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ABSTRACT:
Gallium (Ga) doped reduced graphene oxide-titania (RGO-TiO2) composites were successfully synthesized
by sol-gel method and deposited on ITO coated glass substrate via electrophoretic deposition method. The
photocatalyst materials were tested for CO2 conversion reaction in aqueous media. Prior to this, the catalysts
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-vis reflectance
spectroscopy and Fourier transformed infrared spectroscopy (FTIR). The synergistic effect of RGO and Ga
doping on TiO2 was investigated. Electron/hole recombination on the catalyst surface can be minimized
greatly by using RGO with TiO2 while Ga doping assists to reduce the band gap energy. The corresponding
expansion of the absorption range towards the visible region was also observed. The results showed that,
both RGO and Ga enhance the CO2 adsorption on the catalyst surface, hence facilitates high CO2
conversion yield. The photoreduction products were mostly formic acid and trace amount of methanol. Higher
yield of formic acid was shown by the Ga-RGO-TiO2 composite films compared to the RGO-TiO2 composite
and pure TiO2 film during a 120 min period of visible light irradiation.
KEYWORDS: RGO, nanocomposites, CO2 reduction, photoelectrocatalysis, solar simulator
1.0 INTRODUCTION
Present day life of human being is very much influenced by energy and environment related problems as the
world total energy consumption is still dependent on conventional energy resources rather than renewable
energy [1]. Burning of fossil fuels (natural gas, coal, petroleum etc.) releases carbon dioxide (CO2) in the
atmosphere. The environment is increasingly affected by the so called greenhouse effect with the increase of
CO2 concentration in the atmosphere [2]. Hence, mitigation of CO2 in the atmosphere with the help of
abundant renewable energy sources is becoming one of the key areas of present day research. CO2
conversion process is not a new phenomenon and processes such as chemical reduction, thermochemical,
photochemical, electrochemical conversions are already been established [3]. Although some conversion
processes have been practiced in an industrial scale [4], the conversion yield is unsatisfactory and hence are
not economically feasible. Although the catalytic reduction of CO2 to hydrocarbons (i.e. formic acid,
methanol, methane etc.) using hydrogen gas as a reducing agent is attainable, a renewable energy source
which closely mimics the photosynthetic process to produce synthetic fuels should be involved in the total
conversion process to attain feasibility. Hence the photoreduction of CO2 in aqueous media draws attention
in this context [5].
Solar energy is a viable renewable energy source due to its abundance and availability [6]. The
photoreduction of CO2 using solar energy is a process which can readily couple this free energy with
inexpensive reducing agent (i.e. water) to achieve rapid and selective production of various hydrocarbon
fuels such as HCHO, CH3OH, HCOOH, CH4 etc [7]. Furthermore, some of the reduced species could be a
valuable feedstock as industrial raw materials for various processes.
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The key role in the total conversion process depends on an efficient photocatalytic material for solar
irradiation. Various metal oxides and carbon nanomaterials such as WO3, TiO2, CdS, GaP, ZrO2, ZnO., SiC,
graphene, and carbon nanotubes (CNTs) have been studied [8,9]. Among them, the wide band gap TiO2
photocatalyst (3.2 eV) is considered the most appropriate metal oxides due to their promising features.
Titania nanomaterials are commercially established photocatalytic material. The reasons are due to its
wonderful tunable microstructure, chemical stability, non-toxicity, easy availability and low cost [10].
Graphene, a two dimensional layer of sp2 hybridized carbon atoms in honeycomb structure has attracted
great interest in the development of advanced nanomaterials [11] due to its excellent optical, thermal,
electrical and mechanical properties. Graphene has seen applications in the fabrication of catalyst,
capacitors and biosensors due to these exceptional features. Due to the absence of functional groups and
low solubility of graphene in most common solvents, the more soluble graphene oxide and reduced graphene
oxide have been used in these applications [12].
Graphene oxide (GO) in its reduced form i.e. reduced graphene oxide (RGO) has less defect sites, hence
shows high electron mobility and optical transparency [13]. Large specific surface area, strong mechanical
properties and high stability are the unique properties of RGO as electrocatalyst and photocatalyst materials
[14]. In the field of photocatalysis, both TiO2 and RGO are very attractive material due to their light absorption
properties and stability [15]. Recent research showed that, RGO-TiO2 composite can be used for
photodegradation of pollutants, solar cells and H2 production [16]. Some reports on CO2 conversion using
RGO-TiO2 composite are also available [5].

Utilization of solar energy in the visible region which forms almost 40% of the total solar spectrum can be
achieved by using semiconductor with an appropriate band gap. TiO2 nanomaterials still have some
limitations to be photocatalytically activated under the visible region. Fast photogenerated charge
recombination rate is still a major drawback to achieve higher photocatalytic efficiency [17].
The photoelectrocatalysis (PEC) process, which combines photocatalysis and electrochemical redox
process, can minimize the charge recombination losses and photo-instabilities of the photo-excited
semiconductors [18] to a great extent. In this case, the immobilization of photocatalyst powder onto a
conducting substrate is an efficient strategy for successful PEC process [19]. Hence, there is still plenty of
opportunity to enhance the photocatalytic efficiency of TiO2 nanomaterials.
For this reason, higher efficiency could be reached by replacing Ti (3d0) atoms with 3d10 Ga cations thus
inducing O 2p vs cation 3d10 repulsion. The coupling of TiO2 with Ga2O3 can promote easy electron-hole
separation process under irradiation and decreasing the recombination effect for higher photocatalytic
activity. Furthermore Ga2O3 are also effective activation site for the reaction of CO2 molecule [20].
In this work, Ga-RGO-TiO2 nanocomposite powder produced by acid catalyzed sol-gel process was
deposited onto ITO substrate via electrophoretic deposition. The thin film catalyst was assembled in a PEC
reactor for the photo-catalytic reduction of CO2 under solar simulator irradiation.
2.0 EXPERIMENTAL METHODS
2.1 Materials
Graphite flake nominally sized at 7-10 µm was procured from Alfa Aesar. Tetra-n-butyl ortho titanate
[Ti(OBu)4] was procured from Sigma-Aldrich and all other chemicals used in this work were of analytical
grade. The indium tin oxide (ITO) coated conducting glass plates (0.7 mm thickness) were procured from
Osaka, Japan. Deionized water (18.2 MΩ cm) used for all experiments was obtained from a Milli-Q system
(Millipore, Bedford. with Mega-Pure System, Model MP-290). The light source, 150 W (Xe arc lamp) solar
simulator was purchased from OSRAM photo optic, Germany. It has a consistent spectrum profile of sunlight
i.e. almost same characteristic features of solar light under standard air condition. Carbon dioxide was used
from gas cylinder containing 99.9% pure gas.
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2.2 Preparation of reduced graphene oxide (RGO)
Graphene oxide (GO) was prepared with the modified Hummer’s method [21-23]. 1 g graphite flakes was
mixed with sulfuric acid and phosphoric acid (120 ml:13 ml). Then 6 g KMnO4 was gradually added and the
mixture was kept under stirring for 3 days. Then with the addition of 7 ml H2O2 solution (30%) and 135 ml ice
water, the mixture turned brown color. The mixture was then centrifuged at 4000 rpm for 10 minutes. After
the centrifugation process the GO suspension was washed with 1M HCl via the same sonication process.
The GO suspension was dried in an oven and later subjected to hydrazine treatment to obtain reduced
graphene oxide (RGO) [24]. 300 mg of GO powder was mixed with 600 ml ultrapure milli-Q water and kept
under sonication for 15 minutes. Then 3ml hydrazine hydrate was added and the solution was kept under
vigorous stirring at 900C for 6 hours. The RGO was precipitated as a black solid [25]. The solution was
filtered and washed with ethanol and water several times to obtain the RGO powder. The powder was dried
0
in an oven at 80 C.
2.3 Preparation of Ga-RGO-TiO2 nanocomposite
For the preparation of TiO2 nanocomposite, 20 ml TBOT was added with 80ml of absolute ethanol and kept
under stirring. Then 6 ml ultrapure water, 6 ml ethanol, 1mol% Ga(NO 3)3.xH2O and 1wt% RGO powder was
mixed and kept under sonication for 1.5 hours. This mixture was added with the TBOT solution dropwise for
30 minutes. Acetic acid was added to lower the pH of the solution to < 3. The total mixture was kept under
vigorous stirring for 30 minutes to obtain a homogeneous solution. The dark colored solution was then kept
at room temperature for 48 hours for proper gel formation. The gel was dried at 1000C overnight. The dry
porous gel was milled with a steel made mortar and pestle. The fine powder catalyst was then calcined at
5500C for 4 hours.

(a)

(b)

(c)

Figure 1: Schematic diagram of the (a) RGO (b) Ga-RGO-TiO2 composite (c) Ga-RGO-TiO2/ITO thin film.
2.4 Fabrication of Ga-RGO-TiO2/ITO photoanodes
The Ga-RGO-TiO2/ITO films were synthesized using electrophoretic deposition method. The prepared
composite powder was dispersed in DI water at a concentration of 0.1 mg ml-1, at pH ~3.5. The mixture was
sonicated to ensure a homogeneous dispersion of the composite powder before the deposition process.
Figure 1 shows the preparation steps where 1(c) shows the Ga-RGO-TiO2/ITO photocatalyst thin film.

2.5 Photoelectrochemical measurements
All photoelectrochemical measurements were done in a cubic quartz cell using an Autolab PGSTAT30
potentiostat/galvanostat (Ecochemie, Netherlands). A standard three-electrode system was used where the
photoanodes with an area of 1cm 2 were the working electrode (WE). A platinum (Pt) wire was the counter
electrode and a saturated calomel electrode (SCE) was the reference. The electrolyte used in these
experiments was 0.1 M Na2SO4. The voltammetric measurement was done in a potential range of 0.0V to -1
1.5V (vs SCE) with a scan rate of 50 mV s . Electrochemical impedance spectroscopy (EIS) was measured
at the open circuit potential (OCP) in the dark and under solar simulator irradiation. Simulation of the EIS
experimental data was done using analog circuits with the NOVA 1.9 software installed in a computer,
interfaced with the potentiostat. The frequency range was between 10-1 Hz to 105 Hz, with amplitude of 5 mV
around the OCP.
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2.6 Constant potential photoelectrolysis
The photoelectrocatalytic conversion of CO2 was conducted in the quartz cell containing 5% triethanolamine
(TEA) aqueous solution. Figure 2 shows a schematic diagram of the photoelectrocatalytic reduction process
with a three-electrode system, where a Pt wire was the CE with the area as the WE. The irradiation intensity
was measured as ~10 mW cm-2. Prior to the reaction, CO2 was bubbled for 1 hour to produce a saturated
solution. The liquid phase product was analyzed by gas chromatography-mass spectroscopy. Formic acid
concentration was measured by a gas chromatography (Agilent 6890N with 5973 mass selective detector.
The temperature profile for the detection method was: injector 2500C, oven 400C and the detector at 1800C.
Only the peaks for formic acid and methanol were taken into account during the chromatography process.
2.7 Apparatus and measurements
A scanning electron microscope (SEM, Quanta FEI 200) was used to assess the morphology of as-prepared
composite samples. The X-ray diffraction (XRD) measurements were recorded with a powder X-ray
0
diffractometer (Type Bruker D8 Advance equipped with EVA diffract software, Germany) over the range 20
0
0
≤2θ≤80 , operating at 40kV and 30 mA with a Cu Kα radiation (k=1.5418 A ). UV-Vis absorbance spectra
were obtained by a spectrophotometer from Perkin Elmer, Lambda 35 series equipped with a 10 mm path
length quartz cell. Fourier transformed infrared spectroscopy (FTIR) was recorded using a Bruker IFS 66V/S
using a KBr technique.

Solar
simulator

Figure 2: Quartz made photoelectrocatalytic (PEC) reactor with solar simulator.
X-ray photoelectron spectroscopy (XPS) surface analyses were carried out using a flat gold (Si/10nm
Ti/200nm Au) as the substrate and reference. Thermo Scientific K-alpha instrument with an unmonochromatized Mg Kα radiation (photon energy 1253.6 eV) source and vacuum better than 10-9 Torr as
well as spectral resolution of 0.1 eV was used for XPS studies. XPS core levels were aligned to the Au 4f 7/2
binding energy (BE) of 84 eV.
3.0 RESULTS AND DISCUSSION
3.1 Fabrication and Characterization of the Ga-RGO-TiO2/ITO composite electrode
The catalyst film was characterized in crystallographic, morphological and optical analyses. XRD revealed
the crystalline phases of TiO2 anatase. Figure 3 shows the XRD pattern of the prepared catalyst. According
to the JCPDS ref. code 01-086-1157, the characteristic sharp peaks at 25.3 (101), 37.9 (103), 48.1 (200),
53.9 (105), 75.1(215) confirms titania tetragonal crystal system of anatase phase. The calcination
temperature 550 0C mainly played the role to produce crystalline nanocomposites of TiO2 anatase. No phase
change of anatase to rutile was found. 37.6 and 38.5 peaks could be of β-Ga2O3 phase as well along with
TiO2 phase [JCPDS ref. code 00-011-0370]. Other peaks at 30.5, 31.7, 33.5, 35.2, 42.9, 46.2, 48.60 for
characteristic Ga2O3 were not observed in the prepared sample. This is due to Ga2O3 doping concentration
was too low and it was beyond X-ray diffraction limit. the peak overlapping of RGO characteristic peak at
25.80 with TiO2 (101) plane was observed. It can be assumed that, Ga2O3 was highly dispersed on TiO2
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surface and hence the peaks corresponding Ga2O3 are not obvious. The average crystallite size was
calculated using Scherrer’s formula (eq. 1) in respect of anatase (101) peak.
(1)

Where, D = crystallite size, = wavelength of X-ray, = full width at half maximum of the peak (in radians) and
= angle of diffraction (in degrees).
The crystallite size for the Ga-RGO-TiO2 composites was between 35~56 nm. Doping of RGO didn’t bring
any crystallite phase changes. Thus it can be said that, RGO has no effect on crystallite size.
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Figure 3: XRD pattern of TiO2, RGO-TiO2 and Ga-RGO-TiO2

(a)

(b)

Figure 4: SEM image (a) and TEM image (b) of Ga-RGO-TiO2
Figure 4 (a) shows the FESEM image of Ga-RGO-TiO2 composite nanoparticles.It was observed that, the
sample particles were quite irregular spheres where as pure TiO 2 were mostly spherical (not shown here).
Thus the influence of the dopants on the morphology of catalyst is obvious.The morphological change may
be due to the formation of grain boundaries at high temperature calcination. On the other hand, the d-spacing
for Ga-RGO-TiO2 composite were estimated from HRTEM to be 0.349 nm Figure 4(b). The relative higher
value for Ga doped RGO-TiO2 composite ensures successful doping of other elements into TiO 2 lattice. The
particle size was found to be about 120-160 nm in diameter. It can be assume that Ga-RGO-TiO2 particles
are aggregates of small crystals.
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Figure 5. XPS spectra of a) Ti 2p, b) O 1s and c) Ga 3d for Ga doped TiO2 nanoparticles
Figure 5 shows XPS spectra of Ga doped TiO2 nanoparticles. The electron-binding energy (BE) of the
photoelectron peak of Ti 2p (Fig. 5a) illustrates the existence of Ti 4+ species in TiO2 nanostructures located at
459.2 eV. The shift could be related to the electron interaction between doped Ga and Ti in the structure. It
has been previously [26] shown that the doping of semiconductors with Ga can make a significant shift on
3+
Ga 3d peak to higher energies. Similarly in this work, the two peaks observed in the Ga doped spectrum
(Fig. 5c) shifting towards higher energies can be contributed to the formation of free Ga3+ and Ga2+ (20.0 and
22.7 eV) in the structures, respectively [27,28]
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Figure 6: UV-Vis spectra of Ga-RGO-TiO2 nanocomposite and broader peak (inset and left).
Figure 6 depicts the UV-Vis absorbance spectra to Ga-RGO-TiO2 nanoparticles in the range of 200-800nm.
The curve reflects the optical absorption property of the catalyst. The sample clearly exhibits red shift of
absorption edge toward the visible region. The peak was found a bit splitted and a part of it shows absorption
in the visible region which is more than pure TiO 2 (absorption <387 nm) and the absorption range is wider
than pure TiO2 and Gr-TiO2 as well. The band gap values were determined by the equation (2),
(eV)

(2)

Where, Ebg = band gap energy of the photocatalyst material and λ = maximum wavelength in nm
The band gap value obtained by calculation ranges from 2.95 to 3.35 eV.
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Figure 7: FTIR spectra of TiO2, RGO-TiO2 and Ga-RGO-TiO2
The FTIR spectrum of the prepared catalyst sample is shown in Figure 7. The prominent absorption bands
were observed at 468.16, 666, 1551, 1626 cm -1. In RGO, most of the C=O bond are eliminated therefore the
peak at 1720cm-1 was absent. It confirms well reduced RGO structure. The peak at 1551 cm-1 is attributed to
graphene sheet skeletal vibration. Ti-O-Ti stretching vibrational peak was observed below 1000cm -1. The
broader peak in the range 2400-3400cm-1 can be attributed to H-bonding between –OH groups present on
TiO2 surface. Ga-O stretching vibration absorption was observed at 468.16cm -1 and it denotes to monoclinic
Ga2O3 structure [29]. A strong peak at 2358cm -1 is due to adsorbed CO2 molecule on the TiO2 surface for
atmospheric CO2.
The most critical drawback in photoelectrocatalysis is the recombination process [30]. EIS is a quite useful
tool to investigate the charge transfer and recombination processes at the semiconductor/electrolyte interface
[31]. The EIS responses of Ga-RGO-TiO2/ITO are shown as Nyquist plots corresponding to the imaginary
part Z” versus the real part Z’ of the complex impedance Z (Figure 8). The impedance values of the
photocatalyst were measured at open circuit potential in dark and illumination conditions. While under
irradiation, the diameter of loop decreases and the curve tends to become a semicircle. The charge transfer
resistance (Rct) is the manifestation of the electron transfer kinetics across the electrode/electrolyte interface
[32]. A straight slope at lower frequencies is due to the diffusion process between the electrode and the
electrolyte. Figure 7 inset, shows the equivalent circuit across the electrode/electrolyte interface where a
Warburg diffusion model is proposed. Here, Re refers to the bulk resistance between the WE and the RE, at
the high frequency intercept of the semicircle with respect to the real axis. The interfacial resistance is
described by RCT in the circuit. The low frequency region where almost a straight line was observed is
represented by the Warburg impedance (W).This impedance apparently results from the OH- or H+ ion
diffusion on the electrode surface [33].
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Figure 8: The EIS impedance spectra (Nyquist plots) of the Ga-RGO-TiO2 film electrodes (fig. 7a) with
(black) and without (red) light irradiation at open circuit potential. Mott-Scottky analysis of Ga-RGO-TiO2
photoelectrode at DC potential range of -1.5 to -0.5VSCE at pH 6.8 (fig. 7b)
A positive slope in the Mott-Schottky plot in Fig. 7b indicates that the photocatalyst is n-type.
3.2 Photoelectrocatalytic reduction of carbon dioxide into formic acid
Figure 9 shows the voltametric response of the catalyst film under different conditions. In the dark, no current
was observed (Fig. 9 a). A small current was observed when the catalyst thin film was illuminated (Fig. 9b).
After 1 hour CO2 bubbling, the pH of the 5% triethanolamine (TEA) solution was 6.8.
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Figure 9: Voltammetric response of the illuminated Ga-RGO-TiO2/ITO electrode in presence of 5%TEA
solution (a) in the dark, (b) under illumination with solar simulator and (c) under illumination with CO 2.
A significant anodic current can be seen in the presence of CO2 (Fig. 8c). The anodic peak at about -0.57 V
(vs SCE) is due to the presence of CO2 in the TEA solution. In addition, the peak current increased with the
concentration of TEA solution.
When the catalyst was illuminated, electrons from the valence bands are excited to the conduction bands
and leaving holes where water oxidation occurs as follows:
2H2O + 4h+ → 4H+ + O2

(3)

The excited electrons complete the circuit and reach the counter electrode. The electrons which reach the
counter electrode to promote the hydrogen evolution reaction (HER):
2H+ + 2e- → H2
Eθ / V = 0
(4)
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+

θ

-

CO2 + 2H + 2e  HCO2H

E / V = -0.61 V

(5)

CO2+ 4H+ + 4e-  HCHO+H2O

Eθ / V = -0.48 V

(6)

CO2+ 6H+ + 6e-  CH3OH+H2O

Eθ / V = -0.38 V

(7)

The low concentration of formic acid observed is due to the CO2 reduction harder to achieve compared to the
HER.
Constant potential photoelectrolysis experiment was done at -0.57 V vs SCE and resulted in low Faradaic
efficiency of formic acid. Figure 9(a) shows that the concentration of formic acid increases with the
electrolysis time (max. 178ppm in 2 hours). The presence of formic acid is detected as the reduction product
by both HPLC and GC-MS. Figure 9(b) presents the graph of photocurrent vs reaction time. A constant
photocurrent of 1.5 mA cm-2 persisted for almost 40 minutes. The initial drop of photocurrent was observed
from 4.6 mA to 1.65 mA during the first 30 minutes. A schematic mechanism of CO2 photoconversion into
HCOOH is shown in Figure 10.
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Figure 9 : Yield of formic acid as a function of reaction time (a) and dependence of photocurrent on reaction
time in photoelectrocatalytic reduction of CO2 (b)
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When in the presence of CO2, it was observed that gas bubbles evolved on the platinum counter electrode.
Apart from this, CO2 reduction also commenced with the release of electrons from the photoanode. With the
reactions at the platinum counter electrode purely electrochemical, comparisons of the standard equilibrium
potentials for the reduction of CO2 with the HER can be given as [34]:
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Figure 10: Schematic of the photoelectrocatalysis of CO2
4.0 CONCLUSIONS:
Ga doped RGO-TiO2 composite was fabricated via a sol-gel process and deposited on ITO substrate with
electrophoretic deposition method. The XRD diffractograms show that the samples are well crystallized which
is a key factor for successful photocatalytic activity. The nanostructured surface morphology with Ga doped
sample enhances photoconversion process of CO2 to a great extent. Ga doping also helps the RGO-TiO2
nanomaterial to absorb light irradiation in visible region (>400nm wavelength). The photocurrent was raised
at maximum 4.6mA at -0.57V bias potential on Ga-RGO-TiO2/ITO photoelectrode. No significant
photocurrent was observed for TiO2 or RGO-TiO2 thin film photoelectrodes. Maximum 178 ppm of formic acid
was recorded for two hours reaction period. The low concentration of formic acid produced at the counter
electrode is due to the vigorous HER at the platinum surface. Nevertheless the concentration of the formic
acid increased with the photoelectrolysis reaction time.
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