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Abstract: The conversion of carbon dioxide into hydrocarbon fuels over photocatalyst is
reasonable research topic. Specially, the manufacture of methanol is more advantageous
than methane and carbon monoxide. The designing of the novel-structured catalyst is the
main factor how the carbon dioxide converts into hydrocarbon fuels. The most importantly,
effective charge transfer property is the main factor of a photocatalyst. Nowadays, 2Dstructured graphene united ternary nanocomposite showed superior UV/visible light active,
which had photo-redox catalyst owing to the enhanced quantum efficiency. This review
paper mainly presents the influence of various factors on the photocatalytic performance,
the type of photocatalyst and the reaction mechanism.
Keywords: Photocatalytic CO 2 reduction, Semiconductor, 2D graphene, Metal
nanocomposite.

1. Introduction
The contamination of air is a considerable problem in the world. In the urban society, to
provide an abundant energy and the most energy require fulfilled by the combustion of
fossil fuel. Carbon dioxide (CO2) is a kinetically and thermodynamically stable molecule,
thus CO2 conversion reactions are endothermic and need efficient catalysts to obtain
high yield. Fossil fuel is one of the largest energy sources in the world and their
continuously combustion is belonging to the primary producer of carbon dioxide in the
atmosphere. For the past few decades, there has been an increased interest in the carbon
mitigation plan. Especially, the process of photocatalytic CO2 reduction into fuels can
not only convert solar energy into stable chemical energy directly but also capture and
utilize CO2 in the atmosphere. It helps to alleviate global warming effects considering
that CO2 contributes mostly to the worldwide climate change. As a result, photocatalytic
CO2 reduction has been considered as one of the most promising ways to obtain clean
energy supply due to the following advantages: solar energy utilization, chemical energy
storage, and CO2 capture. The process of conversion/reduction of carbon dioxide into
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solar fuels divided into several methods. Among them, photocatalytic CO2 reduction in
aqueous media has sparked a huge interest because of reactants’ availability, low cost,
system simplicity, etc. However, the performance of this photocatalytic system is too
sluggish to meet the efficiency requirement of industrial commercialization. In the last
few decades, intensive investigations have been conducted to improve the efficiency of
photocatalytic CO2 reduction using water (H2O) as the hole scavenger, ranging from
the exploration of novel catalysts [1], [2], bandgap engineering [3], recombination
inhibition [4], to system optimization [5], [6]. Photocatalytic reduction includes photogenerated charge carrier behaviors inside photocatalysts and surface reactions, so both
of them should be considered in evaluating the STF efficiency. Especially for the
photocatalytic CO2 reduction in water, the gas adsorption is of the first concern during
the complicated gas-liquid-solid reaction because the reaction kinetics is highly correlated
with the surface gas concentration [7]. Furthermore, CO2 reduction reactions are multielectron transfer processes driven without sacrificial agents, leading to complicated
pathways, and different product types. Nevertheless, an analysis of the whole
photocatalytic reduction processes is still missing. Therefore, it is necessary to establish
a comprehensive model for conducting the efficiency assessment of the water-based
photocatalytic CO2 reduction system.
The fundamental process of photocatalytic CO2 reduction progressed using a
semiconductor photocatalyst in aqueous condition. It includes the following steps: (1) light
absorption, (2) charge separation, (3) charge carrier migration and recombination, (4) surface
redox reaction [8]. For the first step, the photocatalyst absorbs photons with energies greater
than its bandgap. In the second step, electrons are excited from the valence band to the
conduction band by absorbed photons, generating electron-hole pairs. These charge carriers
migrate from the bulk to the surface of the semiconductor photocatalyst in the third step,
and the unpleasant issue of recombination will arise including radiative recombination and
non-radiative recombination. In the last step, electron-hole pairs participate in the redox
reaction on semiconductor surface reaction sites. The carrier recombination can be divided
into the radiative recombination and the non-radiative recombination. On the nonequilibrium condition, the radiative recombination rate is proportional to the product of the
electron concentration and the hole concentration [9], [10]. The surface redox reaction is
crucial to the whole photocatalytic process. The determination of surface reaction rate is
based on reaction product types and reaction mechanisms. There are a great variety of
CO2 reduction products including methanol (CH3OH) [11], carbon monoxide (CO) [12],
methane (CH4) [13], and so forth. Among all products, CH3OH is called the new fuel of the
21st century on account of its high energy density and high security and is used as raw
material in chemical production widely [14]. Subsequently, CH3OH is chosen as the reaction
product. The reaction routine of CO2 to CH3OH is complicated, and there have been several
reaction pathways proposed so far including the formaldehyde pathway, the carbene
pathway, and the glyoxal pathway [15], [16], [17], [18].
From the charge carrier balance equation, there are three factors mainly affecting
the STF efficiency - the semiconductor bandgap, the recombination coefficient, and the
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gas coverage ratio of photocatalyst surface. The semiconductor bandgap directly limits
the light absorption of photocatalyst. The recombination coefficient represents the degree
of charge carrier recombination. The gas coverage ratio reflects the performance of the
reactant absorption and desorption. Without loss of generality, the intrinsic semiconductor
CdSe is chosen as an example to analyze the reduction of CO2 to CH3OH.In the particulate
photocatalytic system, the solubility of CO2 in water remains low (H”0.034 M at 1 bar
and 300 K [19]), which limits the gas partial pressure in aqueous solution. Meanwhile,
the reactant adsorption and desorption processes are also difficult [20, 21, 22].
Furthermore, the combination of metal / metal oxide with graphene by increasing the
efficiency of the semiconductor is a very reliable method. Graphene is a 2D structured
sp2 -hybridized carbon material in a honeycomb structured. Graphene has many
profitable properties, such as mechanical strength [45], molecular barrier ability. In
addition, the preparation procedure of graphene has categorized in two groups: (i) top
to down method-synthesized by etching out crystal planes (mechanical exfoliation,
oxidation–reduction, liquid phase exfoliation), (ii) bottom to up method-synthesized by
the atoms stick onto the substrates which gives rise to crystal planes (chemical vapor
deposition, epitaxial growth). There are four routes for synthesis of graphene which
include those of Brodie, Staudenmaier, Hofmann and Hummers. Currently, the Hummers
method is widely used as it is a fast and safety method. Carbon materials combined
with semiconductor, which including a graphite, carbon black, activated carbon, carbon
fibers, carbon nanotubes (CNTs), and fullerenes. Furthermore, the unique twodimensional planar structure and high specific surface of GR mean that it shows great
potential as a carrier and multifunctional material for transferring electrons and holes.
The mechanism of enhancement of photocatalysis by Graphene: semiconductors possess
a low-energy VB which has a full of electrons, a high-energy CB which has an empty
orbital and has a bandgap difference between two band state.
2. Experimental part
The mechanisms of photocatalysts prepared by surfactants are complex and It is generally
believed that due to the non-covalent interactions, such as hydrogen bonding, π-π
interaction, and van der Waals interaction, between the surfactant and solid material,
the surfactant was adsorbed on the surface of the solid material, inducing the material
to self-assemble. Surfactant-assisted photocatalysts have been synthesized through
various techniques, which mainly include sol-gel method, hydrothermal method,
solvothermal method, emulsion method, and sonochemical method, etc. Among them,
the most common synthesis methods are the sol-gel method, hydrothermal method,
and solvothermal method. The sol-gel and hydrothermal methods are used in an aqueous
media, whereas the solvothermal employs a non-aqueous media for the reaction.
2.1.

Sol-gel method

The sol-gel method has the advantages of high stability, short soaking times, low reaction
temperature and high purity of products, and it is considered to be one of the most
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promising methods for synthetic photocatalysts. In addition, the photocatalysts particles
prepared by the sol-gel process generally have a narrow and uniform distribution and
thermal stability. Therefore, the sol-gel method has attracted much attention in the
preparation of porous photocatalysts [23]. This approach has been successful in the
controllable design of multi-dimensional photocatalysts, such as pellets, fibers, films, and
blocks. The chemical reactions involved in the sol-gel process are based on inorganic
polymerization. As shown in Figure 1, the preparation process of the method is divided
into three steps, namely hydrolysis, polymerization and gel drying [24].

Figure 1. The possible preparation process of surfactant-assisted photocatalysts by sol-gel method [24].

Firstly, a solution of the precursor molecules needs to be hydrolyzed. The precursor
is typically a metal organic compound such as an alkoxide, a chelated alkoxide or a
metal salt. After hydrolysis, a suspension of colloidal particles (sol) is formed. Secondly,
a large amount of water is present in the sol, and during the gelation process, the system
loses fluidity and forms an open skeleton structure (gel). Finally, the gel is calcined to
remove the surfactant to obtain the final photocatalyst [25], [26].
2.2.

Hydrothermal method

Compared with other crystal preparation methods, the photocatalysts prepared by the
hydrothermal method have the advantages of good grain development, small particle
size, uniform distribution, and low-cost raw photocatalysts. In particular, they have the
unique advantages of high crystallinity and morphology control [26]. The hydrothermal
method has been successful in the controllable design of multi-dimensional photocatalysts,
such as 1D photocatalysts (nanowires, nanobelts, nanotubes), hollow and thin films.
In general, the hydrothermal method uses water as a solvent, and the sample needs
to be dissolved and recrystallized firstly [27]. The possible preparation process of the
hollow structure is shown in Figure 2. The sample is mixed in a solution and the reaction
is carried out at a certain temperature [28]. During the period, due to the presence of
the surfactant, the samples self-assemble to form fine particles, and as the crystal grains
grow up, the final morphology products are obtained.
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Figure 2. The possible preparation process of hollow photocatalysts by hydrothermal method [28].

2.3.

Solvothermal method

The solvothermal method is developed on the basis of the hydrothermal method, using
an organic or non-aqueous solvent as a solvent and the mixture reacting at a certain
temperature [29], [30]. The hydrothermal method is commonly used to the preparation
of oxide photocatalysts or some water-insensitive sulfur-containing compounds, while
the preparation of some water-sensitive compounds such as III–V
semiconductors, carbides, fluorides, and other photocatalysts are not applicable.
Compared with the hydrothermal method, the solvothermal method uses a non-aqueous
solvent, which expands the range of solvent-based raw materials [31].
It is worth noting that, unlike the sol-gel and hydrothermal methods, the process of
solvothermal preparation of photocatalysts is mainly divided into nucleation, dissolution,
recrystallization, and growth, as shown in Figure 3 [32].

Figure 3. The possible preparation process of surfactant-assisted photocatalysts by solvothermal method
[32].
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2.4.

Sonochemical method

The sonochemical method is a method of accelerating chemical reactions using ultrasonic
waves. The sonochemical reaction is mainly caused by acoustic cavitation – the
formation, oscillation, growth, shrinkage, and collapse of liquid hollow bubbles. This
method has become an important tool for the production of novel nano-sized materials
under ambient conditions in synthetic chemistry [33]. Compared with the sol-gel method,
hydrothermal method, solvothermal, etc., the sonochemical method has the advantages
that the reaction temperature is low, and the high temperature is not required. According
to the hotspot theory, local hot spots can reach extremely high temperatures (>5000K)
when bubbles burst, and these extreme conditions can be used to synthesize a variety of
materials. The mechanism of the sonochemical method is relatively complicated. It is
generally believed that water decomposes into hydroxyl radicals and hydrogen under
the action of ultrasonic waves, thereby triggering a series of chemical reactions.
2.5.

Emulsion method

The emulsion polymerization method is a method in which a monomer is dispersed in
water by an emulsifier and mechanical stirring to form an emulsion, and an initiator is
added to initiate polymerization of the monomer. The emulsion polymerization has the
characteristics of high polymerization speed, high reaction conversion rate, low viscosity,
stable dispersion system, and easy control. However, the separation and precipitation
process of the polymer obtained by the emulsion polymerization method is complicated,
and a demulsifier or a coagulant is added so that there are many residual impurities in the
product [34, 35]. The polymerization mechanism can be divided into four stages: dispersion
stage, aggregation stage, growth stage, and polymerization completion stage. The possible
synthesis process of the emulsion polymerization process is shown in Figure 4.

Figure 4. The possible preparation process of surfactant-assisted photocatalysts by emulsion (A) water-inoil, (B) oil-in-water polymerization method [35].
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Pechini method

The Pechini method has been widely used in the synthesis of oxide nanocrystals. The
method is based on an intensive blending of positive ions in a solution, controlled
transformation of the solution into a polymer gel, removal of the polymer matrix and
development of an oxide precursor with a high degree of homogeneity. When compared
to other methods, the Pechini method has better compositional homogeneity, lower
toxicity and lower cost [36].
The Pechini method stands out among several chemical synthesis methods because
it allows for the use of different temperatures and proportions of citric acid and metallic
cations, enabling controlled particle and/or agglomerate stoichiometry and morphology,
compositional homogeneity, and low toxicity to produce a monophasic nanometric
powder [37]. In the Pechini method the reaction is hydrolytic and produces a polymer
which, after calcination, forms an oxide. The Pechini process involves two basic chemical
reactions: the formation of a chelate complex consisting of carboxylic acid, chelating
agent, and metallic matrix, followed by its polyesterification with an excess of polyalcohol
(as shown in Figure 5). The reactants usually employed in this application are citric acid
and glycol ethylene.

Figure 5. The possible preparation process of Pechini method [35].

2.7 . Experimental part of Photocatalytic CO2 reduction
The photocatalytic CO2 reduction in aqueous media has sparked a huge interest because
of reactants’ availability, low cost, system simplicity, etc. However, the performance of
this photocatalytic system is too sluggish to meet the efficiency requirement of industrial
commercialization. In the reduction of CO2, the water used as a as the hole scavenger,
ranging from the exploration of novel catalysts [1], [2], bandgap engineering [3],
recombination inhibition [4], to system optimization. In detail, a photocatalytic reduction
of CO2 was examined in a three-part reactor (Figure 6), using the 500-W metal halide
lamp as the light source. In detail, 100 mg of the photocatalyst with two different sacrificial
scavengers were dispersed into 0.04 M NaHCO3 containing 50 ml solvent and stirred it
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for 1 h, filled the reactor with pure CO2 gas for 30 min, and turned on the light. After
48h of reaction, we withdrew the different amounts of final samples using a syringe
and membrane filter, which were 0.45 ìm in pore size and 47 mm in diameter,
respectively, from the reactor every 12 h. The final samples evaluated by a “Quantitative
analysis of alcohol” method. In alcohol analysis, 10 ml of 0.1 M CrO3 added into 1-ml
sample and agitated it for 15 min, then centrifuged the suspension (10.000 ppm/15 min).
The concentration of acquired solution examined by a UV spectrophotometer (Optizen
POP, Korea) using a quartz cell (1 cm × 4.5 cm) [40].

Figure 6. Schematic diagram of the device of photocatalytic CO2 reduction under the light irradiation [40].

3. Result and discussion
3.1.

Characterization of photocatalyst material

The morphology structure, surface state and crystal characteristics of the samples of
were analyzed via TEM and HRTEM. Figure 7 shows the schematically illustrates the
synthetic procedure for Pt-NGO-RT photocatalyst and TEM images. HR-TEM was
performed to investigate the structural evolution and formation of Pt-NGO-RT hybrid
photocatalyst (Figure 7 b-g). RT NPs exhibit a well-defined crystalline morphology of
TiO2 without any aggregation, as shown in Figure 7b. The disordered surface layer with
a thickness of H” 1-2 nm is formed on RT, confirming surface defects (Figure 7c). These
surface defects could be due to the presence of Ti3+ sites resulting from hydrogen
incorporation/oxygen vacancies [38]. HR-TEM images of the NGO-RT sample shows
that RT NPs are anchored into the NGO sheet (Figure 7d-g), in which NGO layers are
distributed over the RT surface, thus, offering a large surface area. In HR-TEM of Pt 1.0%NGO-RT composite, Pt NPs are found to be uniformly distributed over the NGO-RT
sample (Figure 7f-g), and EDS mapping reveals such distribution along with the presence
of Ti, C, O, N, and Pt elements. Utmost Pt NPs can be observed on the RT surface, which
forms the interface of Pt-RT. In XRD patterns, all the peaks correspond to anatase and
rutile TiO2, as shown in Figure 2a. GO’s introduction did not alter the crystal phase of
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P25 (TiO2), where typical GO peaks were absent due to its lesser concentration and low
diffraction intensity [39]. The FT-IR was applied to analyze to confirm the chemical
interaction between NGO and RT. In the FT-IR spectra of NGO-RT and Pt 1.0%-NGO-RT
samples, the 400-800 cm-1 region’s broad peak corresponds to Ti-O-C stretching [40] due
to the interaction between RT (TiO2) and NGO, which is absent in P25 and RT samples,
see Figure 2d. Moreover, bands at <1200 and <1570 cm -1 can be attributed to the C-N
and C=C/C=N bonding in both NGO-RT and Pt1.0%-NGO-RT portent successful doping
of N into the GO matrix [41], [42].

Figure 7. (a) Schematic illustration showing the synthesis of Pt deposited NGO-RT composite (Pt-NGORT), and the HR-HEM images showing the stepwise formation of Pt-NGO-RT; (a-b) RT, (c-d)
NGO-RT, and (e-f) Pt1.0%-NGO-RT samples, (h-i) XTD pattern and FTIR spectra [39, 40].
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In this part, the morphologies and crystal characteristics of TiO2 and 5.0RGOTiO2 catalysts were revealed by TEM and HRTEM (Figure 8). Figure 8d shows that the
TiO 2 nanoparticles were embedded in the sheets of RGO. The thickness of
the monolayer of the RGO was calculated to be 0.35nm. The calculated average particle
size gradually decreased from ca. 11.44nm in TiO2 to 11.39, 10.83, 10.46 and 9.38nm in
1.0RGO-TiO2 , 2.0RGO-TiO2 , 5.0RGO-TiO2 and 10.0RGO-TiO2, respectively (Figure 8a
and b). The addition of RGO, which served as the support, ensured more dispersion
and suppressed the further growth of TiO2 nanoparticles [43]. The d-spacing of 0.342/
nm were consistent with anatase (101) plane of TiO2 in both samples (Figure 8b and d),
suggesting that RGO had little influence on the crystal phase of TiO2. The XRD patterns
of the prepared RGO and RGO-TiO2 catalysts are shown in Figure 8d. The peaks at 2 /
= 25.9° and 43.2° were assigned to planes (002) and (100) of the RGO sample. All other
catalysts, including TiO2 and RGO-TiO2, depicted similar XRD peaks, which agree well
with the tetragonal anatase TiO2 (JCPDS 21-1272). Since no characteristic peak of RGO
was observed, there was no noticeable difference in the peaks of TiO2 as the loading
amount of RGO increases in the RGO-TiO2 composite. It was reasoned that peaks of
TiO2 overlapped the peaks of RGO. Notably, from Figure 8 c (inset), the width of the
major peak (101) in TiO2 was widened with the increasing amount of RGO in RGOTiO 2 composites. This widening changed the crystallite size of TiO 2 in the
nanocomposites [44].

Figure 8. (a) TEM image of pure TiO2, (b) HRTEM of pure TiO2, (c) TEM image of 5.0RGO-TiO2, (d) HRTEM
of 5.0RGO-TiO2., (e) XRD pattern of photocatalytic [43].

UV-Vis-DRS and PL spectra were used to investigate the optical properties of assynthesized photocatalysts. As shown in 9a, compared to pristine P25, the RT exhibits a
highly enhanced photo-absorption in the solar spectrum that can be attributed to the
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formation of midgap states and surface disorders [45], which is consistent with XPS and
EPR analysis. The light absorption of the NGO-RT sample further improved in the visible
region due to n-π* transition. The Pt deposited samples showed noticeable enhancement
in visible light assigned to the localized surface plasmon resonance (LSPR)[46]. The bandgap
energies of photocatalysts were investigated by Tauc’s plot, as shown in Figure 9b; the
decreased bandgap in RT suggests the extended light absorption in the visible region due
to the formation of mid-gap states. The narrowing bandgap energies in NGO-RT and
Pty% -NGO-RT samples could be due to the construction of the Ti-O-C chemical bond
between TiO2 and NGO [47]. The decreased bandgap results in superior interfacial charge
transfer among the Pt-NGO-RT composite, further strengthened by photoluminescence
(PL) analysis, as shown in Figure 9c. Apparent quenching in PL intensity from P25 to
Pty%—NGO-RT samples was due to the successful migration of charge carriers through
the interface [48]. The decreased PL intensity also implies the active injection of a
photogenerated electron from RT to NGO, and Pt NPs surfaces before the charge
recombination [49]. These results demonstrate that the lower recombination of electronhole in Pt-NGO-RT would accelerate the CO 2 reduction process. In the case of
the absorption edge of TiO2, which was determined by the extrapolation of the linear part
of the plot to the absorption background in the visible light, was found to be around 392
nm, which did not change significantly in RGO-TiO2 composites. The introduction of
RGO into TiO2 did not significantly cause a red shift to a longer wavelength in the
absorption edge of TiO2, and this phenomenon is discussed and further confirmed in the
section devoted to the results of the theoretical study, as shown in Figure 9 d, e. The
optical band gap energies of the prepared catalysts were also determined from the Tauc’s
plot of [F(R)hv]1/2 versus the photon energy via the intercept of the tangent to the x-axis
[50]. The band gap of TiO2 was found to be 3.2eV, which gradually decreased to about
2.9/ eV with 10.0RGO-TiO2. The observed decrease in the TiO2 band gap was small and
may be due to the formation of Ti-O-C bonds in the composite. From the X-ray diffraction
(XRD) patterns in Figure 10 c, we found that all of identical peaks of the CABB@C3N4-10
% and CABB@C3N4-82 % samples can be well matched with a cubic double perovskite
structure. As shown in Figure 10d, the absorption edge of the CABB@C 3 N 4 -82 %
photocatalyst gives an apparent red shift compared with pure CABB and g-C3N4. Figure
10e displays the surface photovoltage (SPV) spectra of g-C3N4, CABB, CABB@C3N4-10 %
and CABB@C3N4-82 %. Pure CABB and g-C3N4 exhibits a large negative signal and a
weak positive signal of SPV, respectively. In the case of CABB@C 3 N 4 -10 %, the
photogenerated electron transfers from g-C3N4 to CABB due to the formation of a type II
heterojunction; thus, the SPS signal is negative, which is similar to the signal of CABB. A
weak light adsorption from g-C3N4 (positive signal) and strong light absorption from CABB
(negative signal) lead to the decreased signal of CABB. In the case of CABB@C 3N4-82 %,
the formation of Z-scheme species results in more electrons being kept at the g-C 3N4; thus,
the SPS signal turns positive compared with type II heterojunction, which is similar to the
case for pure g-C3N4. Finally, transient photocurrent tests show that the CABB@C3N4-10
% and CABB@C3N4-82 % photocatalysts give a significant enhancement of photocurrent
density compared to the pure CABB and the pure g-C3N4 (Figure 10g), also confirming
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the higher charge separation efficiency. Interestingly, the intensity of photocurrent in
CABB@C3N4-10 % is about 2 times higher compared with that in CABB@C3N4-82 %.

Figure 9. UV-Vis Diffuse reflectance spectra, Photoluminescence spectra of P25, RT, NGO-RT, and Pty%NGO-RT samples, pure TiO2 and RGO-TiO2 composites [45, 50].

Figure 10.(a) SEM image of CABB@C3N4-82 %. (b) HRTEM image of CABB@C3N4-82 %. (c) XRD pattern of
CN small pieces, g-C3N4, CABB, CABB@C3N4-10 % and CABB@C3N4-82 %. (d) Diffuse reflectance
absorption spectra of g-C3N4, CABB, CABB@C3N 4-82 % and Photocatalytic activities under
monochromatic beams (at 4350475 and 550 nm) by CABB@C3N4-82 %. (e) Surface photovoltage
spectra of CABB, CABB@C3N4-10 % prepared in toluene and CABB@C 3N4-82 % prepared in
dichloromethane solvent system. (f) Steady-state PL spectra of g-C3N4, CABB, CABB@C3N4-10 %
and CABB@C3N4-82 % with an excitation wavelength of 435 nm. (g) Transient photocurrents of gC3N4, CABB, CABB@C3N4-10 % and CABB@C3N4-82 % [48].
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Photocatalytic performance and evolution of CO2

The photocatalytic activity of the prepared series of catalysts RGO–TiO2 was assessed for
the reduction of CO2 under UVA light for 16h with 5mg and benchmarked against TiO2 using
the same experimental conditions. In Figure 11 a, all prepared catalysts showed considerable
activity for selective photocatalytic CO2 reduction to methanol in water: ACN medium (16:2
vv in mL) using TEOA (2mL) as the sacrificial electron donor. Measurements were conducted
initially for the 8h at 4h intervals for the first day; then the reaction was stopped, stored in
the dark for few hours and resumed almost midnight and allowed to run overnight for the
next 8h till 16h (next day). For all samples, the production of methanol increased with time.
TiO2, as the control sample, exhibited a methanol production rate of ca. 1.95mmolg”1 h”1;
this rate was lower than for all RGO-containing samples. The explanation of this observation
could be that the large band gap and fast recombination of e- - h+ pairs in TiO2 [51,52]. The
wrapping of RGO on TiO2 exhibited a significant influence on the photocatalytic activity.
Factors such as: (1) synergistic effect between TiO2 and RGO as a result of hydrothermal
reaction, which allows the formation of chemical bond [53, 54] and reduced recombination
of e- h+ pair [55], and (2) higher surface area which provides more active adsorption sites,
and photocatalytic reaction centers [56]. Increase in photocatalytic activity was observed
with a higher dosage of RGO from 1% to 5% weight ratio in the RGO–TiO2 composites.
However, a decreasing trend was found with the further addition of RGO, suggesting that
excess RGO might work as a competitor with TiO2. An excess amount of RGO could increase
the unproductive consumption of photons in the photocatalytic system, thus shielding the
light reaching the surface of the TiO2 photocatalysts [57]. Hence, it was critical to get the
optimum loading amount of RGO in the RGO–TiO2 composites. Here, 5% RGO was the
optimum as in 5.0RGO–TiO2 with the methanol production rate of 3.41mmol g”1 h”1, almost
double the pure TiO2. Figure 11b reveals that all the composites were photo catalytically
active under visible light with 2.0RGO-TiO2 and 5.0RGO-TiO2 performed almost equally,
with the methanol production rate of ca. 2.33mmol g ”1 h ”1 . However, as expected,
TiO2 showed little activity under visible light. These results suggest that RGO acted as a
sensitizer for TiO2 in a way to enhance its visible light activity. Hence, the reaction rate was
mainly determined by the amount of TiO2 catalyst present [58]. To check whether pure
RGO alone was active for CO2 reduction under UV and visible light, the equivalent weight
of its calcined form was used. At similar conditions, it was observed that 13.48 and 31.61
ìmol g”1 h”1 of methanol were produced. These values were so insignificant in comparison to
ones obtained with bare TiO2 and RGO-TiO2 nanocomposites. The influence of reaction
medium on the photocatalytic reduction of CO2 was performed with 5.0RGO–TiO2 in the
presence of DMF, ACN, and DMSO by keeping other parameters constant under the visible
light, as shown in Figure 11c. The trend in the photoreduction activity was found to be
ACN > DMSO > DMF yielding 2.33, 0.95 and 0.74mmol g”1 h”1, respectively. CO2 has a
higher solubility in ACN medium, and this might play a crucial role in product formation.
The photocatalytic activities of all the reported work on the use of graphene-TiO2 composite
for CO2 reduction were measured in the presence of CO2 and water vapor. Photocatalytic
CO2 conversion to hydrocarbon is challenging due to the high dissociation energy of the
C=O bond (<750 kJ mol-1) [59]. In addition, the CO2 reduction process is closely related to
the catalyst’s band structure and electron-hole transportation. The absence of CO and H2 in
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the photocatalytic system suggests that the CO2 reduction proceeds by the electron transfer
process coupled with protons [60]. It requires eight electrons and protons at an E° redox
potential above -0.24 eV (E°= -0.24 V vs. NHE) to form CH4. The defect-induced RT can
generate electron-hole pairs at the respective CB and VB suitable for the CO2 reduction to
CH4. Pt NPs deposited on NGO-RT further restricts the unwanted charge recombination
due to the formation of a Schottky junction between RT and Pt NPs and improves the
catalytic activity, as shown in Figure11 (d, e). Hence, the rapid charge electrons
transformation in Pt-NGO-RT leads to improved catalytic activity and stability. Noteworthy,
the continuous formation of CH4 over 7 h was due to continuous adsorption and conversion
of the CO2/H2O into CH4 on the surface of Pt-NGO-RT, as shown in Figure 11 (f, g). Therefore,
spatial separation and photoexcited electron/hole transfer give rise to improved photocatalytic
CO2 reduction towards the selective formation of CH4.

Figure 11.a) Rate of the formation of methanol from the reduction of CO2 under UVA light irradiation, (b)
rate of the production of methanol from the reduction of CO2 under visible light irradiation, (c)
influence of the reaction medium for the production of methanol from CO 2 reduction under
visible light by 5.0RGO-TiO2 for a period of 16/ h, (d-e) Methane evolution under light irradiation
with TiO2 and other TiO2 united nanocomposite, f) Stability and reusability test of photocatalyst
within 5 cycles, g) Mass spectrum of methanol [51, 52].
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The process parameters used in the CO2 reduction influence the product selectivity.
Formation of products like CH3OH, C2H5OH, and formaldehyde are possible, but the
probability is high in the aqueous environment [61]. The aqueous phase selectivity also
relies on the catalysts along with other considerations, such as sacrificial agents, solution
pH, etc.[62]. However, product selectivity in the gas-phase mainly depends upon the
catalysts used for CO2 reduction. Our catalytic system is gas-phase; the possibility of H2,
CO, CH4, and C2H6 product formation is more viable. In our experiments, CH4 was the
main product obtained with an insignificant quantity of C2H6. Figure 12 a, b shows the
chromatograph result of CO and H2 evolution for Pt 1.0%-NGO-RT sample, where no
peaks related to CO or H2 are present. Moreover, the gas-phase reaction system conquers
the H2 evolution and increase the leeway for CH4 formation [63]. However, similar types
of catalysts have been reported for CH3OH evolution using sacrificial agents in the
aqueous system.

Figure 12.TCD chromatogram of (a) CO and (b) H2 in Pt1.0%-NGO-RT sample [62].

Figure 13 (a) shows the recyclability and reusability test of the photocatalyst for the
CO2 reduction under the light irradiation. According from this test, there is no obvious
difference of the reduction performance observed after 12h test, which totally 4 recycle.
After recycle test, we analyzed the crystal structure of the photocatalyst via XRD. The
XRD pattern confirmed that there is no significant change for the crystal structure of
the photocatalyst [64]. Figure 13 (c, d) shows the FTIR and PL spectra. The photocatalytic
activity was estimated towards CH4 formation, where intermediate CH3 • (methane
radical) generated over the catalytic surface eventually reacts with H+ to form CH4. In
the FTIR spectra of the used sample, two peaks at 2853.7 and 2915.7 cm-1 correspond to
the C-H stretching band attributed to the CH3• intermediate present over the catalyst. In
PL spectra, Pt1.0%-NGO-RT exhibit broad luminescence spectra excited at 330 nm, while
such peak is absent in pristine. This means the valence band of catalysts lies below the
water oxidation potential to produce OH•/OH-.
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Figure 13.(a) Recyclability test of CABB@C3N4-10 %. (b) XRD pattern of photocatalyst after recycling test.
(c) Mechanistic study on the mechanism with (a) FTIR spectra of CH3• radical detection and (b) PL
spectra of Hydroxyl (OH•) radical [64].

Figure 14 shows the schematic illustration of the photocatalyst, band energy diagram
and reduction of CO2 into methanol and methane under the surface of photocatalyst.
Figure 14 (a, b) shows the theoretical mechanism of CO2 photoreduction which using
RGO-TiO2 . Under UV light photoexcitation, electrons and holes are produced in
TiO 2 nanoparticles, and electrons are transferred into RGO. Under visible light
photoexcitation, charge transfer results in holes in TiO2 and electrons in RGO. The
positive effect of the presence of graphene on the reduction of CO2 is associated with a
high electrocatalytic activity of carbon electrodes in reduction reactions [65]. Figure 14
c shows the bandgap diagram and reduction of CO2 under the surface of Pt-NGO-RT
composite under the light irradiation. Bandgap value of each nanocomposite was
analyzed via Tauc’s plot. The energy difference of 0.53 eV in the work function of pristine
RT (5.01 eV) and NGO-RT (5.54 eV) suggests the downward band bending of RT at the
interface of NGO-RT composite. The resulting downward band bending facilitates the
interfacial electron transfer from the CB of RT to the NGO and decreases the electronhole recombination. In the photocatalytic process, CO2 molecules probably adsorb on
amorphous RT and the N-site of NGO. The amount of CH4 evolution in RT is relatively
low, suggesting the probability of a lower amount of CO2 adsorption on RT and more
on the NGO’s surface [66]. It has been reported that N-doped graphene has great potential
for CO2 capture due to the formation of a hydrogen bond between the N functionality
and CO2 molecule [67].

New tailoring of photocatalyst for the photocatalytic CO 2 reduction

201

Figure 14.Schematic illustration of the electron transfer process in the graphene-anatase structured
photocatalyst and energy band diagram of the Pt-NGO-RT composite and reduction of CO2 into
methanol and methane on the surface of the photocatalyst [66, 67].

4. Conclusion
In conclusion, the photocatalytic performance, crystal structure and charge transfer
properties of the photocatalyst are depend on the synthesis method. The synthesis method
is divided into 6 ways and each method has specific advantage side. The photocatalytic
semiconductors highly used for the photocatalytic reduction of CO2. Principle side of
photocatalytic CO2 reduction like thermodynamics, mass transfer, and selectivity and
reaction mechanism have been deliberated. The mechanism of enhancement of
photocatalysis by graphene: semiconductors possess a low-energy VB which has a full
of electrons, a high-energy CB which has an empty orbital and has a bandgap difference
between two band state. The yield and efficiency of process have been significantly
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refined by recent efforts particularly through multinary and functionalized
photocatalysts. The efficiency of the photocatalytic reaction depends greatly on the
efficiency of electron transfer and charge transfer from metal/metal oxide to graphene
(carbon material). On the other hand, the photocatalytic carbon dioxide (CO2) reduction
in aqueous media provides a potential and convenient way for fulfilling increasing fossil
energy demand and relieving global warming problems. In conclusion, the combination
of semiconductor with graphene, the charge transfer properties, bandgap, the
recombination coefficient and the condition of reduction process are the main factors
for the photocatalytic reduction of carbon dioxide.
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