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This work is aimed at improving the photocatalytic activity of TiO in the reduction of CO,. TiO2 and Cu/TiO, at
5 wt% copper bulk loading were synthesised using the sol-gel method at a pH of 0.4 and 1.5. The synthesised
pure TiO2 samples, alongside the commercial TiO2 (Degussa® P25), were also doped with copper via the
incipient wetness method. The low pH and the presence of copper inhibited the anatase-rutile transformation.
Copper existed in Cu(I) and Cu(Il) states in all the doped samples, with the Cu(I) to Cu(II) ratio intimately linked

with the anatase to rutile ratio. The UPS data have shown the type II band offset between TiO2 and CuO. The
performance of the samples prepared was tested through the reduction of sodium bicarbonate-carbonate buffered
at pH > 8. Commercial TiO, impregnated with Cu demonstrated the highest formate production rate of 173
pmol-g h~! at pH 11. This study demonstrated the synergetic effect of the anatase-rutile mixture of phases, the
reaction pH, and the copper dopant in improving the photocatalytic activity of TiO».

1. Introduction

The continuous growth in world population and the high demand for
energy and synthetic materials create great concerns towards the in-
crease of CO, concentration in atmosphere due to the resulting emis-
sions from the combustion of non-renewable fossil fuels. Every year,
more research is being carried out exploring ways to control the atmo-
spheric concentration of COq, ranging from carbon capture and storage
to conversion into added value products [1,2]. The captured CO; is often
stored underground, posing the risk of leakage, and the pumping and
compression process is energy intensive, thus, a more sustainable solu-
tion is to convert the CO5 into chemicals and fuel using renewable en-
ergy [3]. Thermochemical and electrochemical methods were reported
to have been used in COy conversion. In the former method, high
amounts of energy are required to attain operation temperatures of 900
- 1000 °C due to unfavourable thermodynamics [1], while in the latter
method, gas-liquid-solid mass transfer limitations are observed due to
the low solubility of CO3 in the aqueous electrolyte phase, thus limiting
selectivity [2]. Therefore, there is the scope and need to develop novel,

sustainable and more efficient technologies for COy conversion and
valorisation.

One promising alternative technology is photocatalysis, a process
that harnesses light energy to activate a catalyst on which a redox re-
action takes place. Photocatalytic CO, reduction is growing in popu-
larity among researchers [4,5]. Aside from enabling production of
chemicals and fuels through consumption of greenhouse gases, photo-
catalytic CO reduction is highly advantageous over conventional con-
version methods for it harnesses renewable solar energy, operates under
mild operation conditions, does not require further thermal energy input
[4] and has net zero emission of greenhouse gases [6]. Similar tech-
nology is already in use in environmental, energy production and
pharmaceutical applications [7]. For the process to be effective, devel-
opment of an efficient photocatalyst is essential.

Photocatalysts are usually semiconductors with a relatively low band
gap energy, usually within the range of 1 — 4 eV [8], which enable the
electron at the valence band to be excited to the conduction band when
irradiated with a photon of ultraviolet (UV) or visible light, leaving an
electron hole in the valence band [7]. For this to happen, the

Abbreviations: SG, sol-gel; IW, incipient wetness; H, high pH = 1.5; L, low pH = 0.4; A, anatase phase; R, rutile phase; PDAD, photodiode array detector.
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illuminating photon energy irradiated must be greater than the band gap
of the photocatalyst [9]. The basic properties of semiconductors, and
their differences compared to metals and insulators can be understood
by studying their band structure [10].

Photocatalytic CO5 reduction involves multi-electron transfer lead-
ing to formation of a number of products, imposing challenges of low
selectivity. Fig. 1 depicts a wide range of CO2 reduction products re-
ported in literature. The selectivity towards the desired product could be
increased by selecting a photocatalyst with conduction potential close to
the redox potential of the targeted products.

Despite advancement in the development of novel photocatalysts,
titania (TiO2) remains the most reported and studied material due to its
favourable properties such as availability, low cost, high chemical sta-
bility [11] and low toxicity. TiOy occurs in 3 different crystal poly-
morphs at atmospheric pressure: anatase, rutile and brookite [7,12].
These phases exhibit different photocatalytic properties due to their
difference crystal structures and orientation. The structure of the phases
consists of TiOg octahedra, sharing 4 and 2 edges in anatase and rutile
respectively. Table 1 summarises the properties of TiO2 phases.

The most stable phase is rutile, while anatase and brookite are
metastable and can easily be transformed to the stable rutile phase,
subject to an increase in temperature or pressure [13], or through
changes in pH [16], which makes control of these factors critical during
catalyst synthesis to ensure the most appropriate phase is obtained. This
phase transformation is also influenced by factors such as particle size,
presence of dopants, synthesis method, annealing rate and morphology
[7,13]. The anatase-rutile transformation takes place via bond breaking
and recombination. Anatase is shown to have higher photocatalytic
performance than rutile [17], even though rutile has a lower band gap
energy. This has been attributed to a high efficiency of charge separation
[18] and high density of superficial hydroxyl group [19] in the anatase
compared to the rutile.

Different forms (e.g. crystals, nanoparticles, powder) of single or
mixed phase TiO, can be obtained depending on the synthesis method
used (Table 2), with each method having advantages and disadvantages.
Amongst all methods, sol-gel methods stand out as these can easily be
carried out without specialised equipment, at mild conditions, while still
offering control on the properties of the materials produced. In sol-gel
methods, aside from the calcination temperature, the pH of the syn-
thesis medium determines the structure and phases present in the final
TiO» photocatalyst. Under the condition of increased H" concentration,
formation of the rutile phase is favoured while in the region of low H"
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Fig. 1. Typical CO; reduction products reported in literature.
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Table 1

Bulk properties of TiO, polymorphs. [13-15].
Property Anatase Rutile Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Atoms per unit cell 4 2 8
Density, g cm™> 3.83 4.24 4.17
Band gap, eV 3.26 3.05
Refractive index 2.57 2.95 2.81

Table 2
Advantages and disadvantages of different TiO, synthesis methods.
Synthesi Phases
yninesis —— Advantage Disadvantage Ref.
Method Anatase  Rutile
- Poor control
o -Low of particle size.
Precipitation v v . [13]
temperature. - Particle
agglomeration.
- Easy control -Long
of surface synthesis
Solvothermal/ v v properties. duration. [22]
Hydrothermal - Easy control .
. - High cost of
of particles h
. equipment.
properties.
- High purity.
. - Decrease in
Homogeneity.
! surface area at [13,
Sol-gel v v - Doping o -
e calcination 22]
flexibility. stage
- Low ge.
temperature.
- Uncontrolled
. . aggregation [13,
Micro-emulsion Amorphous and 23]
flocculation.
- Fine crystal
Combustion v with large [13]
surface area.
- Difficult to
4 4 ith 1 § 22
deposition r:l]rfaczrf:ea - Capital and (22]
(CVD) ' energy

intensive.

concentration, anatase formation is favoured. Tryba, et al. [20] syn-
thesised TiO, based photocatalysts at pH of 1.5 and 3. They reported
that, under a pH of 1.5, the sample consisted of 20% rutile, against
almost no rutile being present at pH of 3. Karami [21] similarly reported
that anatase formation is favoured at pH of 3.

Pure TiO; has low photocatalytic efficiency [2,9] due its high band
gap as shown in Table 1. As a result, it typically operates within the UV
spectrum and therefore it utilises a minimum amount of the total sun-
light spectrum available [2]. It also offers low photocatalytic efficiency
due to electron-hole recombination [24] and low reduction potential of
its electrons in the conduction band. To overcome these limitations
several strategies have been considered such as doping with metals,
non-metals and co-metals, and photosensitisation through dye sensiti-
sation, quantum dots and semiconductors coupling [2,5].

Doping is the process of adding impurities to a semiconductor aiming
to modify its band structure [25] and is one of the most simple and cost
effective catalyst modification processes to carry out. Dopants can either
decrease the band gap energy, or promote/inhibit the anatase to rutile
transformation by penetrating into the anatase lattice and changing the
level of oxygen vacancies [7]. Non-metals, such as nitrogen [26,27],
carbon [28] and metals (usually transition [29] and/or noble metals
[30]) are widely used to minimize the effect of charge-carrier recom-
bination by serving as either traps or sinks for charge carriers. The
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elementary steps involve in a photocatalytic process are shown in Fig. 2.

Sangpour, et al. [31] compared the photocatalytic activity of TiOq
doped with gold, silver and copper. Their result shows that the copper
competes with the noble metals in enhancing the photocatalytic activity
of TiO,, Copper is one of the most extensively studied dopants used to
improve the photocatalytic performance of TiOy [32-36]. Addition of
Cu has been shown to inhibit anatase-rutile transformation during
calcination [20]. Doping TiO5 with Cu in the form of either CuO or Cu,0
has been reported to show enhanced photocatalytic performance for
substrate degradation [37,38], hydrogen generation [39] and CO,
photoreduction [40]. On doping TiOy with Cu, Tryba, et al. [20] re-
ported enhanced light absorption with catalysts prepared at pH of 1.5
and calcined at 500 °C whereby rutile phase composition increased from
20% to around 75% with a reduction in band gap energy from 2.93 to
2.86 eV. There is a growing interest in using Cu dopants to explore its
potential in addressing some of the limitations associated with TiO4 [32,
41-43]. However, these studies focus on the study of influence of dopant
loading [32,44,45]. There are however, limited systematic studies of
different synthesis methods and the influence of Cu/TiOy synthesis
conditions on TiOy phases and copper species distribution, alongside
optimising testing conditions specifically for the reduction of dissolved
COa.

The photocatalytic reduction of CO; is limited by poor solubility of
CO; in water under acidic conditions at ambient temperature and at-
mospheric pressure. Its single electron reduction in water to a more
active *COj radical requires the standard reduction potential of 1.9 eV
[46]. The solubility of COs is improved by dissolution under pressure, or
through increasing the pH of solution. CO, can be easily dissolved in a
basic medium, usually using an aqueous solution of NaOH. Different
forms of CO5 (H,CO3/HCO3/C0O3%) are formed depending on the pH, as
shown in the reactions (1) and (2). Within the pH ranges of 4 — 8 and 8 —
11, the solution contains CO2/HCO3 and HCO3/CO% forms respectively.
The Pourbaix diagram reported by Reda, et al. [47] shows which forms
are most stable thermodynamically at different pH and reduction po-
tential to formate or formic acid. A detailed mechanistic scheme of the
reduction of different forms of CO, was proposed by Karamian, et al.
[48].

Journal of CO2 Utilization 70 (2023) 102428

This study covers the systematic investigation into the effect of pH in
enhancing the photocatalytic performance of TiOy for CO5 reduction,
both during catalyst synthesis and during reaction. TiO and Cu/TiO,
samples were successfully synthesised using simple sol-gel and incipient
wetness methods. The effects of pH during synthesis on the physi-
ochemical properties of the photocatalyst samples and on their perfor-
mance for photocatalytic reduction of sodium bicarbonate/carbonate to
formate were investigated. Specifically, the influence of the pH used
during the sol-gel synthesis of TiO3 on the composition of TiO, phases,
Cu speciation, band gap energy and band offset between Cu and TiO5
were studied. The effect of the pH of the reaction medium was also
examined. Copper dopant was selected due to its availability, low cost
[49], exhibition of multiple oxidation states [50] and its ability to
readily substitute Ti™* of TiO, network [33]. P25 is a commercial TiOy
product prepared by pyrogenic method and commonly used as bench-
mark. The detailed procedure of this method is not available. Although
the P25 was used for benchmarking in this work, the use of extensively
studied sol-gel method was chosen to understand the impact of different
synthesis condition on the photocatalyst properties and activity to allow
further improvements, and also to match the performance of P25 using a
more readily available synthesis method.

2. Methodology
2.1. Photocatalyst preparation

2.1.1. Preparation of TiO»

Two 10 g TiOy samples were prepared using sol-gel method at two
different pH values. Titanium butoxide (Ci6H3604Ti, 99 +%, Alfa
Aesar), methanol (CH30H, > 99.9%, Fisher Scientific,) and nitric acid
(HNOs, 70%, Fisher Scientific) were used at a mole ratio of 1:10:30 as
precursor, solvent and catalyst, for the hydrolysis and condensation
reactions taking place during the sol-gel synthesis respectively. The
procedure involved the dissolution of 36 ml titanium butoxide in 42 ml
of methanol under continuous stirring at 300 rpm for 15 min, followed
by the dropwise addition of nitric acid solution prepared by adding
1.58 ml and 0.12 ml of nitric acid into 60 ml of DI water, corresponding
to a pH of 0.4 and 1.5 respectively. These pH values were determined

H=8.4 _
CO, +NaOHyq) “— Na/,,, +HCO; @ based on a review of previous literature where the effect of pH on the
kinetics of hydrolysis and condensation reaction during sol-gel synthesis
HCO,,, +NaOHy) PHAL 4 +CO:2 +H,0p ) is described [7,51-54]. After the addition of nitric acid, the mixture was
9 ’ ’ covered with parafilm whilst being stirred for 30 min. The mixture was
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Fig. 2. Elementary steps in photocatalysis.
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then allowed to age for 24 h before drying at 90 °C for 24 h followed by
calcination at 500 °C. The calculation furnace temperature was ramped
at 5 °C min~! up to 500 °C, kept at 500 °C for 2 h and then let to cool
naturally to 50 °C at which point the samples were removed. The sam-
ples prepared at 0.4 and 1.5 pH were labelled SGL-TiO, and SGH-TiO,
respectively. Commercial TiOy (Aeroxide ® P25, Acros Organics) was
used to benchmark the in-house TiO». The final samples were ground in
ethanol (Fisher Scientific 99.8%) using a Retsch planetary ball mill (PM
100) equipped with a 125 ml fused zirconia grinding jar and @ 10 mm
balls. The mill was operated at 300 rpm for 90 min

2.1.2. Preparation of copper-doped TiO2

A 5 wt% loading of Cu was selected and fixed in this study as it was
sufficient to impart an influence on the catalytic activity and be detected
during characterisation, enabling analysis of its influence on the optical
properties of the TiO, without masking the effects of TiOs. Sol-gel and
incipient wetness methods were used to prepare 10 g of 5 wt% copper-
doped TiO2 photocatalyst samples, in both cases using copper nitrate
trihydrate (Cu(NO3)2-3 H20, 99%, Fisher scientific) as doping agent
precursor.

For the sol-gel method, a similar procedure as described in Section
2.1.1 was implemented, with addition of 1.71 g copper nitrate trihy-
drate into the HNOj3 solution before mixing with the titanium butoxide
and methanol. The samples prepared at pH 0.4 and 1.5 were labelled as
SGL-Cu/TiO5 and SGH-Cu/TiO,.

For the incipient wetness method, both the commercial and the TiO4
prepared in Section 2.1.1 were doped with copper via the incipient
wetness method. For this, 1.9 g of copper nitrate trihydrate was dis-
solved in 2.76 ml of water. The solution was then mixed with 9.5 g of
TiOy. The volume of the solution was just sufficient to fill the pore
volume of the TiO,. The pore volume at ‘incipient wetness’ was
measured by gravimetric dosing of water onto the TiO, powder with
manual mixing, until the powder lost the free flow characteristics.
Assuming the density of water is 1 g/ml, the volume of the pore was
estimated by subtracting the final weight of the impregnated powder
from the initial weight of the loose powder before impregnation.

All of the photocatalyst samples were oven dried at 90 °C and
calcined in air at temperature ramp of 5 °C/min up to 500 °C with a
dwell time of 2 h. The final catalyst samples, labelled as IW-Cu/P25, IW-
Cu/SGL-TiO5 and IW-Cu/SGH-TiO,, after drying and calcination were
ground to a powder using a mortar and pestle. Table 3 summarises the
methods and conditions under which all the photocatalyst samples were
prepared.

2.2. Photocatalyst characterisation

The X-ray diffraction pattern of the samples were measured using a
PANalytical X'Pert Pro Multipurpose Diffractometer (MPD) in the range
of 20° from 10° to 110° at 0.033° step and 750 s per step. 40 kV
generator voltage and 40 mA tube current with Cu Ko (. = 1.541874 A)

Table 3
Photocatalyst samples prepared.

PpH During

Catalyst Samples Sol-Gel Step*

Synthesis Method

TiO4 (P25) Pyrogenic

SGL-TiO, 0.4 (L) Sol-gel (SG)

SGH-TiOy 1.5 (H) Sol-gel (SG)
SGL-Cu/TiO, 0.4 (L) Sol-gel (SG)
SGH-Cu/TiO, 1.5 (H) Sol-gel (SG)
IW-Cu/P25 Incipient wetness (IW)
IW-Cu/SGL-TiO, 0.4* (L) Incipient wetness (IW)
IW-Cu/SGH-TiO 1.5 (H) Incipient wetness (IW)

" The pH for these samples refers to the pH of the nitric acid solution used to
prepare the TiO, material during the sol-gel procedure. L refers to a "low" pH
value of 0.4, and H refers to a "high" pH value of 1.5.
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as anode material were used. The Rietveld refinements were performed
using PANalytical HighScore Plus. Semi-quantitative analysis built in
the HighScore Plus working on the basis of the reference intensity ratio
values was used to estimate the mass fraction of the identified phases.

Scanning Electron Microscopy (SEM) was conducted using XL30
ESEM-FEG to understand the surface morphology of the catalyst sam-
ples. UV-vis diffuse reflectance spectroscopy was used for band gap
measurement by measuring the reflectance using a Flame S UV-vis
spectrometer from Ocean Optics equipped with a bifurcated reflectance
optical fibre (QR230-7-XSR) and a high power Deuterium and Tungsten
Halogen light source (DH-MINI). A PTFE reflectance standard was used
to acquire a reference spectrum.

XPS data was acquired using a Kratos Axis SUPRA using mono-
chromated Al ka (1486.69 eV) X-rays at 15 mA emission and 12 kV HT
(180 W) and a spot size/analysis area of 700 x 300 um. The instrument
was calibrated to gold metal Au 4 f (83.95 eV) and dispersion adjusted
give a BE of 932.6 eV for the Cu 2p3,, line of metallic copper. Ag 3ds,2
line FWHM at 10 eV pass energy was 0.544 eV. Source resolution for
monochromatic Al Ka X-rays is ~0.3 eV. The instrumental resolution
was determined to be 0.29 eV at 10 eV pass energy using the Fermi edge
of the valence band for metallic silver. Resolution with charge
compensation system on < 1.33 eV FWHM on PTFE. High resolution
spectra were obtained using a pass energy of 20 eV, step size of 0.1 eV
and sweep time of 60 s, resulting in a line width of 0.696 eV for Au 4f7,5.
Survey spectra were obtained using a pass energy of 160 eV. Charge
neutralisation was achieved using an electron flood gun with filament
current = 0.38 A, charge balance =2V, filament bias = 4.2 V. Suc-
cessful neutralisation was adjudged by analysing the C 1s region
wherein a sharp peak with no lower BE structure was obtained. Spectra
have been charge corrected to the main line of the carbon 1 s spectrum
(adventitious carbon) set to 284.8 eV. All data was recorded at a base
pressure of below 9 x 10~° Torr and a room temperature of 294 K. UPS
data was performed using a He(I) (21.22 eV) lamp. Data was analysed
using CasaXPS v2.3.19PR1.0. Peaks were fitted with a Shirley back-
ground prior to component analysis.

2.3. Photocatalytic CO2 reduction

The prepared photocatalyst samples alongside P25, used as a
benchmark, were tested for CO; reduction in basic medium. The pho-
tocatalytic activity experiments were conducted in an Immersion Well
Photochemical Reactor, Model RQ125, with 250 ml volume capacity.
The reactor was equipped with a 125 W medium pressure mercury lamp
emitting predominantly between 365 and 366 nm radiation, with
smaller amounts also in the ultraviolet region at 280, 289, 292, 296,
302, 313 and 334 nm, and a significant amount of radiation produced in
the visible region at 405-408, 436, 491, 546-550 and 577-579 nm. The
light source was positioned at the centre of the reactor, surrounded by a
quartz jacket (immersion well) through which cooling deionised water
was circulated to cool the light source and control the reaction tem-
perature. The deionised water is generally transparent to visible light
but can absorb some UV radiation, particularly in the short-wavelength
UV-C range (200-280 nm, i.e. 6.9-4.43 eV). However, it can also
transmit UV radiation at longer wavelengths (280-400 nm, i.e.
4.43-3.1 eV) [55]. The spectral range of the light source used was
measured using an Ocean Optics Flame S UV-vis spectrometer coupled
with a QP230-2-XSR solarisation-resistant optical fibre on the outside of
the water jacket, i.e. in the same space occupied by the reaction medium.
It was found that the light source emitted radiation with energy between
270 and 506 nm, (i.e. 2.45-4.6 eV) approximately (cf. Supplementary
Information S1). UV-A/B radiation intensity (280-400 nm, i.e.
4.43-3.1 eV) was measured using a General UV513AB light meter and
found to be in the region of 40 mW/cm? in the region of maximum in-
tensity demonstrating a high radiation intensity was still available
despite the water jacket (cf. Supplementary Information S2). All ex-
periments were performed in the same conditions and using the same set
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up, thus all results are comparable.

The immersion well is then inserted into an external vessel (reaction
flask) to create an annular space (ID of the reaction flask 65 mm and OD
of the immersion well 58 mm, corresponding to an optical path of
3.5 mm) where the catalyst slurry was mixed and irradiated. Mixing was
achieved with a magnetic stirrer positioned under the reactor. The
reactor was isolated in a safety cabinet equipped with a safety switch to
prevent exposure to hazardous UV radiation before turning on the UV
light source. The experimental set up is shown in Fig. 3.

Sodium bicarbonate/carbonate were used as these are commonly the
product of absorption of carbon dioxide in sodium hydroxide solutions.
The reactor was operated under batch mode to photocatalytically reduce
the bicarbonate/carbonate to formate. To study the effect of pH,
different carbonate/bicarbonate buffers were tested on photocatalyst
samples prepared.

250 ml of 0.1 M aqueous solutions for each of sodium bicarbonate
(NayCOs3, >99.95%, Acros organics, pH 8.34) and carbonate (NaHCOs,
>99.5%, Acros organics, pH 11.72) solutions as well as the mixture of
NaHCO3/Na,COs at the ratio of 0.9, 0.5 and 0.1, corresponding to pH
values 9.16, 10.09, and 11 were prepared. The reaction mixture was
prepared by adding 0.1 g of photocatalyst to 200 ml of the buffer solu-
tion contained in the 250 ml photoreactor. The reaction mixture was
kept under constant magnetic stirring at 1000 rpm to prevent catalyst
sedimentation and to provide uniform distribution of catalyst particles
within the reaction volume. The temperature of the photoreactor setup
was kept at 40 °C by water recirculating through a chiller. The reactor
was then sealed using a stopcock. The mixture was irradiated for 5 h and
8 ml liquid samples were taken through the sampling port at hourly
intervals and filtered through 0.45 um membrane filters. The samples
were analysed on a Perkin Elmer Flexar HPLC system, equipped with an
Ultra Aqueous C18 150 mm x 4.6 mm column, photodiode array de-
tector (PDAD) at the analytical wavelength of 230 nm.

3. Results and discussion
3.1. Photocatalyst characterisation

3.1.1. SEM imaging

The SEM images of the samples at 10,000 x magnification is pre-
sented in Fig. 4. The image revealed that the samples prepared have
different grain sizes and surface morphology. P25 appeared more ho-
mogeneous with more finer grains than the samples prepared via sol-gel
method, as is characteristic of pyrogenic aerosol preparation methods

Chiller

—
Ovcrhcak

sampling port

sampling port

HPLC system

||| — Mercury lamp

Slurry system

O Cooen]

Magnetic stirrer

Fig. 3. Schematic view of the experimental set up.
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[56]. Samples prepared via sol-gel method at pH 1.5 have somewhat
finer grains with relatively regular shape compared to samples prepared
at pH 0.4. In the hydrolysis stage at pH 0.4, a gel is formed, which upon
calcination would easily fuse to form the irregular shape and ‘glass-like
grains observed in the SGL-TiO,, where rutile composition is high. In
contrast, at pH 1.5, a sol is formed, which upon calcination would form a
more regular shape grains as is observed in the SGH-TiO, sample of
predominantly anatase phase. Challagulla, et al. [57] have shown the
dependence of morphology of TiO, relative to its phase composition.

3.1.2. XRD analysis

The X-ray diffraction patterns for all the 8 samples are shown in
Fig. 5. The patterns indicate that commercial P25 and the SGL-TiO5
sample synthesised at pH of 0.4 contained mixed anatase and rutile
phases. As shown in Table 4, for the bare TiO, samples, the commercial
P25 has the highest anatase to rutile phase (A/R) of the 4 compared to
the SGL-TiO, with an A/R of 0.6. The anatase to rutile ratio of the
commercial TiO (P25) is within the range of values (2.3 — 4) reported by
Ohtani, et al. [17]. However, the SGH-TiO,, sample prepared at pH of
1.5 contained predominantly the anatase phase. Additionally, traces of a
brookite pattern assigned to the (121) plane was also observed in all the
samples. It is often observed that, under highly acidic conditions, the
rate of hydrolysis (reaction 3) is higher than the rate of condensation
(reaction 4). This leads to intramolecular oxolation of the hydrolysed
titanium precursor and linear rutile growth takes place along the
equatorial plane of the hydrolysed sample. On the contrary, a lower
acidity accelerates the condensation reaction more than the hydrolysis
reaction, and deoxolation takes place, with growth proceeding along the
apical direction leading to formation of skewed chains of anatase
structure [20].

Hydrolysis,

Condensation
—

nTi(OH), nTiO; +2nH,0 @

The average crystallite sizes of the samples, calculated using Scher-
rer’s Eq. (5), are shown in Table 4.

D = K1/BCos6 ()

where D is the crystallite size in nm, K is the shape factor (K=0.9 for
spherical crystallites), A is the wavelength for copper ko radiation in A
(A =1.541874 /o\), p is the full width at half maximum for the peak being
measured, and 0 is half of Bragg’s angle in radians. The average anatase
crystallite sizes at (101), (004), (200) and (211) planes for SGL-TiO, and
SGH-TiO, samples were 18.9 + 0.62 nm and 15.5 + 1.37 nm respec-
tively, while the average rutile crystallite size at (110), (101), (111) and
(310) for SGL-TiO, was 32.5 + 1.71 nm.

There are conflicting conclusions in the literature regarding the in-
fluence of crystallite size on the photocatalytic performance of a pho-
tocatalyst. Generally, for a single-phase crystal, there is strong evidence
that increasing crystallite size enhances photocatalytic activity up to a
certain optimum range. For an anatase phase within the range of 6.6 —
26.6 nm, Wang, et al. [58] reported an increase in photocatalytic per-
formance for phenol degradation with increasing crystallite size.
Furthermore, Koci, et al. [59] reported that for photocatalytic CO,
reduction within the range of 4.5-29 nm, the highest yield of methane
and methanol was recorded at 14 nm. Smaller crystals are subject to a
rapid agglomeration, thereby reducing their surface area.

CuO XRD diffraction peak was not detected in samples prepared via
sol-gel method suggesting a high dispersion of the Cu and incorporated
into the network of the TiO, [60]. For the sol-gel samples where the Cu
doping was carried out as part of the sol-gel procedure, introduction of a
Cu dopant at pH = 0.4 (SGL-Cu/TiOy) inhibited anatase to rutile trans-
formation, causing an increase in anatase to rutile ratio from 0.6 to 3.8,
likely due to incorporation of Cu into the TiO3 network [61]. The inhi-
bition of anatase-rutile transformation on doping with Cu were
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previously reported by Byrne, et al. [62]. This was accompanied by a
decrease in rutile crystallite size from 32.5 nm to 19.7 nm. For the TiO,
samples doped with Cu at pH 1.5 (SGH-Cu/TiO5), the anatase phase was

Table 4
Phase composition, crystallite size and band gap energy of the prepared pho-
tocatalyst samples.

Band gap energy

Catalyst Phase (composition) Crystallite size / eV
samples / Wt% / nm
Direct  Indirect
TiO, (P25) A (80) / R (20) 21.9/35.5 3.72 3.24
SGL-TiOy A (39) /R (61) 18.9 / 32.5 3.29 2.96
SGH-TiO, A (100) 15.5 3.74 3.25
SGL-Cu/TiO, A (79) /R (21) 17.6 / 19.7 3.29 2.61
SGH-Cu/TiO, A (100) 13.9 3.49 2.93
A (73) / R (20) / CuO 22.4/35.6 /

IW-Cu/P25 ® 35.1 3.69 3.08
IW-Cu/SGL- A (34) /R (61) / CuO 20.3/32.4/

TiO, (5) 51.4 312 222
IV\{I:%I/SGH_ A (92) / CuO (8) 16.0 / 30.1 3.63 3.06

2

— A — Anatase phase, R — Rutile phase

maintained with no significant change in the crystallite size (15.5
4+ 1.37 nm and 13.9 4+ 1.7 nm).

Phase transformation and crystallite size remained unchanged,
within the margin of measurement error, for both in-house and com-
mercial TiO, samples impregnated with Cu. The diffraction peak
observed in all Cu impregnated samples at 20 = 35.5° corresponds to
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footprints of CuO, suggesting a higher level of segregation between the
copper and titanium oxide phases when incipient wetness is used as a
doping technique.

3.1.3. Band gap measurements

It has been shown that TiO has direct and indirect electronic tran-
sitions, depending on its phase composition [63]. The band gap energy
was estimated using the Tauc expression [64]:

(ahv) = A(ho — E,)" (6)

where A is a constant, Eg is the band gap energy in eV, « is the absorption
coefficient, hv is the energy of excitation in eV, n indicates different
types of transition (n ="' and 2 for direct and indirect transitions
respectively).

The measured reflectance spectra are shown in Fig. 6. The absorption
coefficient was determined from the reflectance data obtained using the
expression:

(1-R.) a

F(Ry) = SR "3 @)

where R, is the absolute reflectance, S is the scattering coefficient, in-
dependent of the wavelength.

The associated functions for determination of the band gap energies
are presented in Fig. 7. The values of the band gap energies shown in
Table 4 were determined by linear regression through the linear region
of the (ahv)? (Fig. 7a) and (ahv)? (Fi g. 7b) versus hv functions for direct
and indirect transition, respectively, followed by extrapolation of the
fitted lines to the points of intersection with the ho axis.

From the results shown in Table 4, it is possible to see that the direct
and indirect band gap energies of SGL-TiO3 (3.29 eV and 2.96 eV) are
lower than those of P25 (3.72 eV and 3.24 eV) and SGH-TiO, (3.74 eV
and 3.25 eV). The photocatalyst band gaps were all < 3.74 eV (spectral
position shown in S1), confirming that the light obtained after passing
the quartz-water jacket still has capacity to excite the samples tested in
this study. The lower band gap of SGL-TiO; is related to its high
composition of the rutile phase with an inherently lower band gap en-
ergy compared to the anatase phase. As shown in the Table 1, the band
gap of the anatase phase, which almost corresponds to the indirect band
gap energy of 3.25 eV for SGH-TiOy, is higher than that of the rutile
phase.

The direct band gap energy of the sample doped with Cu via sol-gel
method at pH 0.4 (SGL-Cu/TiO3) has not changed despite addition of the
dopant due to an increase in anatase phase. However, the indirect band
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Fig. 6. UV-vis diffuse reflectance spectra of the prepared samples.
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gap energy has shown a decrease by 0.35 eV upon doping with Cu. This
suggests that the anatase phase has an indirect band transition as
confirmed by the density of states profile of pure anatase [63]. The effect
of Cu in terms of the direct and indirect band gap energy reduction by
0.25 eV and 0.32 eV respectively has been exhibited in samples doped
with Cu via sol-gel method at pH of 1.5 with pure anatase (SGH-Cu/-
TiOs). A similar effect has been shown by all of the TiO, samples
impregnated with Cu. We can therefore surmise that the reduction of
band gap energy is due to the addition of Cu, rather than a changing
crystal phase.

The band gap energy is also influenced by crystallite size as shown
using quantum confinement, which demonstrates that the band gap
energy can be tailored by tuning the size and shape of a single phase
material [65]. The crystallite size in turn was shown to be directly
influenced by doping and synthesis conditions. For the samples prepared
at pH 1.5 by both methods (SGH-Cu/TiO; and IW-Cu/SGH-TiOy), there
is no significant change in the crystallite size, thus the overlap of the
discrete energy level of the Cu dopant with TiO5 played a key role in
reducing their band gaps. Comparing these two samples, doping via the
sol-gel method produced a sample (SGH-Cu/TiO2) with a lower direct
and indirect band gap energy (3.49 eV and 2.93 eV) than that prepared
via the incipient wetness method (IW-Cu/SGH-TiO3), which had a direct
and indirect band gap energy of 3.63 eV and 3.06 eV respectively. This
was presumably due to the high dispersion of the dopant in
SGH-Cu/TiOz.

For samples with multiphase composition, the band gap energy is
compounded by the optical properties of the individual phases. In
addition to the presence of the Cu dopant, the decrease in the crystallite
size of rutile phase from 32.5 nm to 19.7 nm is another potential reason
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why the indirect band gap energy of SGL-Cu/TiO, decreases from
2.96 eV to 2.61 eV. In this sample, it is likely that the inhibition of
anatase to rutile transformation overshadowed the role of Cu in
decreasing the band gap energy. Therefore, it was clearly shown that the
function of the dopant was to shift the absorption spectrum to regions
with lower energy, expanding the amount of usable light from the UV
into the visible range. In addition to the reduction in the band gap that
contributed to the improved light efficiency of the photocatalyst, it is
also expected that the dopant may act by way of an electron trap as
demonstrated by Li, et al. [66], adding to the total photocatalytic
efficiency.

3.1.4. XPS/UPS analysis

X-ray and ultraviolet photoelectron spectroscopies (XPS/UPS) were
conducted to understand the chemical state of the copper species and
establish the band edge position of the prepared samples. The high-
resolution XPS spectra in the region of Ti 2p are shown in Fig. 8. In
the spectra, only Ti(IV) was detected and there were no noticeable
changes in the chemical state of titanium after doping with Cu.

While Cu(II) may be readily identified by XPS due to significant final-
state satellite features, Cu(I) and Cu(0)are more difficult to distinguish
using only the Cu 2p peaks due to low energy separations. The Cu LMM
Auger, however, may be used to identify the nature of the emitting core-
atom, and the representative Cu 2p and Cu LMM auger spectra for SGL-
Cu/TiO, and SGH-Cu/TiO,, indicating the deconvolution profile and
differences in auger spectra, may be found in Fig. 9. Despite the presence
of the Ti 2's peak at 921.7 eV alongside the ligand-to-metal charge
transfer (LMCT) shake-up at 909 eV, which complicated the identifica-
tion of the copper peaks, quantification was still possible via background
removal of the contributing Ti signal from the unmodified parent titania
spectra. It is clear from the auger spectra (fit via linear combination
fitting of Cu(I) and Cu(Il) auger lineshapes from known standards) that
there is no observable Cu(0) peaks within the dataset and hence the
materials must comprise solely Cu(I) and Cu(Il).

The relative percentages of Ti, O, and Cu were quantified and pre-
sented in the Supplementary Information S3. The initial ratio of copper
to titanium (Cu:Ti) introduced during synthesis was 0.066. Analysis of
the XPS data revealed that the final Cu:Ti ratios in the samples SGL-Cu/
TiOy, IW-Cu/P25 and IW-Cu/SGL-TiO, were greater than the ratio
introduced, with values of 0.125, 0.139, and 0.171 respectively. In
contrast, the samples SGH-Cu/TiO, and IW-Cu/SGH-TiO,, which had
final Cu:Ti ratios that were relatively close to the amount introduced
(0.076 and 0.088, respectively). The high surface copper content in SGL-
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Fig. 8. High resolution XPS spectra of in the region of Ti 2p.
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Cu/TiOy, IW-Cu/P25 and IW-Cu/SGL-TiOs is attributed to the presence
of a mixture of anatase and rutile phases. This is because anatase and
rutile have different crystal structures, with rutile phase exhibiting a
higher surface free energy compared to the anatase phase. As a result,
defect sites are likely to form on the surface of the rutile phase [12]. The
existence of these defect sites on the rutile surface provides binding sites
for copper atoms.

The atomic ratios of Cu(II) and Cu(I) extracted from the Cu 2p and Cu
LMM Auger spectra are shown in Fig. 10 for all the Cu doped samples.
We observe that, regardless of the synthesis method employed, all
samples contain Cu(II) and Cu(I) in varying amounts. However, it is
apparent that both for Cu-doped P25 (IW-P25) and for the Cu-doped
titania samples synthesised at low pH during the sol-gel (SGL-Cu/
TiO3) and incipient wetness (IW-Cu/SGL-TiO3) steps, we produce a high
Cu(Il) to Cu(I) ratio. Under the condition of the low pH, the ratio of Cu
(II) to Cu(l) in the sol-gel sample (SGL-Cu/TiO5) is almost double that of
the sol-gel samples under the condition of high pH (SGH-Cu/TiO3). In
contrast, for the samples synthesised with a high pH during the sol-gel
step, the ratio of Cu(Il) to Cu(I) is much more comparable, with the
Cu(I) content appearing to be the dominant phase in the SGH-Cu/TiO4
and IW-Cu/SGH-TiO, samples.

The data seem to reveal that the synthesis pH not only determines
phase composition as shown by the XRD data, but also determines the
distribution of Cu(I) and Cu(Il). The samples that only had anatase have
similar amounts of Cu(I) and Cu(II), while samples that also had rutile
have much higher amount of Cu(II) than Cu(I). The copper species dis-
tribution is shown to be controlled by both pH [67] and thermal treat-
ment [68]. These parameters simultaneously influence the phase
distribution of TiO,. The distribution of copper species in this study can
be explained by the fact that in acidic medium, formation of Cu(l) is
favoured [69]. The Cu(I) in the SGH-Cu/TiO; sample is thermally more
stable than the Cu(I) in the SGL-Cu/TiO5 due to its high anatase content
[70]. Anatase has high oxygen vacancies which act as electron accepters
and promote the reduction of Cu(Il) to Cu(l) by providing more elec-
trons. This can help to stabilise the Cu(I) species, making it less likely to
oxidise back to Cu(II) under thermal treatment [71].

The surface distribution of copper was investigated using energy
dispersive X-ray (EDX) analysis. The result from the two-point analysis
of only IW-Cu/P25 and SGL-Cu/TiO5 samples (cf. Supplementary In-
formation S4) revealed the presence of copper on the surface of these
samples, which is in agreement with the XPS results. The EDX results
revealed that the copper on the surface of SGL-Cu/TiO; relatively
consistent across the two points analysed, indicating a relatively ho-
mogeneous distribution of copper on the surface, which is consistent
with the samples being prepared via the sol-gel method. In contrast, the
IW-Cu/P25 sample showed a significant variation in copper content
between the two points on the surface, indicating a more heterogeneous
distribution of copper, typically observed in samples where doping was
deposited via the incipient wetness method.

The valence band minimum (Eygy;) was determined for TiO, samples
via UPS spectroscopy. Fig. 11 shows the conduction band minimum
(Ecpm) estimated from the Eypy and from the band gap energies of the
samples measured by UV-Vis Diffusive Reflectance Spectroscopy (cf.
Table 4).

The reduction potential determines the tendency of chemical species
to get reduced. For a chemical species to undergo reduction, its reduc-
tion potential must be higher than the reduction potential of the con-
duction band of the photocatalyst being used. In essence, the band edge
position dictates if the photocatalytic reduction is thermodynamically
favourable or not. The results shown in Fig. 11 seem to indicate that the
reduction potential for the conduction band edge of the pure TiO,
samples is within the range of the reduction potential for the bicar-
bonate and carbonate reduction pairs to formate (—0.35 V to —0.90 V)
[47]. Therefore, kinetic limitations aside, all three TiO; catalysts should
be good candidates to drive the reduction reaction of bicarbonate to
formate forwards, but less so when it comes to directing the reduction of
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carbonate to formate. It is also apparent that the conduction band edge
reduction potential became slightly less negative as the amount of rutile
phase increased, suggesting the existence of band offset at the interface
between anatase and rutile phase [72]. Although not measured in this
work, this band offset between anatase and rutile helps improve
electron-hole pair separation [73,74].

In addition to the band offset between anatase and rutile phases, the
UPS data and the band gap energies of the Cu doped samples revealed
the existence of another offset between TiO, and CuO. The Eygy of
copper-doped samples could not be determined spectroscopically
because it was complicated by the presence of a mixture of Cu(I), Cu(II)
and Ti(IV). Therefore, the standard band gap energy (1.7 eV) [75] and
measured photoelectron core level of CuO was used to investigate the
band offset at the interface between the CuO and TiOs. This could also be
done for standard Cu5O.

Fig. 12 depicts the band offset in all the copper-doped samples pre-
pared via sol-gel and incipient wetness methods. As shown on the XRD

patterns for the sol gel copper doped TiO5 photocatalysts that the copper
is highly dispersed within the network of the TiO2, therefore no band
offset is formed. For both direct and indirect band gap energies, all the
samples prepared via the incipient wetness method have shown the type
I band offset, except for the indirect band gap energy of IW-Cu/SGL-TiO,
where a type Il was formed. Zhang, et al. [76] have extensively reviewed
the different types of band offsets possible between semiconductors. In
type I, both electron and holes accumulate in the conduction band and
valence band of CuO respectively. The charge carriers easily recombine
due to the small band gap energy of CuO (1.7 eV). Thus, type I does not
promote charge separation. However, in type II, charge carriers are
separated leading to an enhanced photocatalytic performance. Accord-
ing to the literature [77,78], CupO is a p-type semiconductor with a more
negative conduction band potential than both TiO; and CuO, hence
coupling both Cuy0, CuO and TiO; could lead to the formation of more
stable charge separation due to the type II band offset.
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Fig. 10. Atomic ratios between Cu(Il) and Cu(l).

3.2. Photocatalytic reduction of sodium bicarbonate/carbonate to
formate

Photoreduction of sodium bicarbonate/carbonate cannot be con-
ducted in acidic medium, because this will cause a shift in the equilib-
rium of the CO; solubilisation and ionisation reaction (8) towards the
direction of dissolved CO5 and H5O. This will then lead to lower bicar-
bonate/carbonate concentrations, and potentially lead to CO2 escaping
out of solution as a gas, creating additional gas-liquid mass transfer
constraints.

COy+ H0 S HY + HCO; S2H* +COY ©)

Acidic media is also not compatible with Cu-doped photocatalysts as
CuO is readily soluble in such solutions, making it impracticable to run
the bicarbonate ion reduction in this medium. Therefore, all reactions
were carried out at alkaline pH.

To study the copper leaching during the reaction on different copper
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loading (0.5, 1,3 and 6 wt%) on P25 and 5 wt% SGL-Cu/TiO5 an
inductively coupled plasma optical emission spectrometry (ICP-OES)
was used. The analysis measured the concentration of copper in sus-
pension before and after irradiation. As shown in the Supplementary
Information S5, no significant leaching of copper was observed after
irradiation.

3.2.1. Effect of catalyst synthesis method

The photocatalytic performance of the prepared photocatalyst sam-
ples was tested through conversion of sodium bicarbonate/carbonate
buffer solutions to sodium formate, illuminated under UV-vis radiation.
Control experiments were conducted to ensure that the reaction would
exclusively occur when both light and catalyst were present. One control
experiment was conducted in the absence of light, and another control
experiment was conducted in the absence of photocatalyst. In both
cases, no formate was detected, confirming that the reaction only pro-
ceeds through both light and catalyst activation.

The results for the full testing of all catalyst samples with light are
shown in Fig. 13. All the pure-TiO, samples prepared in house, the P25
used as a benchmark, and the Cu-doped TiO5 samples prepared both
through sol-gel at pH 1.5 and by incipient wetness of the TiO, prepared
by sol-gel at pH 1.5 showed no activity towards reduction of sodium
bicarbonate to formate.

The SGH-TiO2 was virtually 100% anatase (Table 4) and has an in-
direct band gap energy of 3.25 eV, while SGL-TiO5 and P25 TiO5 had an
anatase to rutile ratio of 39%:61% and 80%:20% respectively, and in-
direct band gaps of 2.96 eV and 3.24 eV respectively. Anatase has been
shown to have low photocatalytic activity compared to mixtures of
anatase and rutile. Anatase and rutile phases usually form favourable
type II band offsets as shown in Fig. 14. Scanlon, et al. [72] have shown
that coexistence of anatase and rutile phases reduces the chances of
charge carrier recombination by transferring electrons from the con-
duction band of the anatase phase to the conduction band of the rutile.
On the other hand, the generated holes are being transferred from the
valence band of the rutile phase to that of the anatase phase. Thus, the
photocatalytic activity of P25 and SGL-TiO; is expected to be higher
than SGH-TiO,. However, as stated above, when performing the full
testing of these catalyst samples with light, no photocatalytic activity
towards reduction of sodium bicarbonate to formate was observed
(Fig. 13). This can be attributed to the fast recombination of charge
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carriers (i.e. recombination of the electrons and with the holes) which
were initially generated in low density due to inefficient illumination of
the reaction mixture. The inefficient illumination was caused by the
spectrum of the light source (Supplementary Information S1) which can
emit up to a little more than 4 eV and the intensity beyond this is likely
not high enough to excite a high electron density in the samples with a
high band gap energy. Furthermore, the photoreactor relative light in-
tensity mapping (Supplementary Information S2) showed that only
approximately 25% of the reaction mixture is efficiently illuminated at a
time. As a result, few electrons are likely being generated with energy
sufficient to participate in reducing the bicarbonate/carbonate ions,
especially the SGH-TiO, and P25 with the direct band gap energy of
3.74 eV and 3.72 eV respectively.

Additionally, the high rutile content in SGL-TiO2 may have had a
detrimental effect on its photocatalytic activity. Colbeau-Justin, et al.
[79] showed that the lifetime of the generated electrons in the rutile
phase is shorter than in the anatase phase because of the difference in
their effective masses which facilitate charge carrier transfer [80]. Su,
et al. [81] established 3 ranges of anatase-rutile phase ratio with an
optimum range between 0.67 and 4 to balance charge recombination
effects with the formation of favourable type II band offsets.

The introduction of an electron trap can minimise the undesirable
charge carrier recombination. The positive reduction potential of metal
ions with respect to TiO; is indicative of their choice as electron trap.
The reduction potential must be more positive than the band edge po-
sition of TiO,. The standard redox potential of Cu ions shown in reaction
(9), (10) and (11) makes it a good candidate in minimising charge car-
rier recombination [82]:

Cu*" +e —»Cut E° =017V 9
Cu*t +2¢ >Cu,E’ = 0.34V (10)
Cut+e —»Cu, E° =0.52V 11

However, despite doping with Cu, the SGH-Cu/TiOy and IW-Cu/
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SGH-TiO, showed no activity with respect to formate production. As
mentioned in the subsection 3.1.4, SGH-Cu/TiO; formed no band offset
while the band position of IW-Cu/SGH-TiO, showed the type I band
offset between TiO, and CuO (Fig. 12). The band gap energy of CuO and
Cuy0is 1.7 eV (729 nm) and 2.2 eV (564 nm) respectively. In this work,
a UV-visible light source was used, however under visible light irradi-
ation, electrons will be excited to the conduction band of these oxides.
Similarly, under UV irradiation, electrons and holes from the TiO5 are
respectively transitioned to the conduction band and the valence band of
CuO [66], where the electron-hole pair accumulate and eventually
recombine.

Additionally, as shown in Fig. 10, both samples have Cu(II) and Cu(I)
coexisting, in the form of CuO and CuyO respectively, at almost equal
ratio on the anatase phase. The high reduction potential of Cu(I) causes
it to compete for electrons with surface adsorbed species leading to a
decrease in charge carrier transfer. On the other hand, Cu(II) with its
unfilled 3d orbital and moderate reduction potential can easily trap and
transfer the electrons or become reduced to Cu(I) as demonstrated in
reaction (12) [83].

(]
e

Cu”’
-

0,/H*

As shown in Fig. 13, formate production was observed when testing
the Cu-doped in-house TiO5 prepared through sol-gel at pH 0.4 (SGL-Cu/
TiO») and the samples prepared via incipient wetness with the exception
of the Cu impregnated TiO; prepared at pH 1.5. The shifting of the ab-
sorption spectrum through lowering the band gap energies of these
samples via doping with Cu made it possible to increase their photo-
catalytic activity. Additionally, the presence of CuO, Cuy0, anatase
phase and rutile phase in these samples improve their charged carrier
generation, transfer and stability, as the coexistence of these oxides is
likely to form a mixture of type I and type II band offset depicted in
Fig. 15. Upon illumination within the visible spectrum of light, high
energy electrons from the conduction band of CupO migrate to the
conduction band of CuO. Likewise, upon illumination within UV spec-
trum, high energy electrons in the conduction band of the anatase phase
migrate to the conduction band of both rutile phase and CuO. Similar
band alignments were reported by Basnet, et al. [84] and Luna, et al.
[85].

It should be noted that formate production was only detected when
using catalyst samples doped with Cu containing a mixture of anatase
and rutile phases, and being richer in Cu(Il) than in Cu(I). Also, it was
determined that a high content of copper on the surface, as shown by the
ratio of Cu:Ti from the XPS data, is desirable. In aqueous solution under
illumination, the presence of Cu(l) is not favourable because the
reduction potential of Cu(I) exists within its band gap, resulting in photo
corrosion [86]. Cu(Il) and Cu(II)/Cu(I) mixtures were shown to be more
stable compared to Cu(l) [87] and varying the relative composition of
Cu(Il)/Cu(l) determines which of the phases govern the charge carrier

Cu?t a2)

Fig. 15. Combination of type I and II band offsets.
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dynamics [88].

The Cu doped samples prepared via the incipient wetness method
have shown superior performance compared to the sample prepared via
the sol-gel method. The catalyst activities shown in Fig. 13 can be
ranked as SGL-Cu/TiOy < IW-Cu/SGL-TiOy ~ IW-Cu/P25, correspond-
ing to average reaction rates over 5h of 59 pmol-g l-h™!, 89
pmol-g~*h™! and 96 pmol-g~-h~! respectively at pH 8.34 (0.1 M so-
dium bicarbonate). In addition to the formation of a band offset and the
presence of both anatase and rutile, the superiority of the incipient
wetness method here could also be related to the average crystallite size
and possible segregation of Cu. The average crystallite size of the
anatase phase in SGL-TiO prepared via the sol-gel method is 13.9 nm,
while the crystallite size of the anatase phase in IW-Cu/SGL-TiOy and
IW-Cu/P25 samples prepared via the incipient wetness method is 21.1
and 22.4 nm respectively. The crystallite size of the rutile phase in the
latter samples remained unchanged (35.1 nm).

The presence of other organic species was not detected by HPLC,
however it could not be disregarded. Yang, et al. [89] reported forma-
tion of formic acid alongside formaldehyde and methanol in photo-
catalytic reduction of sodium carbonate at pH = 3 on CuO doped TiO,.
Additionally, Zhang, et al. [90] reported formation of other products
and significant decrease in formate concentration after almost 41 h of
irradiation, suggesting that the process proceeds through a complex
mechanism accompanied by formation of intermediate products. Kisch,
et al. [91] reported that the bicarbonate photo-reduction to formate is
accompanied by oxalate and formaldehyde formation through a series of
complex pathways.

3.2.2. Effect of reaction medium pH

The pH of the 0.1 M sodium bicarbonate/carbonate solution was
adjusted by varying the molar ratio of bicarbonate/carbonate ions in the
solution. The chemistry of bicarbonate/carbonate buffer solutions is
well established [92]. Some of the relevant reactions through which
bicarbonate is reduced to formate and other products are shown below
[93-95]:

Photocatalyst + hv—egp + hyp 13)
H,O + hijy—H* +OH 14
HCOj3 +2¢” +2H"—HCO; + H,0 15)
CO3 +2¢ +3H"'—-HCO, +H,0 (16)
HCO; + OH—CO, + H,0 a7
CO¥ +OH—CO, +OH™ 18)
2C0; +2H" +2¢”—2HCO; 19)
HCO; +2H* +3¢” + hjy—HCO, +H,0 (20)
CO;” +3H" +3e +hj—~HCO, + H,0 2D

IW-Cu/P25 was the best performing catalyst in this study and
therefore it was used to investigate the effect of the pH of the solution.
Fig. 16 shows the formate production rate at different solvent pH values.
As the pH increases from 8 to 11, the formate production rate increases
from 96 to 173 pmol~g’1~h’1, and then dropping again when the pH is
further increased to 12.

To explain this trend, it is important to understand how pH affects the
adsorption of the bicarbonate and carbonate ions onto the catalyst
surface. It is known that the surface charge of TiO; is a function of its
crystalline phases [96] and that the amount of each phase has been
shown to influence adsorption of substrates in photocatalytic degrada-
tion of azo-dyes [97] as explained herein. In aqueous solution, when the
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Fig. 16. Average rate of formate production at different pH on IW-Cu/P25 over
a period of 5 h.

PH equals the pH of the point of zero charge (pHpzc), the TiO5 crystals
surfaces exhibit terminal hydroxyl groups and bonded oxygen groups
that can either be protonated or deprotonated depending on pH change
[98] as shown in Fig. 17. At pH < pHpyzc, the hydroxyl group and bonded
oxygen get protonated creating a positively charged surface. On the
other hand, when pH > pHpyc, the hydroxyl groups get deprotonated.
Due to generation of surface charges as a function of pH, this will govern
the adsorption of ions with opposite charges. Charged ions can be easily
adsorbed or repelled due to electrostatic effects depending on their
charge and the pH of the reaction medium, which dictates the charge of
the surface.

The pHpyc of TiO5 lies within the range of neutral in the pH scale
depending on the crystal phase composition [99] with an insignificant
shift of the pHpy¢c between anatase phase and rutile phase. In this study,
on the basis of the reported pHpzc of TiO3 [97,100], it is thought that at
PH = 8.34, the TiO5 surface would have begun to deprotonate. In theory,
this should lead to a reduction in the adsorption of bicarbonate ions onto
the TiO4 surface as these ions are negatively charged. This would be in
good agreement with the findings of Ku, et al. [96]. However, alterna-
tive and complementary explanations have also suggested that the re-
action proceeds through formation of a specific complex interaction
between the photocatalyst surface supported by the dopant and the bi-
carbonate ion [101], making the attraction of the bicarbonate adsorp-
tion possible. Therefore, the trend observed can be justified by the
mechanism of bicarbonate reduction through the formation of this
specific complex interaction. This can also be supported by the fact that
the reaction pH is known to significantly influence the band edge posi-
tion of photocatalyst samples [98].

Also, when the pH of the reaction medium increases, the CO5
reduction potential becomes more negative [102], influencing the
thermodynamics of the photocatalytic reduction. In this study, pH 11
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was established as the optimum to maximise the reduction of bicarbo-
nate/carbonate ions to formate. At pH 8.34, the reaction medium is
much richer in bicarbonate than carbonate ions. The reduction of HCO;
to HCO; (reaction (15)) competes with its reduction to C‘O; (reaction
(17)),with reaction (18) reported to be a magnitude faster than reaction
(17) [94]. As the pH increases, formate production starts being favoured
through reaction (15) and reaction (16), thus the increase in the formate
production rate. At pH 12 when the inorganic carbon is in the form of
CO?%, formate starts being formed only through reaction (16). Reactions
(20) and (21) represent the overall stoichiometric reaction of bicar-
bonate and carbonate ions, respectively. The limitation to the use of
bicarbonate and carbonate is that they were shown to act as hole scav-
engers [95,103]. However, at the same time this can be an advantage in
improving charge carrier separation. The hole scavenging by HCO3
could serve as a source of excess of the H"needed for the reduction of
€02 to HCO, . Hence, the decrease in formate production at pH 11.72
could also be explained by the low H" due to the hole scavenging by only
co? .

4. Conclusions

TiO4 and Cu doped TiO; were successfully prepared via sol-gel and
incipient wetness methods, and the effect of pH during the sol-gel
preparation studied at pH 0.4 and 1.5. In this study it was demon-
strated that pH plays an important role in catalyst preparation by con-
trolling the formation of the TiOy phases and the distribution of Cu
species. Increasing the synthesis pH of TiO; from 0.4 to 1.5 during sol-gel
was shown to decrease the anatase to rutile phase transformation.
Addition of the copper dopant via the sol-gel route has also inhibited
anatase to rutile phase transformation as a result of the incorporation of
the dopant in the network of TiO,. However, doping via the incipient
wetness method was shown to have no influence on phase trans-
formation, possibly due to the segregation of the dopant. Within the
margin of error of the measurements, crystallite size of the anatase phase
remained within the same range on addition of copper via both synthesis
methods. The crystallite size of the rutile phase also remained un-
changed in both methods, except for the SGL-Cu/TiO2 where the crys-
tallite size decreased from 32.5nm to 19.7 nm due to significant
increase in the anatase to rutile phases ratio from 0.64 to 3.8. The direct
and indirect band gap energy decreased by decreasing the pH during sol-
gel synthesis from 1.5 to 0.4. Further decrease was recorded on intro-
duction of Cu dopant. The XPS results revealed that Cu exists in the form
of Cu(I) and Cu(Il), with the samples prepared at low pH favouring Cu
(I). The ratio of Cu(Il) to Cu(I) in the samples prepared at pH 0.4 via sol-
gel method was 4.9, while in the sample prepared via incipient wetness
it was 2.6. In the samples prepared via the two methods at pH 1.5, there
is almost equal amounts of Cu(I) and Cu(Il). The bare TiO, prepared
showed no activity towards CO, reduction, presumably due to a wider
band gap and poor light distribution due to the photoreactor design.
However, on doping, the light absorption of the Cu doped TiOs rich in
anatase and rutile phases as well as high copper to titanium (Cu:Ti) ratio

H H H H
WA,
0 l ot g+ OH OH OH~ (O 0~ .0
—__‘__(?_[___-H___‘__()__ —_——_———e— — — —|— — ()—— ——- +H,
\T'/ \T'/ \Ti/ \Ti/ \Ti/ \Ti/
i i
/‘\O/|\ /‘\o/|\ /‘\o/|\
pH < pHpzc pH = pHpzc pH > pHpzc

Fig. 17. Simplified scheme of protonated, electroneutral and deprotonated TiO, surface.

Adapted from Beranek [98].
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on the surface have shown photocatalytic activity. At the reaction pH of
8.4, the formate production rate is 59 pmol-g~*-h™!, 89 pmol-g~1h~?
and 96 pmol-g~'-h™! on SGL-Cu/TiOy, IW-Cu/SGL-TiO, and IW-Cu/P25
respectively. The pH of the reaction medium was further optimised,
raising the formate production rate on IW-Cu/P25 from 96 ypmol-g~1-h~!
to 176 pmol-g 1-h ! at pH 11.

Future work should be conducted to investigate the use of hole
scavengers to improve the conversion to formate. Additionally, the use
of synchrotron-based method for in-situ/operando analysis of the sam-
ples during the reaction in a wet form should also be considered in future
studies. This would lead to a more comprehensive understanding of the
behaviour of the photocatalyst samples and performance in specific re-
action conditions.
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