the effects
of (i) the CVD reactor tube configuration (figure 2) (ii) optimized precursor amounts (iii) reaction time (iv) and
temperature optimization to better elucidated the growth mechanisms involved and provide layer number and
doping control.
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Figure 2. Schematic illustrating the sliding oven LPCVD set up positioned during growth (dimensions are not to scale). (a) fully open
inner quartz tube. (b) Half closed inner quartz tube.

We demonstrate these aspects through Raman spectroscopy, scanning electron microscopy, high resolution
transmission electron microscopy (HRTEM), x-ray photoelectron spectroscopy (XPS), electron energy loss
spectroscopy (EELS) and Fourier-transform infrared spectroscopic (FTIR) characterizations.

2. Experimental methods

2.1. Graphene growth

The CVD synthesis of Heterodoped graphene was carried out in a horizontal tube furnace at low pressure

(0.5 mbar). A 25 pm thick copper foil (45 mm x 10 mm) was used as a substrate to grow hetero-doped
graphene films. The ability of Ferrocene as a sole source for both carbon feed stock and catalytic Fe particles has
been explored for carbon nanotubes and graphene production [21, 22]. There are numerous ways to derive
ferrocene in few steps and thus to tailor its elemental constituency according to nature of product required. Here
Ferrocene derivative p4-nitro phenyl Ferrocene that contained all three elements viz., N, O and C has been used
for first time for heterodoped graphene synthesis. The precursor was prepared through the arylation reaction of
ferrocene with diazonium salt of 4-nitroaniline in a single step synthesis [23]. When exploring use of an inner
quartz reactor tube with both ends open figure 2(a) precursor amounts of 0.5 mg, 1 mg, 5 mgand 10 mg were
tested, while for a half closed inner reaction tube figure 2(b) precursor amounts of 0.5 mg were sufficient
(although 1 mg, 5 mgand 10 mgamounts were also explored). The precursor was placed upstream (by the
closed end in the case of the half closed inner reactor tube). Close to the opening of the inner reactor tubes at the
downstream end a copper strip was rolled and carefully placed inside the tube at a distance of 25 mm from its
open end. The inner quartz tube was then placed inside the main CVD furnace quartz tube (50 mm diameter,
1580 mm length) (figure 2(b)). Initially the furnace was evacuated to 0.09 mbar using a vacuum rotary pump.
Afterwards, the system was flushed with pure Ar (99.99%) gas at 200 standard cubic centimeters per minute
(SCCM) flow. As a result, the inner pressure raised to 0.9 mbar. This flushing was performed for 30 min (60 and
120 min durations showed no gain as opposed to 30 min). After 30 min the flow of Ar was stopped and a pure H,
(99.99%) flow at 16 SCCM was started (at a pressure of 0.5 mbar). The furnace was heated to 1025 °C at the rate
of 23 °C min ', During these steps the oven stayed at position away from the precursor as shown in figure 2.
Once the reaction temperature was reached (in 45 min) the CVD oven was moved upstream to the growth
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position as indicated in figure 2 so as to enable a controlled lower precursor temperature (300, 380 and 500 °C
were explored, optimal growth was at 380 °C) and maintain a higher and constant reaction temperature

(1025 °C). The optimum growth time, for monolayer graphene was 3 min (subsequently 5, 7, 10 min were also
tested) for the half closed inner tube (no graphene was observed with an open inner tube). After growth the CVD
oven was slid away from the growth region to provide rapid cooling [24]. The hydrogen flow was stopped and
switched to a 200 SCCM of Ar gas flow until the furnace had cooled to room temperature. A graphical
representation of the CVD reaction is shown in the supporting information in figure S1(a).

2.2. Transfer

For TEM and HRTEM studies the hetero-doped graphene was transferred on to standard lacey carbon Cu TEM
grids. The protocol steps are to first spin coat PMMA solution in ethyl acetate, followed by etching the copper
substrate in 0.5 molar aqueous solution of ammonium persulphate (Sigma Aldrich, purity >>98%) for ~100 min,
and thereafter rinse thoroughly in deionized water and then fish the graphene onto a standard lacey carbon Cu
TEM grid after which the PMMA is removed in hot acetone vapor [25]. Finally, the TEM grid was annealed in
high vacuum (10~® mbar) at 200 °C for 12 h to remove any organic residue.

For SEM and Raman characterizations, SiO, (300 nm)/Si wafer was used as the substrate for transfer in place
of a TEM grid. The wafer was first washed with pure acetone and absolute ethanol and then dried with N,. The
graphene film was fished onto it and then annealed in an oven at 75 °C for 20 min. Afterwards, pure acetone was
used to remove PMMA.

2.3. Characterization

SEM measurements were performed on a Hitachi SU-8010. EELS, TEM and HRTEM were performed on a
Titan® 80-300 with a monochromator and a Cs corrector for the primary objective lens. The electron
acceleration voltage was 80 kV. XPS was performed on a Thermo Fisher Scientific (model ESCALAB 250 xi).
Raman spectra and Raman mapping were collected on a Horiba (Confocal LabRAM HR 800) using 633 nm laser
with approximate power kept at 2 mW. The FTIR test was done on Tensor 27 spectrometer from Bruker Optics
in the ATR mode. The sheet resistance was measured through a SZT-C four-probe test bench Suzhou Jingge
electronics.

3. Results and discussions

When employing an inner quartz reactor tube configuration with both ends open (figure 2(a)) no graphene
formation was observed even when increasing the precursor amounts from 0.5 mg, to 1, 5 mg and 10 mg. This
can be attributed to a limited amount of feedstock species, as the produced species from the thermally
decomposed precursor (Nitrophenyl Ferrocene) are flushed away too rapidly which not only limits the feedstock
species suitable for graphene growth, but also limits the decomposition of the precursor, further limiting
decomposed feedstock (carbon units) suitable for growth. In the second configuration, the upstream end of the
inner quartz reaction tube is sealed (closed) as shown in figure 2(b) which we refer to as a half closed tube. This
configuration allows the decomposed precursor species to slowly diffuse out of the reactor tube and thus
provides sufficient time for precursor decomposition and thus graphene formation. Indeed, so efficient is this
process that only 0.5 mg of precursor material is required.

Henceforth, we focus on systematic investigations using a half closed inner tube [26] for the controlled
production of mono- and few- layer graphene doped with N and O species.

The electronic properties of hetero-doped graphene are strongly dependent upon its thickness (layer
number) [27]. Therefore, understanding the mechanism by which layer number can be controlled is of
importance. As a part of this investigation we examined the role of precursor mass while keeping all other
reaction parameters constant (figure S1(a)), namely a reaction temperature of 1025 °C, a precursor temperature
0f 380 °C and growth duration of 3 min

Raman spectroscopy was used to probe the as-produced material for the different precursor amounts.
Typical examples are presented in figure 3. All samples presented a D peak (~1350 cm '), a G peak
(~1580 cm ') and a 2D mode (~2700 cm ') [28]. As one increases the precursor content the peaks in the
Raman spectra show changes. For the sample produced using 0.5 mg of precursor, the D mode is relatively low
and the G mode well defined indicating a high crystallinity [25]. The 2D mode is symmetrical with full width at
half maximum (FWHM) of 34 cm ™. The narrow and symmetrical 2D mode and the fact that it is more intense
than the G mode indicate monolayer graphene (figures 3(a) and S2(a)) [27, 29, 30]. Moreover, the G and 2D
peaks that usually appear at ~1580 and 2700 cm ™~ ' have undergone a blue and red shift 14 cm ™' and 55 cm ™!,
respectively, which can be attributed to doping. [28, 31] This is further confirmed by presence of the D band and
D’ band (adjacent to the G mode) presence that arise due to defects and doping [30, 31]. However, these bands
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Figure 3. Characterization of the hetero-doped graphene (a to d) Raman spectra with (a) 0.5 mg (b) 1 mg(c) 5 mg(d) 10 mg precursor
amounts. (e) to (h) respective SEM micrographs. Scale bar = 10 pm. Growth conditions: growth duration 3 min, initial Ar flushing
30 min and precursor decomposed at 380 °C in half closed inner quartz tube. All peaks intensities are normalized with respect to the G
mode.

are not very intense suggesting perhaps the doping levels are limited. Raman area mapping of 2D /G ratio was
conducted for the monolayer heterodoped graphene samples. The greater area with low 2D /G ratio in hetero-
doped graphene corresponds to higher carrier concentration due to dopant atoms (figure S3(a)) [6]. The 2D
width or FWHM is largely homogenous. (figure S3(b)). Moreover, the defect density can be found by G/D ratio
where some spots show low G/D and some high G/D within the heterodoped graphene suggesting the non-
uniform defect distribution as well as surface contamination [6, 9]. Additional Raman mapping data has been
provided in figure S3. The SEM data indicates large area homogenous monolayer graphene (figure 3(e)).

Upon increasing the precursor amount to 1 mg the Raman data suggests the graphene is still primarily
mono-layered. This is evidenced by 2D /G ratio (figure 3(b)) and a 2D peak FWHM value of 35 cm™! (figure
S4(a)). The position of G and 2D bands remained the same. However, in this case the D and D’ bands
(figure 3(b)) are more prominent. This effect is manifested in a lowered G/D ratio (figure S2(a)). The SEM
images show small secondary graphene islands forming over the initial graphene layer (figure 3(f)). The presence
of these island may contribute to the increased D and D’ mode since edges are also, in effect, defects [32].

For precursor amounts of 5 mg symmetry of the 2D mode is no longer present and its intensity is less than
that of the G mode (figure 3(c)). This suggests the material is few-layer graphene [31, 33]. This is also confirmed
by the SEM data in which multilayers are easily observed, as for example in figure 3(g).

With a precursor amount increased to 10 mg the D, and G modes broaden significantly and the intensity of
2D peak drastically decreases relative to the G mode. These changes reflect multi-layered turbostratic multi-layer
graphene formation with poor crystallinity, viz. highly defective graphitic material (figure 3(d)) [34, 35].
Moreover, the corresponding SEM image shows cracked pattern characteristic of multilayered graphene as
shown in figure 3(h) [36]. The studies on the growth dependence with respect to the precursor mass show one
can control the layer number by adjusting the precursor mass.

We also explored the role of growth time. In these studies, the precursor amount was kept at 0.5 mg. The
explored growth times were 3, 5 and 7 min. The Raman data for a growth period of 3 min is presented in
figure 4(a). The data, identical to that for figure 3(a), shows homogeneous mono-layer graphene growth which is
also confirmed by the SEM micrographs, e.g. figure 4(d).

However, on increasing the growth time to 5 min, the D and D’ mode increase in intensity relative to the G
mode indicating an increase in defects. The 2D mode decreases relative the G mode indicating few-layer
graphene. These features can be seen in figure 4(b). The corresponding SEM data, e.g. figure 4(e) indicate
homogeneous few-layer graphene formation. A similar trend, suggesting even more layer formation after 7 min’
growth time is observed, as shown in figures 4(c) and (f). In summary, the growth time investigations show that
as one increases the growth time so do the number of layers. This means growth time is also a reaction parameter
to control the layer number.
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Figure 4. Characterization of the hetero-doped graphene (a to ¢) Raman spectra for (a) 3 min (b) 5 min (c) 7 min growth duration. (d)
to (f) respective SEM micrographs. Scale bar = 10 ym. Growth conditions: initial Ar flushing 30 min and precursor amount 0.5 mg
decomposed at 380 °Cin half closed inner quartz tube. All peaks intensities are normalized with respect to the G mode.

We also explore different heating zone temperatures for the precursor material as this can dictate the rate
with which the precursor sublimes and decomposes, and hence can affect the feedstock concentration with
respect to time. The explored temperatures were 300 °C, 380 °C and 500 °C. The growth duration and precursor
amount were kept constant to 3 min and 0.5 mg respectively.

With the precursor heating zone set to 300 °C, the optical microscope images from the micro Raman
spectrometer suggested incomplete coverage of graphene. When measuring graphene fragments the signal was
weak (large signal to noise ratio) suggesting the graphene flakes themselves are not homogeneous. None the less
the G to D ratio and the 2D to G mode suggest the fragments are graphene (figure 5(a)). This suggests that within
the 3 min growth time, a 300 °C precursor temperature is too low in that insufficient feedstock species are
available for full graphene coverage over the Cu substrate. The SEM studies confirm incomplete graphene
coverage, e.g. figure 5(d). When adjusting the precursor heating zone to 380 °C, the Raman data confirm the
formation of good quality monolayer graphene (figure 5(b)). The SEM data confirm full coverage of the
substrate with graphene (figure 5(e)). On further increasing the precursor heating region temperature to 500 °C,
predominantly monolayer graphene is found, with small secondary flakes on the surface, as indicated by the
Raman data and SEM data (figures 5(c) and (f)) which can be attributed to an increase in feedstock
concentration, viz., more efficient precursor decomposition. The data suggests that the optimum precursor
decomposition temperature is around 380 °C. Additional data for the different trends observed from the Raman
data discussed above are presented in figures S2 and S4 in the supplementary information.

In case of the monolayer of graphene formed further characterizations by TEM were conducted (figure 6).
Low magnification studies show uniform large area deposition of single layer (figure 6(a)). HRTEM studies show
some defects in the graphene lattice that could be attributed to doping [37]. The corresponding Fast Fourier
Transform (FFT) shows a single set of three-fold reflection spots related to monolayer graphene (figure 6(b))
[38]. Moreover, looking at the edge of the material with respect to vacuum confirms the present of single layer
graphene.

To better comprehend the nature of the doping of the graphene (from N and O species) we conducted core
level spectroscopy using x-ray photoelectron spectroscopic (XPS) and electron energy loss spectroscopy (EELS).
We begin with the XPS studies. The low resolution long range survey spectrum (figure 7(a)) reveals a
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Figure 5. Characterization of the heterodoped graphene () to (c) Raman spectraat (a) 300 °C (b) 380 °C(c) 500 °C precursor
decomposition temperatures. (d) to (f) respective SEM micrographs. Scale bar = 10 pum. Growth conditions: initial Ar flushing
30 min, growth duration 3 min, one end closed inner quartz tube and precursor amount of 0.5 mg). All peaks intensities are
normalized with respect to the G mode.

Figure 6. (a) TEM Images showing large area deposition of the hetero-doped graphene sheet on TEM copper grid. Scale bar 500 nm.
(b) HRTEM images showing that the hetero-doped graphene is single layer. Scale bar = 2 nm. Inset shows respective FFT with single
set of 6-fold reflection spots. (¢) and (d) HRTEM Images showing defects pointed with arrows. Scale bar 1 nm.
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Figure 7. Characterization of the hetero-doped graphene with optimized conditions; i.e., 3 min growth duration, initial Ar flushing
for 30 min, 0.5 mg precursor amount decomposed at 380 °C in one end closed inner quartz tube (a) XPS Survey spectra (b) High
resolution N1s spectra (c) High resolution Cls spectra (d) EELS spectra showing Nitrogen and Carbon (e) EELS spectrum of Oxygen
(f) ATR spectrum in transmission mode showing presence of different functionalities.

predominant graphitic peak at 284.3 eV and additional peaks at 402.7 eV and 531 eV corresponding to the N1s
and Ols electronic transitions respectively [6, 39] and the Cu 2p peak at 932 eV [40]. The atomic percentage of N
and O was determined to be 2.9% and 8.4% respectively.

The high resolution C1s main peak (figure 7(b)) can be fitted into three components centered at 284.3, 285.6
and 287.1 eV that can be ascribed to C=C, C=N/C-0 and C-N/C=0 respectively [6, 39]. The high resolution
O1ls peak (figure S5(a)) fitted into two sub peaks at 531.5 and 530.3 eV corresponding to C=0/N-0 and organic
C—Orrespectively [41, 42]. The high resolution N1s spectrum (figure 7(c)) was used to determine the different N
functionalities. The spectrum shows presence of four components. The peaks are assigned to pyridinic N
(398.8 V), pyrrolic N (400.8 eV) and graphitic N (402.5 eV) [6, 43]. The fourth peak at the higher binding
energy 404.3 eV is assigned to pyridinic N-oxide [43]. However, in the same range of binding energies
sometimes clustered N substitutions and N, could also be present [44]. However, N, species are unlikely in this
case as the samples were annealed prior to measurement. Moreover, NO, species are also ruled out as there is no
signature for NO, above 405 eV [45].

The XPS spectra were obtained with the hetero-doped graphene still on the copper foil, i.e. as-produced
samples. The high resolution XPS spectrum for Cu2p (figure S5(b)) shows absence of any higher oxidation metal
oxide peak that usually arise in the form of a shake-up bands in the Cu2p spectrum [46]. Furthermore, the
absence of a peak at the higher binding energy of ~537 eV shows no contribution from chemisorbed oxygen
species [47]. This also indicates the homogeneous and large area nature of the as-produced graphene. More
importantly the XPS data confirms the hetero doping of the graphene with O and N in a variety of
configurations. To further confirm the doping with O and N species, we implemented EELS. Figure 6(d) shows a
prominent Carbon K edge at 284.5 and 295.5 eV that arise from electronic transitions from the 1 s core level to
unoccupied empty high energy 7* and o states above the Fermi level respectively indicating sp> hybridized
carbon [48].

Moreover, the N K edge shows a " peak at 397.7 and 0™ at 401.2 eV as seen in the inset of figure 6(d) that
corresponds to sp> bound N in a hexagonal conformation and substitutional N, respectively [48, 49]. The O-K
edge present at ~531 eV indicates oxygen atoms bound to carbon atoms [50].

We additionally look at the functional groups (doping) of the hetero-doped graphene with FTIR. In the FTIR
spectrum (figure 7(f)) the peaks at ~1213 cm ™' and ~1110 can be attributed to C—O and N—O vibrations,
respectively [51-53]. The peak at 1531 cm ™' is due to the C=C stretching mode and appears as a strong peak
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Table 2. Summary of the different functionalities for the hetero-doped graphene developed in this work.

Functionalities

C=N, C-0, C-N, C=0, N-0, Pyrrolic, Pyridinic and Quaternary N

[51]. The presence of C=O species can also be confirmed from strong absorption at 1745 cm ™" [53]. The other
prominent peak at 1650 cm ™' arises from C=N [54]. Moreover, in the region above 3200 N-H group absorbs at
3230 cm ™' [54]. From 3600 to 3700 cm ™' absorption due to OH functional groups give rise to an intense and
broad peak [39]. This OH peak was also observed in the pure undoped graphene sample that was used as a
control as shown in figure S5(c) which is attributed to the absorption from the ambient. Therefore, the
possibility of the OH group presence being a part of heterodoped graphene structure from synthesis can be
ruled out.

Thus, the XPS, EELS and FTIR data all confirm a variety of different doping configurations with N and O as
indicated in table 2. They conform the direct single step synthesis of hetero-doped graphene with N and O
species.

Finally, we also examined the sheet resistance of the hetero-doped graphene sheets, produced under
different synthesis conditions, using the four probe method. For the different precursor masses the sheet
resistance increase with increasing precursor amount as shown in figure S6(a). This correlates with the Raman
spectroscopy data that shows as the precursor mass increases so does the intensity of the D and D’ bands
suggesting an increase in defects. Defects in graphene such as vacancies, dopants and grain boundaries all serve a
scattering sites for electrons thereby decreasing conductivity and increasing the resistance [55, 56].

Similarly, with increasing growth times (figure S6(b)) the sheet resistance values correlate with the Raman D
and D’ modes trend. Increased growth times lead to an increase in the number of defects. For different precursor
heating zone temperatures, the corresponding sheet resistance (figure S6(c)) is highest for the low temperature
0f300 °C where there is incomplete coverage of the hetero-doped graphene, while for higher temperature with
complete coverage the sheet resistance is reduced.

4. Conclusions

In summary, we have synthesized large area single- and few- layer highly crystalline hetero-doped graphene with
both oxygen and nitrogen based species, for the first time, in a one-step thermal LPCVD approach. The synthesis
step reported here is also a first in that we demonstrate hetero doping can be achieved using a single solid
precursor as the C and multi elemental feedstock. The different synthesis parameters of growth time, precursor
mass and precursor heating zone temperature and inner tube configuration were carefully studied. They show
how one can use these parameters to tailor the number of layers. The data highlight the multi doping nature of
the graphene which is important for catalytic applications.
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