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Abstract: With the development of the global economy, large amounts of fossil fuels are being
burned, causing a severe energy crisis and climate change. Photocatalytic CO, reduction is a clean
and environmentally friendly method to convert CO, into hydrocarbon fuel, providing a feasible
solution to the global energy crisis and climate problems. Photocatalytic CO, reduction has three
key steps: solar energy absorption, electron transfer, and CO, catalytic reduction. The previous
literature has obtained many significant results around the first two steps, while in the third step,
there are few results due to the need to add a co-catalyst. In general, the co-catalysts have three
essential roles: (1) promoting the separation of photoexcited electron-hole pairs, (2) inhibiting side
reactions, and (3) improving the selectivity of target products. This paper summarizes different types
of photocatalysts for photocatalytic CO, reduction, the reaction mechanisms are illustrated, and the
application prospects are prospected.
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1. Introduction

With the rapid economic development of the world, large amounts of fossil fuels
are consumed. As a result, a large amount of CO; is discharged into the air, causing
the greenhouse effect, thus breaking the ecological balance in the world. Fossil fuels
are non-renewable energy [1,2]. In contrast, solar energy is inexhaustible, providing the
earth with about 120,000 TW of energy annually [3,4]. How to improve the conversion
and utilization of solar energy has always been the focus of researchers. In the photo-
catalytic process (Figure 1), semiconductor (5C) photocatalysts could be stimulated by
the absorbed photons to produce e”—h* pairs, and after absorbing the photon energy,
the internal electrons will be transferred from the valence band (VB) to the conduction
band (CB) inside the semiconductor [5-7]. Negatively charged electrons are produced at
the CB, and positively charged holes are produced at the VB. Subsequently, the light-
induced e~ and h* will separate and migrate to the photocatalyst surface. The reactants
adsorbed on the inner surface of the semiconductor undergo a redox reaction for energy
conversion [8-10].

Fujishima et al. [11]’s preliminary research on photocatalysts shows that TiO, elec-
trodes could make CO; conversion to small amounts of methanol under sunlight, which
makes scholars focus on photocatalysis technology. Common semiconductors like metal ox-
ides (e.g., TiO; and GapO3) and metal sulfides (e.g., CdS and MoS,) have been found [1,3,6].
In general, photocatalytic CO, conversion can be roughly divided into three processes [9,10].
At present, much research has been completed on the two processes (i and ii), and process
(iif) could improve catalytic efficiency by adding co-catalysts. Meanwhile, it improves the
selectivity of CO, reduction products and inhibits side reactions. Up until now, research on
co-catalyst photocatalytic CO; has been rare.
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Figure 1. The mechanism of the photocatalytic process.

Up to now, CO; reduction catalysts could be divided into two categories: precious
metal-based catalysts and precious metal-free catalysts. The precious metal-based catalysts
showed excellent stability and redox properties in photocatalytic CO, reduction, such as
Pt [12-20], Ag [21-31], Pd [32-36], Ru [37-39], Rh [40,41], Au [42,43], and alloys [44—47].
These catalysts have been widely applied to improve the selectivity of photocatalytic CO,
reduction products. In addition, the exposed crystal surface, particle size, and particle
distribution greatly affect the activity and selectivity of photocatalytic CO, reduction [48].

While the high cost of precious metal catalysts has limited their development for
industrial applications, the search for low-cost, high-activity catalysts has become the focus
of current research. The precious metal-free catalysts include Cu/Cu;O/CuO [49-60],
Fe/Fe;O3 [61], Ni/NiO [62-67], co-incorporated metal-organic framework (MOF), and
carbon nanomaterials. Cu/Cu;O/CuO was recognized as an excellent catalyst with high
activity. Zhang et al. [68] added unsaturated monatomic Co to the MOF system to improve
photocatalytic CO; reduction efficiency.

Although researchers have made many contributions to the photocatalytic reduction
of CO,, comprehensive reviews are still necessary to provide direction for future research.
In this paper, we will focus on the mechanism and role of co-catalysts in CO, photocatalytic
reduction reactions.

2. Application of Co-Catalysts in CO; Photocatalytic Reduction
2.1. Catalytic Reduction of CO; Reaction Mechanism

Due to the linear structure of CO,, the energy required to cleave the C-O bond
was much higher than that required to cleave the C-C, C-O, and C-H bonds [69]. In
addition, the relatively wide energy gap and electron affinity of CO, leads to a negative
single-electron transfer redox potential. Therefore, different reaction pathways have been
developed to reduce CO, at lower energies. In general, the photocatalytic CO, reduction
process must follow the following four steps [70,71]: (1) the electrons on the photocatalyst
VB are stimulated and transferred to its CB to generate a photogenerated charge, and the
photogenerated charge could either be transferred separately to the photocatalyst surface
for photocatalytic reaction or recombined to release photons or heat; (2) the catalyst surface
for CO, absorption; (3) photogenerated electrons on the photocatalyst surface to convert
CO; into fuel; and (4) desorption of photocatalyst products. A conductive potential that is
more negative than the required standard potential and effective electron transfer to the
COy-adsorbed semiconductor surface determine the efficiency of CO, reduction (Table 1).
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Table 1. Different reduction products obtained from the photocatalytic reduction of CO, in an
aqueous solution and the corresponding electrode potentials (vs. standard hydrogen electrode, 25 °C,
pH=7).

Reaction E° edox (vs. NHE)/V
CO, +2H* + 2e- -HCOOH —0.61
CO, +2H" + 2~ —CO + H,O —0.53
CO, + 4H* + 4e~ —HCHO + H,0 —0.48
CO, +4H* + 4~ —C + 2H,O —0.20
CO, + 6H* + 66~ —CH30H + HyO 038
CO, + 8H* + 8¢~ —CH, + 2H,0O —0.24
2CO, + 12H* + 12¢~ —CoHy + 4H,0 —0.34
2C0O, + 12H* + 12¢~ —C,HsOH + 3H,0 033
2CO, + 14H* + 14e~ —HCOOH + C,Hj 027
2H* + 2e~ —H, —0.42

The products obtained change with the change of reaction conditions and catalytic
materials during the reduction process. The photon energy required for photoexcitation
depends on the band gap of the photocatalyst. The edge position of the photocatalyst’s
energy band should match the relevant reaction’s redox potential. The different reduction
products and corresponding electrode potentials obtained from the photocatalytic reduction
reaction of CO, in an aqueous solution are shown in Table 1. The ideal CO, photocatalytic
reduction reaction must meet the requirement that the CB potential of photogenerated
electrons is more negative than the potential of the reduction products/CO; (CH4/CO,,
CH30H/CO,, HCHO/CO,, HCOOH/CO,, or CO/CO3), and the VB that generates holes
is corrected than the potential of the oxidation reaction (O,/H;0) of H,O. To sum up,
photocatalytic reduction of CO, must meet two conditions: (i) photon energy is greater
than or equal to band gap energy and (ii) the CB potential is more negative than the surface
electron acceptor potential, and the VB potential is corrected than the surface electron
donor potential. In this way, the reaction process of photocatalytic reduction of CO, can be
realized [72].

Mechanistic Role of Co-Catalysts in CO, Photocatalytic Reduction

In the process of photocatalytic CO, reduction, the co-catalyst plays three critical roles
in participating in the reaction as follows: (i) co-catalysts could reduce the activation energy
or the reaction barrier on the semiconductor surface, (ii) co-catalysts could rapidly separate
and migrate holes and electron pairs on semiconductor surfaces, and (iii) the co-catalyst
could inhibit the side reactions in the photocatalytic reduction of CO, and improve the
selectivity of the target product.

Photoexcited electrons could migrate through the photocatalyst conduction band
to the co-catalyst surface to reduce CO, to CO, HCOOH, HCHO, CH3OH, and CH4
(from Figure 2). The excellent heterojunction structure between the co-catalyst and the
semiconductor is vital for enhancing the migration of photogenerated carriers from the
semiconductor to the co-catalyst.

In the process of photocatalytic CO, reduction, many factors affect the activity of
the co-catalyst. For instance, elemental composition, crystal structure, exposed crystalline
surface, and particle size. Excessive co-catalysts could have the following three problems:
(i) Excess co-catalyst could cover the active sites on the semiconductor surface and hinder
the reduction of CO;. (ii) Excess co-catalysts block sunlight and reduce light absorption,
thus reducing the number of hole—electron pairs. (iii) Excessive amount of co-catalyst could
cover the semiconductor surface unevenly, resulting in a larger catalyst size and thus lower
catalytic activity. Therefore, finding the optimal amount of co-catalyst addition is necessary
to maximize the photocatalyst activity.
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Figure 2. Mechanism of photocatalytic CO, reduction.

3. Noble Metal-Based Co-Catalysts

Precious metal-based co-catalysts, such as Pt, Ag, Pd, Rh, Au, and alloys, have suc-
cessfully improved the activity and selectivity of target products for photocatalytic CO,
reduction in a range of photocatalyst systems. Noble metal co-catalysts improve the pho-
tocatalytic efficiency and enhance the selectivity of target products in the photocatalytic
reduction of CO,. However, the high cost of the precious metal itself limits its industrial
development process.

3.1. Pt-Based Co-Catalysts

Generally, there are two main categories of Pt distribution on the photocatalyst surface.
One is the in situ loading of Pt during the synthesis of TiO, photocatalysts, and the other is
the effect of Pt on the synthesis of TiO, photocatalysts. The researchers [12] synthesized
TiO; nanofibers (NFs) using Au and Pt NP coatings by a simple electron spin method. The
precursors containing Ti, Au, and Pt were mixed, respectively. The Au and Pt NPs were
found to bind precisely to TiO; in situ during the electron spin. The Au- and Pt-loaded
TiO, NFs exhibited higher CO, reduction activity under the action of H,O vapor than
pure TiO,.

In the preparation of TiO,, in addition to the above two methods, impregnation—calcination
and microwave-assisted solvent-heat treatment methods were used. The mesoporous TiO,
loaded with Pt, Au, and Ag exhibited photocatalytic activity for reducing CO; to gas-
phase CH4 under visible light irradiation. The mesoporous TiO; loaded with 0.2% Pt
by mass fraction produced the highest CHy content of 5.7 umol g~ ! after visible light
irradiation for 2 h. The reason is that the noble metal Pt has the highest work function
(5.65 V) and the lowest Fermi energy level among many co-catalysts. It has the most
potent electron extraction ability, making it an ideal choice for photocatalytic CO, reduction
co-catalyst. Therefore, adding co-catalyst Pt on the semiconductor surface could increase
electron mobility and maximize the separation of electrons and holes [73]. Among them,
the loading of Pt into TiO, was the most widely studied. Pt, Au, and Ag were loaded onto
the mesoporous TiO; surface. The results showed that when the mass fraction of Pt was
0.2%, the highest yield of CH, was 5.7 umol g~ ! after 2 h of light exposure. The possible
reason is that the value of the work function of Pt is higher than that of Au (5.1 eV) and Ag
(4.26 eV). Therefore, photogenerated electrons could migrate from TiO; to Pt. Furthermore,
Xie et al. [15] reported various noble metals loaded on TiO;. The results showed that the
noble metals are active in the order of Ag < Rh < Au < Pd < Pt through the yield of CHy,.
This trend is consistent with the respective functionalities of the metals. Although the
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addition of noble metal catalysts improved the selectivity of CHy, the selectivity of CO
(e.g., noble metal Rh) decreased instead. It also accelerates the trend of H,O reduction to
Hj;. The results show that the selectivity of CO, reduction decreases from 56% for TiO, to
39-45% for the loaded noble metal in TiO,. Therefore, the focus of current research is the
study of how to improve activity.

The impregnation roasting technique was also widely used for Pt-loaded TiO,. For ex-
ample, using impregnation and calcination methods, Anpo et al. [17] loaded a mass fraction
of 1.0% Pt onto synthesized TiO,-anchored Y zeolites. The addition of Pt increased the CHy4
yield and decreased in CH3OH yield. Furthermore, a microwave-assisted solvothermal
rapid loading of Pt on TiO, was developed [18]. For example, the highest photocatalytic
activity for CO and CH,4 was achieved when the mass fraction of Pt was 0.6%. At the same
time, undoped TiO; was 0.20% and 0.34%. The excess Pt loading reduced the dispersion
of Pt NPs and increased the size of Pt NPs. It was easier to remove from the TiO, NTAs
higher than other polyols. Under visible light irradiation, the Pt-loaded TiO, NTAs exhibit
a CHy content of about 25 & 4 ppm in CO, and H,O vapor, while the unloaded TiO, NTAs
produce only about 3 ppm of CHy. The Pt NPs were uniformly dispersed on the surface
of TiO, NTAs, providing many active sites and enhancing the photocatalytic activity of
TiO, NTAs.

Due to quantum confinement, the deposition time may lead to tiny Pt NPs high energy
band separation, thus limiting the electron transfer from TiO, to Pt (Figure 3) [74]. On the
contrary, the larger the Pt NPs have similar energy band positions as the bulk Pt. In this
case, the light-induced migration of electrons and holes to Pt leads to their recombination.
The Pt NPs with optimal size and energy band between —4.4 and —5.65 eV can promote
efficient photoinduced electron transfer from TiO, only when the appropriate deposition
time is used (Figure 3).
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Figure 3. Mechanism diagram of CO, reduction by Pt-TiO, photocatalyst [74].

Yuan et al. [75] loaded 0.5% Pt by mass fraction onto P/g-C3N; composites and
exhibited excellent activity. Cao et al. [76] loaded Pt co-catalysts onto InpO3 nanocrystal-
deposited g-C3Nyg NSs hybrid photocatalysts. After 4 h of visible light irradiation, the
yield of CH,y reached 159.2 ppm. Whereas the catalyst not loaded with InyO3/g-C3Ny
was only 76.7 ppm. Pt could act as an electron receiver and facilitate charge transfer and
migration. Li et al. [77] used H,O vapor to photocatalysis the reduction of CO, to CHy4 by
photodeposition with Pt loaded on SiO; columnar HNb3Og. The highest photocatalytic
activity for CHy was achieved when the mass fraction of Pt was 0.4%. The results showed
that at 0.4 wt% Pt/SiOp-HNb3Og in the presence of HO vapor and Ny, there was no CO,
in the product, indicating that part of the CH4 may come from carbon accumulation on
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the photocatalyst. In comparison, the rate of CHy generation from carbon accumulation is
much lower than the rate of CHy4 generation.

Although Pt is a more applied co-catalyst in the photocatalytic reduction of CO,
for hydrogen production, it was not the best. This was because it permanently traps
photogenerated electrons while promoting H, production, which will reduce the efficiency
of photocatalytic CO, reduction [18,72]. In addition, Pt could increase the activity of CO,
conversion to CH4 more than CO because the generated CO cannot be desorbed from Pt. It
leads to catalyst deactivation [78].

In addition, it was also found that when an excessive amount of Pt was loaded onto
TiO,, Pt would be loudly agglomerated on the semiconductor surface. The electron-rich
density of Pt will hinder the formation of Schottky barriers between TiO, and Pt, which may
increase the electron-hole complex probability and ultimately reduce the CO, conversion
efficiency [78].

3.2. Ag-Based Co-Catalysts

The binding energy of Ag to CO is much lower than that of Pt to CO, and CO is more
easily desorbed from the Ag surface for CO; reduction conversion. Therefore, Ag was
widely used as a co-catalyst for CO, photocatalytic reduction, especially in improving the
selectivity of CO. The researchers loaded the co-catalyst Ag onto TiO,. Reduction products
were mainly CH4 and CH3OH. Experimental results showed that when the mass fraction of
Ag exceeded 5%, Ag clusters would be formed on the semiconductor surface, strengthening
the formation of Schottky barriers. It causes the separation of electron-hole pairs and
prolongs the lifetime of electron-hole pairs, thus improving the catalyst activity [79].

Researchers [80] added a series of co-catalysts to the synthesized BaLa;Ti4O15, respec-
tively. After experiments, it was found that NiO, Ru, and Au could improve the activity
of photocatalytic synthesis of H, and did not achieve CO, reduction because these three
precious metals mainly act in the photocatalytic decomposition of HyO to Hj. In contrast,
Ag is the most effective co-catalyst for promoting CO, reduction on BaLasTisO;5 (Figure 4).

0, H0 0, H,0

in water A ) O.H.OA"
)Y |:> ag A HCOOH
AN C

Co,
~

CcoO
—y ¥ co,

H,0 H, CO, CO

Figure 4. Mechanism of photocatalytic reduction of CO, by Ag-loaded BaLasTisO15 [80].

There are four methods for loading Ag onto BaLasTi4O15: impregnation, photolytic
deposition, H, reduction, and liquid-phase reduction. Among them, the liquid-phase
reduction method is the most efficient yield for the reduction of CO; to CO compared to
H, production. It is due to the small size and high dispersion of the deposited co-catalyst
Ag, as shown in Figure 4. CO; could fully react with Ag and improve the activity of the
co-catalyst.

The co-catalyst Ag differs from Pt because Pt tends to agglomerate on the semiconduc-
tor surface. On the one hand, it covers the active sites on the semiconductor surface, and
on the other hand, it reduces the light intensity and the CO, reduction activity. Metal Ag
could form small clusters on a nanometer scale, and the smaller the size of the clusters, the
stronger the interaction with the carrier and the easier to receive electrons on the d orbitals.
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3.3. Pd-Based Co-Catalysts

Unlike the first two noble metal co-catalysts, the crystalline surface of Pd has a more
significant effect on CO, reduction. The researchers loaded Pd on TiO, by the photode-
position method and then covered a Nafion layer on Pd-TiO;. The Pd-TiO, photocatalyst
with the Nafion layer overlay has vigorous photocatalytic activity and can reduce CO; to
CHy,4 [33].

Researchers [81] investigated the crystallographic selectivity of Pd co-catalysts using
2D g-C3Ny with low layer thickness. Single-crystal Pd NCs and Pd NTs surrounded by
{100} and {111} crystal planes were loaded onto g-C3N4 using the solution-phase in situ
growth method. The density functional theory (DFT) simulation results show that g-C3Ny
has the function of enhanced charge separation efficiency. While the experimental results
also revealed that the selectivity of g-C3Ny4 loaded with Pd NTs (80%) was significantly
higher than that of g-C3N4 loaded with Pd NCs (20%).

3.4. Ru-Based Co-Catalysts

It was demonstrated that the metal Ru co-catalyst could reduce CO,. Baran et al. [38]
loaded metal Ru with a mass fraction of 1.0 onto the nanocrystalline ZnS surface by
impregnation. The promoting effect of Ru-loaded co-catalysts may come from the following
two aspects: (1) the adsorption of photoexcited electrons by Ru improves the charge
separation efficiency and (2) Ru-loaded ZnS enhances the adsorption of CO5.

3.5. Alloy Co-Catalysts

The alloy co-catalysts Au/Cu [44] and Cu/Pt alloys [45] showed synergistic effects in
promoting photocatalytic CO, reduction. For example, Au/Cu alloy NPs were loaded onto
TiO;. In particular, the Au/Cu alloy with a mass fraction of 1.5% (1:2 atomic ratio of Au to
Cu) loaded onto TiO; has high photocatalytic activity. The selectivity of CH4 was as high
as 97%. It was shown that introducing Cu in Au/Cu-TiO; could facilitate the transfer of
CB electrons from TiO; to CO;.

The photo deposition of Cu/Pt bimetallic shells on periodically modulated double-
walled titanium dioxide nanotubes to reduce of CO, to low-carbon hydrocarbons. Under
simulated solar irradiation conditions, the optimized PMTiNT had an overall maximum
hydrocarbon production rate [45].

4. Precious Metal-Free Co-Catalysts

Precious metal-free co-catalysts, especially Cu- [49-60] and Ni-based co-catalysts [62-67],
have been widely used for photocatalytic CO, reduction reactions. The non-precious
metal co-catalysts do not exhibit as high photocatalytic efficiency as those of precious
metals in the photocatalytic reduction of CO,. However, they could reduce the probability
of electron-hole complexation. Excellent photocatalytic activity was exhibited. Most
importantly, the low cost of the non-precious metal makes industrialization possible.

4.1. Cu-Based Co-Catalysts

Currently, Cu-based co-catalysts are widely used for loading various catalysts. For
example, TiO,, ZnO, ZrO;, and CdS et al. were used to enhance catalyst activity. It is
shown that Cu was loaded onto TiO; by the thermal hydrolysis method. The TiO, surface
was in the form of clusters of CuyO. Clusters of CuyO have the effect of having electron
traps, which inhibit the carrier complex. Tseng et al. [82] employed a sol-gel method to
load Cu onto TiO,, and the analytical results showed that the presence of Cu was mainly in
the form of CuyO. The 2.0 wt% Cu-modified TiO, showed more excellent efficiency for the
reduction of CO; than unloaded TiO;. The loaded Cu on TiO, could trap photogenerated
electrons, thus improving the electron-hole separation efficiency. The researchers reported
that CuOx-modified TiO, exhibited more excellent activity than AgOy-modified TiO, in
reducing CO; to CH3OH. In both cases, both CuOy and AgOy trapped photogenerated
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electrons and served as active catalytic sites, and thus the activity was higher than that of
pure TiO, [83].

Tseng and Wu [84] showed experimentally that the chemical state and distribution
of Cu species on TiO; greatly influence the photocatalytic CO, reduction activity. The
results showed that the isolated Cu(l) species obtained was the main active site. TiOp
modified by Cu has a higher activity than TiO, modified by Ag. Xie et al. [85] synthesized
Cu-loaded TiO; by sol-gel method to photocatalysis reduce CO, to CH3OH. XAS and
XPS spectra showed that the higher the dispersion of CuyO on the TiO, surface, the better
the photocatalytic performance. Cu/TiO; catalysts treated with Hj reduction after the
reaction were found to have altered dispersion and oxidation state of Cu on TiO; with
reduced activity. It is because Cu* electron capture was stronger than Cu?* due to the
higher reduction potential of Cu?*. In addition, stability tests were done, and the used
CuO/TiO; could be regenerated after exposure to air due to the desorption of its surface
gas products. The catalyst has excellent stability.

In addition to the methods above for loading Cu-based co-catalysts during the prepa-
ration of TiO,, the impregnation—calcination method [51,58], the impregnation—calcination
method followed by pretreatment [86,87], stirred sonication [88], and microwave-assisted
reduction were used to disperse Cu-based co-catalysts on the treated TiO,. Adachi et al.
loaded a 5% mass fraction of Cu onto the TiO; surface by impregnating and calcining in an
H, atmosphere [89]. The synthesized Cu/TiO, was active in the photocatalytic reduction
of CO; to CHy, CoHy, and CyHg. The catalyst did not produce methanol or formaldehyde.

4.2. Ni-Based Co-Catalysts

Ni and NiO have also been used for photocatalytic CO; reduction. Wang et al. [90]
used a sol-gel method to load NiO with InTaO4 composites. The NiO co-catalyst was used
in conjunction with InTaOy, and the photocatalytic activity of CO, reduction to CH;0H
was significantly enhanced under visible light irradiation. NiO extracts the photogenerated
electrons from InTaO4 to reduce the CO,. Tsai et al. [91] reported loading Ni@NiO co-
catalysts with the core-shell structure to InTaO, for photocatalytic CO, reduction to CH3;OH.
Ni@NiO NPs induce the transfer of photogenerated electrons from InTaOy4 to Ni@NiO and
improve the photocatalyst activity.

4.3. Graphene Co-Catalysts

Carbon materials were the most widespread and infinitely promising materials on
earth, ranging from amorphous carbon black to crystalline structured natural layered
graphite and from fullerenes with zero-dimensional nanostructures to graphene with
two-dimensional structures. Carbon nanomaterials have been attracting significant atten-
tion in recent decades. The discovery of graphene self-assembled hydrogels with three-
dimensional mesh structures has dramatically enriched the family of carbon materials and
provided a new growth point in the field of new materials. It has also shown great scientific
significance and experimental results due to its unique nanostructure and properties. Thus,
it provides a new goal and direction for researching carbon-based materials.

Photocatalysis could convert light energy into chemical energy for air purification
and degradation of organic pollutants in wastewater. It was shown that graphene was
compounded with semiconductor photocatalysts, and the regular two-dimensional planar
structure of graphene was used as the carrier of photocatalysts. On the one hand, it
could improve the dispersion of the catalyst. On the other hand, it could accelerate the
photogenerated charge migration rate and improve the composite’s photocatalytic activity.

Currently, there are three main methods to improve the photocatalytic efficiency
of graphene: mixed method, encapsulation method, and a method with graphene itself
involved in a photocatalytic reaction, which are described below.
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4.3.1. Composite Method

Graphene oxide (RGO) is known for its two-dimensional and planar conjugate struc-
ture, which gives it excellent electron conductivity. The compounding of graphene with
photocatalytic materials was a common method to improve photocatalytic efficiency [92].
Sim et al. deposited Pt nanoparticles (Pt NPs) and RGO on the surface of TiO, nanotube
arrays (TNTs), considering the electron capture function of graphene [93]. Initially, the
electron-hole pair recombination time (1077 s) was faster than the adsorption kinetics
of CO, molecules on TiO,. After depositing RGO sheets on the surface of Pt-TNT, RGO
acts as an electron reservoir by trapping photogenerated electrons to inhibit electron—hole
pair recombination, while the LSPR effect of Pt-NP enables the composite to have visible
light-capturing properties. The quenching of PL spectra, transient photocurrent response,
and EIS test reflect the excellent electron-hole pair separation in the photocatalyst due to
the coexistence of RGO and Pt-NP. The total methane yield obtained by RGO/Pt-TNTs
reached 10.96 pmol-m 2.

In addition, graphene is also usually combined with non-noble metals as a co-catalyst.
Shown et al. synthesized a series of copper nanoparticles (NPs) modified graphene oxide
photocatalysts by a simple microwave process, which significantly improved the yield
of photocatalytic solar fuel [94]. The results show that with the increase of Cu load, the
electrons spontaneously transfer from GO to Cu NP, resulting in the Fermi energy level
moving to a more negative potential. Since the Fermi energy level of Cu NP is lower than
that of the CB of GO, the photoexcited electrons can be easily transferred from GO to Cu
NP while the photogenerated holes remain in the VB of GO. The electrons accumulated
on Cu NPs participate in the CO; reduction reaction, while the holes in GO participate in
the oxidation reaction. This charge transfer mechanism accelerates the charge separation
at the interface between GO and Cu NPs, thus inhibiting the recombination of carriers
and enhancing the reduction performance of photocatalysts. When the load of Cu NPs
is 10 wt%, the solar fuel production rate under visible light reaches the highest value of
6.84 umol g-cat~! h~!, more than 60 times the original GO and 240 times the P-25.

Similarly, when compounded with other materials, such as TaON, the band gap width
was reduced to a certain extent. There may be strong interactions between graphene
and other semiconductor materials, which will increase the Fermi level of graphene. The
energy barrier for supplying electrons from graphene to the adsorbed CO is reduced, thus
weakening the C=0 bond of CO, and causing the bond to break.

4.3.2. Wrapping Method

The wrapping method solves the problem of additives causing an increase in the
concentration of defects in the catalyst crystal itself. This is because the catalytic effi-
ciency of the photocatalyst is influenced by the thickness of the cladding layer, which
is mainly used to adjust the catalyst’s light absorption effect by adjusting the cladding
layer’s thickness [95]. The wrapping method does not change the band gap width of the
photocatalyst, so the problem of increasing defect concentration during the crystallization
of the catalyst can be adjusted by the wrapping method. The thickness of the catalyst
cladding layer should be controlled reasonably during the preparation of the catalyst. The
probability of electron-hole complexation can be reduced, which improves photocatalytic
activity [96].

4.3.3. Participation of Graphene Itself in Photocatalytic Reactions

The previous two methods introduced different active components, both of which have
some degree of influence on the defect concentration in the crystal. Graphene itself has the
advantage of fast carrier transport and low charge recombination rate of the photocatalyst.
In addition, GO has a wide band gap energy and great potential as a photocatalyst to
reduce carbon dioxide to valuable products such as methane, methanol, and formic acid.
Therefore, researchers began considering using pure graphene as a catalyst to participate in
the photocatalytic reaction.
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Kuang et al. prepared two radiation catalysts (GOSS and GOUV) by simulating
sunlight (SS) and ultraviolet light (UV) irradiating graphene (GO) [97]. Research shows
that radiation has two effects on graphene. On the one hand, radiation eliminated CO
released by photolysis in the photocatalytic reaction. On the other hand, radiation activates
graphene oxide. Specifically, the radiation caused the generation of defects in GO and
restored the large m—conjugation network, making the GO obtain photolytic saturation and
sufficient activity to reduce CO,. Irradiated graphene oxide significantly improves the
efficiency of photocatalytic reduction of CO;, especially the CO yield of GOSS irradiated
under simulated sunlight, which is nearly three times that of original graphene oxide.
Although graphene has made some achievements in reducing CO; as a photocatalyst, there
are few relevant studies and many problems to be solved.

The following table summarizes a comparison of the photocatalyst performance of
different co-catalysts (Table 2).

Table 2. Co-catalysts for photocatalytic CO, reduction of metals and non-metals.

. . . Nitrogen Major CO, Reaction
Co-Catalysts Representational Preparation Method Source Reduction Products Medium References
Situ photodeposition,
5 impregnation—calcination and CHy
Pt-based microwave-assisted solvent-heat N CcO H,0 [15,19]
methods
Ag-based Sol-gel N, CH, H,O [79]
" CyHy
Alloy Photodeposition N, CoHe H,O [44,45]
. CHy
Pd-based Photodeposition N, CoHe H,O [33]
Cu-based Thermal hydrolysis N, CI—(I:38 H H,O [83,84]
Ni-based Incipient wetness impregnation N, CH;0OH H,O [90,91]
Graphene Hydrothermal method Ny CHy H,O [92,93]

4.4. Single-Atom Co-Catalysts

The high cost and environmental pollution of photocatalysts limit their application in
industrial processes. Nevertheless, using single-atom co-catalysts is an interesting approach
to solving this series of problems. Jiang et al. [98] loaded atomically dispersed Cu onto
ultrathin TiO, nanosheets (Figure 5), which could reduce CO; to CO. The catalyst also has
excellent stability, can be recycled, and is non-polluting to the environment (Figure 6). This
technology provides support for green conversion technologies for solar energy.

Figure 5. TEM image of Cu-TiO; photocatalyst [96]. The red circles in the diagram indicate the
atomically dispersed Cu.
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Figure 6. Mechanism of CO, reduction by Cu dispersed on TiO, nanoflakes [96].
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Table 3 shows the abbreviations of terms in the manuscript.

Table 3. Abbreviations of professional terms.

Names Abbreviations
Density functional theory DFT
Ultraviolet photoelectron spectroscopy uPs
Nanotube arrays NTAs
Nanotetrahydrogen NT
Energy dispersive X-ray EDX

Periodically modulated double-walled titanium
dioxide nanotubes
Reduced graphene oxide RGO

PMTIiNT

A number of specialized words appear in the manuscript, and the following table
shows the abbreviations of the professional terms (Table 3).

5. Challenges and Perspectives

In conclusion, selecting a high activity, selectivity, and stability is necessary to improve
CO; reduction activity. The co-catalysts have several properties: (1) promoting the separa-
tion of photoexcited electron-hole pairs, (2) inhibiting side reactions, and (3) improving the
selectivity of target products.

Currently, about half of the literature reports the use of noble metal-based co-catalysts
(e.g., Pt-, Au-, and Ag-) and alloys (i.e., Au/Cu and Pt/Cu) for facilitating photocatalytic
CO; reduction reactions. Recently, researchers have also developed many noble metal-free
co-catalysts to aid in the photocatalytic reduction of CO,, such as Cu-, Ni-, and graphene.
Among them, Cu-based co-catalysts are the most commonly used catalysts for the photo-
catalytic reduction of CO;. Loading a co-catalyst on the surface of the semiconductor is a
technology to improve the synergistic effect of CO, reduction. However, many results on
high activity, stability, and selectivity of catalysts for CO, reduction have been reported in
the literature. However, it is still in the initial stage of exploration, and there is still much
room for development in the future. Several issues are cited below. The activity, stability,
and selectivity of co-catalyst-loaded semiconductor catalysts have been studied more in
the literature. However, the physicochemical properties, catalytic activity, and coupling of
multi-electron and multi-metal reaction mechanisms of co-catalysts have been less studied.
In addition, theoretical calculations (e.g., density functional theory) are needed to study
the process of CO, reduction to provide theoretical knowledge for photocatalytic CO,
reduction. Unlike other literature, this paper is optimistic about the application prospect of
graphene photocatalytic CO, reduction for the following two reasons: (1) Graphene has
excellent electrical conductivity and large specific surface, so it could improve the available
semiconductor materials with low visible light utilization and high excitation electron-hole
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complex probability. (2) Graphene is a good co-catalyst for the environment and causes no
pollution to the environment before and after the reaction. In future research, we should
focus on the direction of graphene photocatalytic CO; reduction.

6. Conclusions

1. The activity of CO, reduction could be improved by controlling the preparation of
the catalyst. Currently, monometallic and bimetallic co-catalysts are the most studied
in the literature, but there are few studies on three or more polymetallic co-catalysts.
In future research, we should focus on developing multi-metal and multi-functional
co-catalysts. Finally, it must be noted that co-catalysts that require environmental
friendliness, energy efficiency, and other advantages are essential to achieve the scale
of industrial application of photocatalysts.

2. We aimed to explore high selectivity, high activity, and low-cost co-catalysts. Accord-
ing to previous studies, catalysts like Cu/Pt and Cu/Au are more effective for CO,
reduction. Given this, it could be tried to find new and more efficient photocatalysts,
such as three metals or metal oxides of more than three metals, metal nitride, metal
phosphide, bentonite, spinel, and chalcocite. Multi-component active ingredients with
synergistic effects could enhance photocatalytic CO, activity. In addition, the stability
of semiconductor photocatalysts is also a significant challenge. Finding effective
techniques to stop the chemical or photocorrosion of co-catalysts will be a crucial
direction for future research.
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