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The photocatalytic conversion of CO2 using H2O over heteroge-
neous photocatalysts has attracted worldwide attention be-
cause it enables direct solar-to-chemical energy conversion.
However, further development of this technology requires
solutions to overcome the low formation rates of CO2 reduction
products and their insufficient selectivity, mainly caused by the
rapid charge recombination of photogenerated electron/hole
pairs, competition for thermodynamically preferential H2 evolu-
tion from H2O, and the relatively low concentration of CO2 on
the surface of the photocatalysts. Surface modification of

heterogeneous photocatalysts is crucial for improving their
formation rates and selectivity. This review article introduces
four strategies for designing photocatalyst surfaces for the
photocatalytic conversion of CO2 by H2O: (I) loading of an Ag
cocatalyst, (II) utilisation of cocatalysts for H2O oxidation, (III)
suppression of undesired H2 evolution, and (IV) loading of basic
materials for CO2 adsorption. The strategies introduced in this
review successfully enhanced the formation rates of the
products and/or their selectivity in the heterogeneous photo-
catalytic conversion of CO2 by H2O.

1. Introduction

The photocatalytic conversion of CO2 using H2O as an electron
donor over heterogeneous photocatalysts, known as artificial
photosynthesis, has attracted considerable attention as a
promising method for reducing CO2 emissions and solving
energy and environmental problems.[1] Considering photocata-
lysts for CO2 reduction have been widely investigated, we
recently proposed three evaluation criteria to verify that the
photocatalyst achieves the photocatalytic reduction of CO2 by
H2O.

[2] (I) The origin of carbon in CO2 reduction products
(CO2RPs), such as CO, HCOOH, HCOH, CH3OH, and CH4, should
be confirmed using isotopically labelled CO2. (II) The number of
photogenerated electrons consumed for CO2RPs evolution is
greater than that for H2 evolution; in other words, the selectivity
of photogenerated electrons toward CO2RPs evolution (SCO2RPs,
%), defined by Equation (1), should exceed 50%.

SCO2RPs¼ 2RHCOOH þ 2RCO þ 4RHCHOþ 6RCH3OHþ 8RCH4

� �
=

2RHCOOH þ 2RCO þ 4RHCHOþ 6RCH3OHþ 8RCH4
þ 2RH2

� �
�100

(1)

where RX represents the formation rate of product X. Gas-phase
CO2RPs, such as CO and CH4, were detected by gas chromatog-
raphy (GC). A thermal conductivity detector (TCD) was used to
quantify CO, CH4, and H2. In terms of sensitivity and product
identification, a flame-ionisation detector with a methaniser is
recommended to quantify CO and CH4. Liquid-phase CO2RPs,
such as HCOOH, HCOH, and CH3OH, can be detected by liquid

chromatography. Note that the formation rate multiplied by the
number of consumed electrons should be added to the
numerator and denominator if other CO2RPs are formed. (III)
Stoichiometric O2 evolution as a product of H2O oxidation
should be observed compared to the total formation rates of
CO2RPs and H2. In other words, the balance of consumed
electrons and holes (e � /h+) defined by Equation (2) should be
1.

e� =hþ¼ ð2RHCOOH þ 2RCO þ 4RHCHO þ 6RCH3OH

þ 8RCH4
þ 2RH2

Þ = 4RO2

(2)

The generated O2 can be detected by TCD-GC. TCD-GC with Ar
carrier gas can simultaneously detect several hundred nmolh� 1

O2 and H2. Moreover, TCD-GC with a He carrier gas can be used
to analyse concentrations of O2 lower than that of Ar. The
stoichiometric evolution of O2 strongly indicates that H2O acts
as an electron donor for the photocatalytic conversion of CO2,
whereas several studies have ignored the quantitative analysis
of O2. Despite the recent enthusiasm for artificial photosynthesis
and the increase in the number of related studies, few reports
have satisfied these criteria.

Criterion (II) is the most important factor in the discussion of
photocatalysts for CO2 conversion. However, satisfying criterion
(II) is difficult because CO2 reduction is thermodynamically and/
or kinetically more difficult than competitive H+ reduction.
Equations (3)–(8) show the chemical equations for H+ reduction
to H2, possible CO2 reduction, and their standard redox
potentials (vs. NHE at pH=0).[3] Producing CO, HCOOH, and
HCOH from CO2 is thermodynamically more difficult than H2O
reduction because the standard redox potentials of CO2/CO,
CO2/HCOOH, and CO2/HCOH are more negative than those of
H+ (Equations (3)–(5)). HCOH, CH3OH, and CH4 productions
from CO2 are kinetically more unfavourable than H+ reduction
because 4–8 electrons are required to generate them (Equa-
tions (6)–(8)).

2Hþ þ 2e� ! H2 E�¼ 0 V (3)

CO2 þ 2Hþ þ 2e� ! HCOOH E�¼ � 0:25 V (4)

CO2 þ 2Hþ þ 2e� ! CO þ H2O E�¼ � 0:11 V (5)

CO2 þ 4Hþ þ 4e� ! HCHO þ H2O E�¼ � 0:07 V (6)
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CO2 þ 6Hþ þ 6e� ! CH3OH þ H2O E�¼ 0:016 V (7)

CO2 þ 8Hþ þ 8e� ! CH4 þ 2H2O E�¼ 0:17 V (8)

Therefore, CO2RPs are not generated, or SCO2RPs are extremely
low if the photocatalysts reported for H2O splitting are
employed for the photocatalytic conversion of CO2 by H2O
without any modifications. Additionally, modifying photocata-
lysts to improve bulk properties, such as charge separation,
light harvesting, and band alignment, does not necessarily
enhance SCO2RPs because these modifications simultaneously
increase RH2. Accordingly, appropriate surface modifications of
heterogeneous photocatalysts are indispensable for the selec-
tive conversion of CO2 using H2O. Surface modification of
heterogeneous photocatalysts can transform them into suitable
photocatalysts for CO2 reduction by H2O if they satisfy the
thermodynamic requirements; in other words, the conduction
band minimum of the photocatalyst is more negative than the
standard redox potential of CO2.

The reaction systems used for the photocatalytic conversion
of CO2 by H2O are mainly divided into two groups: gas–solid
and gas–liquid–solid reaction systems. In the gas–liquid–solid
reaction system, buffers, such as NaHCO3, Na2CO3, and KHCO3,
are added to the reaction solution to maintain a suitable
solution pH and increase the solubility of CO2 in H2O. In this
system, dissolved CO2 molecules can be reduced into CO2RPs,
such as HCO3

� and CO3
2� , which are difficult to be converted

directly.[4] In the gas–solid system, the photocatalyst is in
contact with gaseous CO2, therefore the CO2 solubility does not
regulate the activity. On the other hand, two types of reactors
are primarily used for the reaction: closed and flow systems. In
a closed system, CO2RPs can be detected because they
accumulate in the reactor even with a low photocatalytic
activity. Moreover, a backward reaction, namely the reaction of
CO2RPs back to CO2, occurred. In the flow system, CO2 gas was
continuously supplied, and the backward reaction could be
suppressed. However, trace amounts of CO2RPs are sometimes
overlooked because they are constantly released from the
reactors. The reaction system was selected based on the
expected activities of the photocatalyst.
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Wang et al. altered the reactivity of Pt-loaded TiO2 photo-
catalysts via surface modification.[5] TiO2 is generally considered
an active oxide for photocatalytic H2O splitting since Honda and
Fujishima elucidated that photoirradiation of TiO2 electrodes
can shift the anode potential for H2O oxidation in electro-
chemical H2O splitting to a more negative value.[6] Wang et al.
prepared core–shell structured Pt (core) and Cu (shell) binary
cocatalyst-loaded TiO2 photocatalysts (Cu/Pt/TiO2) using a
stepwise photodeposition process, with the results indicating
that Cu/Pt/TiO2 showed 85% of SCO2RPs, whereas H2 was
preferentially generated over Pt/TiO2 (SCO2RPs=41%). Notably,
Cu/TiO2 exhibits good SCO2RPs (80%), indicating that the Cu
cocatalyst was responsible for high SCO2RPs. Furthermore,
introducing a Pt core, which can effectively extract photo-
generated electrons, considerably enhanced the total consump-
tion rate of photogenerated electrons compared to Cu/TiO2.
Hence, both RCO2RPs and SCO2RPs were enhanced by modifying
TiO2 with Cu and Pt as effective cocatalysts for CO2 reduction
and extracting photogenerated electrons, respectively.

Domen et al. discovered that TaON can photocatalytically
reduce H+ to H2 in the presence of methanol as a sacrificial
electron donor under visible-light irradiation.[7] They reported
the conduction band minimum of TaON based on empty Ta 5 d
orbitals was estimated to be � 0.3 V vs. NHE at pH=0, meaning
that photogenerated electrons in TaON have sufficient potential
to reduce CO2 and H+. Ishitani et al. successfully constructed a
hybrid photocatalyst comprising Ag-modified TaON and a
Ru(II)–binuclear complex.[8] Many metal complexes are revealed
to function as redox photosensitizers and/or catalysts for
selective CO2 conversion after Lehn et al. discovered that
[Re(bpy)(CO)3Cl] (bpy=2,2’-bipyridine) photochemically reduces
CO2–CO.

[9] Z-schematic electron transfer with step-by-step
photoexcitation of the Ru(II) photosensitizer unit and TaON
resulted in efficient CO2 conversion to HCOOH with notable
selectivity (SHCOOH>85%) in a mixed aqueous solution of EDTA
and Na2CO3 under visible-light irradiation. Hence, modifying the
surface of heterogeneous photocatalysts with metal complexes
for selective CO2 conversion can alter their reactivity toward
CO2RPs evolution.

Thus, appropriate surface modification of heterogeneous
photocatalysts is considered an indispensable strategy contribu-
ting toward the enhanced and selective photocatalytic con-
version of CO2 by H2O. As such, four effective methods for
surface modification to improve RCO2RPs and/or SCO2RPs are
discussed in this review.

2. Discussion

2.1. Ag Cocatalyst

Modifying photocatalysts with an Ag cocatalyst is widely known
as an effective method for improving the efficiency of the
photocatalytic conversion of CO2. Ag was originally found to be
efficient for CO2 reduction in the field of the electrochemical
reduction of CO2. Hori et al. conducted an electrochemical CO2

reduction using various metal plates as cathodes.[10] They

classified Cd, Sn, Pb, In, Cu, Ag, Au, Ni, and Fe metal plate
electrodes into four groups based on the selectivity of the
products as follows: Cd, Sn, Pb, and In electrodes predominantly
produced HCOO� in addition to H2; Ag and Au electrodes
principally convert CO2 into CO; Cu electrode exhibited
significant CH4 production from CO2; H2 was generated
exclusively at the Ni and Fe electrodes, indicating that these
metals were insufficient for CO2 conversion. Many reports of
electrochemical CO2 reduction using metal cathodes are
consistent with these pioneering results.[11] Hara and Sakata
investigated the electrochemical reduction of CO2 using various
metals,[12] whose electrocatalytic activities were evaluated using
a gas diffusion electrode (GDE). The supported metals (Pd, Ag,
Co, Rh, Ni, and Pt) in GDE act as catalysts for electrochemical
CO2 reduction. For Pd- and Ag-GDEs, CO was the predominant
reduction product, whereas H2 was mainly generated on Co-,
Rh-, Ni-, and Pt-GDEs. Especially, selectivity toward CO2

reduction on the Ag-GDE was remarkably high (SCO=~96%),
indicating that Ag metal significantly promoted CO2 conversion
to CO as a catalyst. Thus, Ag was found to be highly effective
for the catalytic conversion of CO2.

According to our research, the first reported photocatalyst
which could reduce CO2 with unity of the ratio of consumed
electrons and holes (i. e., H2O acted as an electron donor) and
more than 50% of selectivity toward CO2RPs was loaded by the
Ag cocatalyst. Kudo et al. reported that ALa4Ti4O15 (A=Ca, Sr,
and Ba) photocatalysts showed CO evolution activity in the
presence of an Ag cocatalyst.[13] As shown in Table 1, the
amount of evolved CO was negligible (RCO<0.1 μmolh� 1) in the
absence of cocatalysts, highlighting that the Ag cocatalyst
dramatically improves the photocatalytic activity and the
selectivity toward CO2RPs in the photocatalytic CO2 conversion
by H2O. Ag loading was clearly effective for all CaLa4Ti4O15,
SrLa4Ti4O15, and BaLa4Ti4O15 photocatalysts, indicating the
versatility of this strategy. Among the NiOx, Ru, Cu, Au, and Ag
cocatalysts, the Ag cocatalyst was found to be the best for the
photocatalytic reduction of CO2, although Au and Cu electrodes
have also been reported as effective metal cathodes for CO2

conversion. Furthermore, after optimising the synthesis proc-
esses, the BaLa4Ti4O15 photocatalyst loaded by 2.0 wt.% of the
Ag cocatalyst via a liquid-phase reduction method was the first
to show significant activity for CO2 conversion (RCO=

~22 μmolh� 1) with good selectivity (SCO=~69%) and stoichio-
metric O2 evolution (e � /h+ =1). As shown in Figure 1, stoichio-
metric and selective CO evolution was observed continuously
for 7 h, attributed to photocatalyst modification with the Ag
cocatalyst.

Although many studies on the photocatalytic conversion of
CO2 agree that Ag cocatalysts are essential for the selective
conversion of CO2 to CO,[14] their effectiveness for CO2

conversion remains to be investigated. Some considerations
have been presented. Yoshida et al. performed in situ FT-IR
measurements of Ag-loaded gallium oxide (Ag/Ga2O3) to reveal
the effect of Ag cocatalysts on the state of chemically adsorbed
carbon species.[15] Figure 2 shows the differences in the FT-IR
spectra of Ag/Ga2O3 after CO2 introduction. Monodentate
bicarbonate (1635 cm� 1 and 1420 cm� 1) and bidentate
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carbonate (1590 cm� 1 and 1320 cm� 1) species are observed in
all the spectra regardless of the loading amount of Ag
cocatalyst, whereas the bands derived from monodentate
carbonate (1510 cm� 1 and 1350 cm� 1) species increase with the
loading amount of the Ag cocatalyst. These results indicate that
monodentate carbonate species are adsorbed on the Ag
cocatalyst, whereas monodentate bicarbonate and bidentate
carbonate species are adsorbed on the Ga2O3 photocatalyst.
Figure 3 shows the differences in the FTIR spectra after CO2

introduction, followed by evacuation and photoirradiation for
1 h. The bands derived from the carbonate and bicarbonate
species decreased in intensity. In contrast, new bands assigned
to bidentate formate species, widely regarded as the reaction
intermediate for CO evolution,[16] appeared at 1577, 1388, and
1353 cm� 1. Interestingly, the absorbance of the bidentate
formate species increased with decreasing Ag loading, suggest-
ing that the bidentate formate species arose from the

Table 1. CO2 reduction over Ala4Ti4O15 (A=Ca, Sr, and Ba) photocatalysts with various cocatalysts a. Reprinted with permission.[13] Copyright 2011 American
Chemical Society.

Photocatalyst Bandgap (eV) Cocatalyst (wt.%) Loading method Activity (μmol h� 1)

H2 O2 CO HCOOH

BaLa4Ti4O15 3.9 None 5.3 2.4 0 0

BaLa4Ti4O15 3.9 NiOx
b (0.5) impregnation 58 29 0.02 0

BaLa4Ti4O15 3.9 Ru (0.5) photodeposition 84 41 0 0

BaLa4Ti4O15 3.9 Cu (0.5) photodeposition 96 45 0.6 0

BaLa4Ti4O15 3.9 Au (0.5) photodeposition 110 51 0 0

BaLa4Ti4O15 3.9 Ag (1.0) photodeposition 10c 7.0c 4.3c 0.3c

CaLa4Ti4O15 3.9 none 1.3 0.6 0.07 0

CaLa4Ti4O15 3.9 Ag (1.0) photodeposition 5.6 2.1 2.3 1.3

SrLa4Ti4O15 3.8 none 0.8 0.5 0.06 0

SrLa4Ti4O15 3.8 Ag (1.0) photodeposition 2.7 1.8 1.8 0.5

[a] Catalyst 0.3 g, water 360 mL, a CO2 flow system (15 mLmin� 1), a 400 W high-pressure mercury lamp, and an inner irradiation quartz cell. [b] Pre-
treatment: reduced at 673 K and subsequently oxidised at 473 K after impregnation (543 K for 1 h). [c] Initial activity.

Figure 1. CO2 reduction over BaLa4Ti4O15 photocatalyst with Ag (2 wt.%)
cocatalyst loaded by a liquid-phase reduction method. Catalyst 0.3 g, water
360 mL, a CO2 flow system (15 mLmin� 1), a 400 W high-pressure mercury
lamp, an inner irradiation quartz cell, and H2 (○), O2 (*), CO (~). Reprinted
with permission.[13] Copyright 2011 American Chemical Society.

Figure 2. Difference FT-IR spectra of the adsorbed species after introducing
45 Torr of CO2 on bare Ga2O3 (a), 0.1 wt.% Ag/Ga2O3 (b), 0.2 wt.% Ag/Ga2O3

(c), 0.5 wt.% Ag/Ga2O3 (d), and 1.0 wt.% Ag/Ga2O3 (e). Used with permission
of Royal Society of Chemistry.[15]

Figure 3. Difference FT-IR spectra of the adsorbed species after CO2

introduction, followed by evacuation and photoirradiation for 1 h on bare
Ga2O3 (a), 0.1 wt.% Ag/Ga2O3 (b), 0.2 wt.% Ag/Ga2O3 (c), 0.5 wt.% Ag/Ga2O3

(d), and 1.0 wt.% Ag/Ga2O3 (e). Used with permission of Royal Society of
Chemistry.[15]
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monodentate bicarbonate and/or bidentate carbonate species
on the Ga2O3 surface and not the monodentate carbonate
species on the Ag cocatalyst. As shown in Figure 3, Ag included
in Ag/Ga2O3 considerably promotes the formation of bidentate
formate species, indicating that the Ag cocatalyst on the Ga2O3

photocatalyst is one of the photocatalytically active sites that
can form CO via the bidentate formate species as the
intermediate.

As the Ag cocatalyst on heterogeneous photocatalysts is a
promising candidate for selective CO2 conversion, we employed
an Ag cocatalyst for the photocatalytic conversion of CO2.
Photocatalysts for CO2 conversion have been actively developed
over the last decade—most loaded with Ag cocatalysts, as
partially displayed in Table 2.[17]

The listed photocatalysts successfully converted CO2 into
CO with more than 50% selectivity toward CO (SCO>50%) and
approximately stoichiometric O2 evolution (e � /h+ =~1).
Sr2KTa5O15,

[18] K2LnTa5O15 (Ln=La, Pr, Nd, Sm, Gd, Tb, Dy, or
Tm),[19] SrNb2O6,

[20] Ta2O5,
[21] Ga2O3,

[22] La2Ti2O7,
[23] and Al-doped

SrTiO3
[24] have also been used as heterogeneous photocatalysts

for H2O splitting or H2 evolution, with a drastic improvement in
selectivity toward CO evolution achieved by modifying the
photocatalysts with Ag-containing cocatalysts.

Furthermore, the particle size of the Ag cocatalyst on the
heterogeneous photocatalysts significantly affected the photo-
catalytic activity. Generally, Ag metal particles show increased
work function when the particle size is reduced[25] and promote
charge separation because the Schottky barrier height at the
metal-semiconductor junction, i. e., the difference between the
metal work function and the semiconductor electron affinity,
becomes large.[26] The FT-IR spectra shown in Figure 3 corrobo-
rate this result, i. e., the formation of the bidentate formate

species was enhanced on the relatively small Ag particles
(0.1 wt.% Ag/Ga2O3).

Relatively small Ag particles are formed using a chemical
reduction (CR) method.[27] Ag cocatalysts tend to form dispersed
nanoparticles with relatively small particle diameters via the CR
method, while conventional photodeposition (PD) and impreg-
nation (IMP) methods result in relatively large or aggregated Ag
particles.[13] Therefore, the CR method is often employed in
addition to the conventional PD and IMP methods, as listed in
Table 2. However, Ag cocatalysts loaded via the CR method face
difficulties because of their instabilities. In the CR method, Ag+

from precursors such as AgNO3, Ag2SO4, C8H15O2Ag (silver 2-
ethylhexonate), and AgClO4 is reduced to metallic Ag by
reducing agents such as NaH2PO2, NaBH4, C6H5O7Na3, and N2H4,
followed by deposition of Ag on the surface of the photo-
catalysts. Therefore, in several cases, the loaded Ag nano-
particles were distributed over the entire surface of the photo-
catalyst, with some deposited on the oxidation sites where
photogenerated holes were transferred. These Ag nanoparticles
can easily be oxidised by the photogenerated holes and
dissolve in the reaction suspension during photocatalytic
reactions, resulting in reprecipitation over the other Ag nano-
particles because the Ag cocatalyst received the photogener-
ated electrons and reduced Ag+ in the reaction
suspension.[13,17(°)] This dissolution and reprecipitation can cause
undesirable growth of the Ag nanoparticles. Consequently, the
photocatalytic activity tends to gradually decrease over time.
Strategies and methods for blocking the instability of cocata-
lysts on heterogeneous photocatalysts have been
investigated.[28] Figure 4 shows the formation rates of the
products and the selectivity toward CO evolution in the
photocatalytic conversion of CO2 by H2O over previously

Table 2. Summary of photocatalysts tested for the photocatalytic reduction of CO2 by H2O.

Photocatalyst Loading method Formation rate of product/μmol h� 1 SCO e � /h+ Ref.

H2 O2 CO

Ag/La2Ti2O7
a CR 4.9 5.3 5.2 52 0.95 [17(a)]

Ag/SrO/Ta2O5
a IMP 19 24 36 65 1.1 [17(b)]

Ag/ZnGa2O4
a CR 8.5 74 160 95 1.1 [17(c)]

Ag/Sr2KTa5O15
a CR 8.3 34 66 89 1.1 [17(d)]

Ag/ZnGa2O4/Ga2O3
a PD 17 70 120 87 1.0 [17(e)]

Ag/SrNb2O6
a CR 1.1 25 51 98 1.1 [17(f)]

Ag/Sr1.6K0.37Na1.43Ta5O15
a CR 16 54 95 86 1.0 [17(g)]

Ag/Yb2O3/Ga2O3
a PD 140 170 210 59 1.0 [17(h)]

Ag/Pr/Ga2O3
a PD 65 150 250 79 1.0 [17(i)]

Ag/Mg� Al LDH/Ga2O3
a IMP 130 170 210 62 1.0 [17(j)]

Ag/K2YTa5O15
a CR 16 43 92 85 1.3 [17(k)]

Ag� Cr/Ga2O3
a PD 92 330 530 85 0.95 [17(l)]

Ag� Cr/CaGa4O7/Ga2O3/CaO
a PD 49 400 830 95 1.1 [17(m)]

Ag/Al-SrTiO3
b CR 0.20 3.6 7.2 97 1.0 [17(n)]

Ag� Co/Mg-SrTiO3
c CR 0.055 8.9 20 99.7 1.1 [17(°)]

Light source: [a] 400 W high-pressure Hg lamp. [b] 400 W high-pressure Hg lamp with a Pyrex jacket (λ>300 nm). [c] Monochromatic LED lamp at 365 nm.
CR: chemical reduction; PD: photodeposition; IMP: impregnation.
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reported Mg-doped SrTiO3 photocatalysts with Ag and Co
cocatalysts loaded by CR and PD methods.[17(°)] In contrast to
the PD method, the photocatalyst with cocatalysts loaded by
the CR method showed gradually reduced photocatalytic
activity, while the initial activity was notable. The unstable
photocatalytic performance of photocatalysts loaded with the
Ag cocatalyst via the CR method is a problem that should be
addressed.

When the Ag cocatalyst is applied to photocatalytic
reactions under visible light irradiation, possible advantages
and disadvantages are suggested. In terms of the disadvan-
tages, the light absorption of solid photocatalysts can be
weakened by light shielding owing to the presence of Ag
nanoparticles. Ag exhibits plasmonic absorption in the visible-
light region in its metal and nanoparticle forms.[29] Therefore, if
the amount of loaded Ag cocatalyst is inappropriately large,
photoirradiation of the photocatalyst can be interrupted,
resulting in insufficient light absorption. In contrast, some
studies have shown that photogenerated electrons can be
enhanced by the plasmonic absorption of Ag nanoparticles. Ag
nanoparticles can produce photogenerated electrons via sur-
face plasmon resonance (SPR) in addition to the intrinsic band
gap excitation of the photocatalyst. Zou et al. fabricated
double-shelled Ag-TiO2 hollow spheres and applied them to the
photocatalytic conversion of CO2 into CH4 under visible-light
irradiation.[30] As shown in Figure 5, CH4 was generated over Ag-

TiO2, although bare TiO2 showed negligible responsiveness to
visible light, suggesting that the electrons generated from the
SPR-induced Ag migrated to and were injected into the
conduction band (CB) of TiO2, contributing to the improvement
in the photocatalytic performance, as schematically illustrated
in Figure 5(c). This strategy is applicable when the Ag cocatalyst
is used in photocatalytic reactions under visible-light
irradiation.[31]

Loading of the Ag cocatalyst is a promising method for
achieving selective and enhanced conversion of CO2 using H2O.
Nanoparticles of Ag metal on the surface of heterogeneous
photocatalysts can efficiently extract photogenerated electrons
and transfer them to adsorbed carbon species to generate CO.
Photocatalysts reported for H2O splitting or H2 evolution can be
used for photocatalytic CO2 conversion by modification with Ag
cocatalysts.

2.2. Cocatalysts for H2O Oxidation

In the field of photocatalysis, loading cocatalysts supplying
active sites for CO2 reduction (e.g. Ag, Au, and Cu) is considered
an indispensable strategy for achieving the photocatalytic
conversion of CO2.

[32] Promoting the oxidation of H2O often
enhances the reduction of CO2 because both reduction and
oxidation occur over a single photocatalyst particle. However,
many studies on the photocatalytic conversion of CO2 using
H2O as the electron donor have focused only on the reduction
of CO2. The oxidation of H2O is recognised as a thermodynami-
cally and kinetically unfavourable reaction because it requires
the transfer of four electrons and a relatively large
overpotential.[33] Therefore, improving photocatalytic H2O oxida-
tion could help achieve enhanced photocatalytic conversion of
CO2 using H2O.

[34] Hence, cocatalysts designed for enhanced
H2O oxidation should be actively developed. In addition to
precious metal oxides, such as RuO2 and IrO2,

[35] transition metal
oxides, phosphates, hydroxides, and oxyhydroxides are consid-
ered effective cocatalysts for promoting H2O oxidation.[36]

Cobalt phosphate, often represented as Co� Pi, is a well-
known catalyst for H2O oxidation in electrochemical H2O
splitting.[37] Co� Pi was first reported by Nocera et al. in 2008,
who examined the possibility of Co� Pi formation via electrolysis
over an indium tin oxide (ITO) electrode in a neutral potassium
phosphate electrolyte containing Co2+.[38] The Co� Pi-loaded ITO
electrode demonstrated the electrochemical activity for H2O
oxidation at neutral pH with low overpotentials, with almost
100% Faradaic efficiency of O2 evolution observed. Inspired by
this discovery, Gamelin et al. applied the Co� Pi as a cocatalyst
on an α-Fe2O3 photoanode for photoelectrochemical H2O
oxidation.[39] The Co� Pi/α-Fe2O3 composite photoanode was
prepared by electrodeposition of the Co� Pi on α-Fe2O3 and
revealed that the Co� Pi/α-Fe2O3 photoanode enabled smaller
overpotentials for photoelectrochemical H2O oxidation under
simulated solar irradiation (AM 1.5 G) compared to the bare α-
Fe2O3 photoanode. Furthermore, incident photon to current
efficiency (IPCE) of the Co� Pi/α-Fe2O3 photoanode was above
15% at 550 nm at the applied potential of 1 V vs. RHE, while

Figure 4. Formation rates of CO (red), H2 (blue), and O2 (green), and the
selectivity toward CO evolution (black diamond) in the photocatalytic
conversion of CO2 by H2O over Mg-doped SrTiO3 photocatalyst with Ag and
Co cocatalysts loaded by the (a) CR and (b) PD methods.

Figure 5. Photocatalytic CH4 evolution amounts as a function of light
irradiation time for (a) Ag-TiO2 hollow spheres and (b) bare TiO2 under visible
light (>420 nm) illumination. (c) Schematic illustration of the Ag-SPR-
enhanced photocatalytic activity of Ag-TiO2 under visible light.

[30]
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the bare α-Fe2O3 showed the negligible photocurrent. Co
modification of α-Fe2O3 from Co(NO3)2 resulted in a smaller
photocurrent density than that from phosphate, highlighting
the effectiveness of the Co� Pi cocatalyst, thus suggesting that
the deposition of cocatalysts for H2O oxidation facilitates the
interfacial hole transfer from α-Fe2O3 to Co� Pi; moreover,
electrodeposition of Co� Pi onto α-Fe2O3 passivates surface
defects.

Transition-metal oxyhydroxides are also effective catalysts
for enhanced H2O oxidation. In particular, CoOOH, FeOOH, and
NiOOH deposited on photoanodes have been frequently
reported as essential cocatalysts for photoelectrochemical H2O
oxidation[40] as they contribute to the improvement in the
photocurrent densities and a shift in the onset potential of the
photocurrent in the negative direction by several hundred
millivolts. Seabold et al. reported an FeOOH cocatalyst depos-
ited on a BiVO4 photoanode using an electroassisted photo-
deposition method.[41] Figure 6 and Figure 7 display the linear
sweep voltammetry (LSV) of the bare BiVO4 and γ-FeOOH-
deposited BiVO4 photoanodes, respectively, under the irradi-
ation with simulated sunlight (AM 1.5 G) or in the dark.
Comparing Figures 6(a) and 7, the FeOOH deposited on BiVO4

remarkably improved the anodic photocurrent by efficiently
collecting photogenerated holes from the BiVO4 layer. Further-
more, the onset potential of the photocurrent for FeOOH/BiVO4

was 500 mV lower than that for bare BiVO4. Therefore, the
FeOOH/BiVO4 photoanode showed an outstanding photocur-
rent density, particularly in the low-bias region (below 0.8 V vs.
RHE), and the generated photocurrent density was the highest
among all known BiVO4-based photoanodes at that time,
highlighting the potential of the FeOOH cocatalyst for
enhanced H2O oxidation.

Recently, an FeOOH cocatalyst was successfully applied for
the photocatalytic conversion of CO2 using H2O. Table 3 shows
the results of the photocatalytic conversion of CO2 by H2O over
Al-doped SrTiO3 (Al-SrTiO3) photocatalysts loaded with different
cocatalysts.[42] Ag/Al-SrTiO3 produced a slight amount of CO
(RCO=2.6 μmolh� 1). The formation rates of both CO and O2

were dramatically enhanced (RCO=32.3 μmolh� 1 and RO2=

17.5 μmolh� 1) by loading the Fe cocatalyst along with the Ag
cocatalyst. Stoichiometric O2 evolution (e � /h+ =0.93) was also
observed in the case of the Ag and Fe cocatalysts. Photo-
generated electrons and holes on Al-SrTiO3 show an isotropic

Figure 6. Current–potential characteristics of a BiVO4 photoanode obtained
under AM 1.5 G illumination (100 mMcm� 2) in (a) 0.1 M KH2PO4 and (b) 0.1 M
KH2PO4 with 0.1 M Na2SO3, both at pH 7. a’ and b’ are the corresponding LSV
obtained in the dark (scan rate=10 mVs� 1). Reprinted with permission.[41(a)]

Copyright 2012 American Chemical Society.

Figure 7. Current–potential characteristics of BiVO4/FeOOH photoanodes
obtained in 0.1 M KH2PO4 (pH 7) under AM 1.5 G illumination (100 mMcm� 2);
solid line: top 10% sample; dotted line: average sample; grey lines: dark
currents for both cases (scan rate=10 mVs� 1). Reprinted with permissio-
n.[41(a)] Copyright 2012 American Chemical Society.

Table 3. Photocatalytic conversion of CO2 into CO by H2O over different dual cocatalyst-modified photocatalysts a. Reprinted with permission.[42] Copyright
2021 American Chemical Society.

Photocatalyst Formation rates of products (μmol h� 1) Consumed e � /h+ Selectivity toward CO (%)

H2 O2 CO

Ag/Al-SrTiO3 0.3 1.3 2.6 1.03 89.7

Ag � Fe/Al-SrTiO3 0.3 17.5 32.3 0.93 99.1

Ag � Co/Al-SrTiO3 11.2 18.8 24.6 0.95 68.7

Ag � Ni/Al-SrTiO3 10.4 5.30 2.20 1.19 17.4

Ag � Pt/Al-SrTiO3 10.2 3.00 0.00 1.68 0.0

[a] Photocatalyst: 0.5 g; cocatalyst loading amount: 1.7 mol.% Ag; amount of cocatalyst (Pt, Fe, Co, and Ni): 0.85 mol.%; reaction solution: 1.0 L, 0.1 M
NaHCO3; CO2 flow rate: 30 mLmin� 1; light source: 400 W high-pressure Hg lamp with a Pyrex jacket to cut off light at λ<300 nm.
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distribution, i. e., they are transferred to the {100} and {110}
facets of the Al-SrTiO3 surface, respectively.

[24] We employed the
photodeposition method to load dual Ag and Fe cocatalysts on
Al-SrTiO3, and EDX measurements of the Ag and Fe-loaded Al-
SrTiO3 surface revealed that the Ag and Fe cocatalysts were
selectively deposited on the {100} and {110} facets, respectively.
Furthermore, the loaded Fe was revealed to form α-FeOOH on
Al-SrTiO3 by XAFS analysis. Accordingly, we considered that α-
FeOOH on Al-SrTiO3 serves as the cocatalyst to promote H2O
oxidation and reduces the recombination of the photogener-
ated electron/hole pair in the single Al-SrTiO3 particles, while
the Ag cocatalyst acts as the reaction sites for CO2 reduction, as
explained above. Moreover, we discovered that the loading of
the Co cocatalyst along with the Ag cocatalyst promoted both
CO and O2 evolution. Hence, such transition-metal-based
cocatalysts, including Fe cocatalyst (Table 3)—effective for
electrochemical or photoelectrochemical H2O oxidation—can
also promote charge separation over heterogeneous photo-
catalysts by capturing photogenerated holes. Consequently,
CO2 reduction, i. e., the main objective of this study, can be
simultaneously accelerated. Thus, this strategy contributes
considerably toward improving the photocatalytic performance
of CO2 conversion using H2O.

Notably, the simultaneous deposition of cocatalysts de-
signed for reduction and oxidation sometimes deteriorates the
photocatalytic performance compared to the case of a single
cocatalyst. Some studies have suggested that if two kinds of
cocatalysts are randomly loaded onto a single photocatalyst
using the conventional impregnation method or the chemical
reduction method, the probability of collision between photo-
generated electrons and holes increases, possibly inducing
unfavourable charge recombination.[43] In addition, some stud-
ies have suggested that loaded transition-metal-based cocata-
lysts promote both photocatalytic H2O oxidation and CO2

reduction. For instance, the Co� Pi cocatalyst introduced above
was reported to capture photogenerated holes and function as
an adsorption site for CO2.

[44] Therefore, the Co� Pi cocatalyst
can positively affect both the CO2 reduction and H2O oxidation
reactions, particularly when Co� Pi is loaded randomly on a
photocatalyst. Thus, determining the roles of cocatalysts, i. e.,
whether the cocatalysts promote reduction and/or oxidation
reactions, should be carefully considered.

The transfer of photogenerated holes from the surface of
the photocatalyst to the cocatalyst was observed using
transient absorption measurements.[45] Yamakata et al. per-
formed time-resolved infrared absorption spectroscopy to
investigate the behaviour of photogenerated holes in a CoOx-
loaded LaTiO2N photocatalyst,[46] which exhibited high photo-
catalytic activity for O2 evolution.[47] In this experiment, the
transient absorptions at 17000 cm� 1, 6000 cm� 1, and 2000 cm� 1

were measured to observe the behaviour of photogenerated
holes, trapped electrons, and free electrons, respectively. Fig-
ure 8 shows the decay processes of the photogenerated species
on the CoOx-loaded LaTiO2N photocatalyst in the microsecond
region. As shown in Figure 8(A), the loading of 0.5 wt.% CoOx

accelerated the decay of photogenerated holes by capturing
them. However, as seen in Figure 8(B) and 8(C), the numbers of

trapped and free electrons increased in the presence of CoOx,
suggesting that the photogenerated electrons in LaTiO2N hardly
recombined with the holes captured by CoOx. As a result, the
lifetimes of the trapped and free electrons increase, i. e.,
electrons and holes are spatially separated between LaTiO2N
and CoOx. Furthermore, the initial process of charge separation
on the Pt or CoOx-loaded LaTiO2N photocatalysts was inves-
tigated using femtosecond time-resolved absorption spectro-
scopy. As shown in Figure 9(B), the decay curves for free
electrons on bare and Pt-loaded LaTiO2N were almost identical
in the picosecond region. The decay curves for the holes were
also not affected by the Pt loading (Figure 9(A)), suggesting
that electron transfer from LaTiO2N to Pt did not occur between
0 and 1000 ps. As for CoOx loading, apparent decay acceleration
at 17000 cm� 1 was confirmed compared to the bare LaTiO2N
(Figure 9(A)). Additionally, the number of free electrons was
increased by CoOx loading in the picosecond region (Fig-
ure 9(B)); in other words, the photogenerated holes were
captured within a few picoseconds by the CoOx cocatalyst.
Electron transfer to Pt can be observed in the microsecond

Figure 8. Decay of transient absorption of CoOx-loaded LaTiO2N photo-
catalysts in a vacuum. Transient absorption was measured at 17000 cm� 1 (A),
6000 cm� 1 (B), and 2000 cm� 1 (C), as indicated in the plots. The sample was
excited by 355 nmUV laser pulses (6 ns duration, 0.5 mJcm� 2, 1 Hz). The
inset shows the decay in the second region (pump pulse repetition rate at
0.01 Hz). Reprinted with permission.[46] Copyright 2014 American Chemical
Society.
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region, suggesting that hole transfer to CoOx was significantly
faster than electron transfer to Pt in the case of LaTiO2N. H2

evolution over LaTiO2N was not improved by Pt loading, while
O2 evolution was drastically enhanced by CoOx loading.

[47] These
results indicate that inefficient electron transfer to Pt and
effective hole transfer to CoOx are responsible for the unbal-
anced improvement of photocatalytic activity over Pt or CoOx-
loaded LaTiO2N.

As stated in the Introduction, NaHCO3 and KHCO3 are
considered as buffers to increase the solubility of CO2 in the
reaction solution. However, various researchers suggested
another role for these buffers, that is, HCO3

� promotes the
oxidation of H2O, which may act as a hole scavenger. Sayama
et al. reported the highly promoted photoelectrochemical H2O
oxidation using a BiVO4/WO3 photoanode in an aqueous
solution of KHCO3.

[48] They discovered the specific H2O2

production in a KHCO3 electrolyte solution, whereas trace
amounts of H2O2 were generated in a K2SO4, phosphate buffer
and H3BO3 aqueous solution. HCO4

� , which was generated via
oxidation of HCO3

� , oxidised H2O into H2O2. The photocatalytic
oxidation of H2O in the presence of HCO3

� was accelerated by
generating HCO4

� and H2O2. Some reports showed the gen-
eration of H2O2 by the photocatalytic oxidation of H2O in

aqueous solutions containing HCO3
� .[49] Otherwise, H2O2 easily

decomposes to O2 under photoirradiation, resulting in a
stoichiometric O2 evolution. The behaviours of HCO4

� in the
photocatalytic conversion of CO2 is still under discussion.
Intermediate species of oxidation, which are recognized as
strong oxidants, may interact with CO2 reduction products or
other intermediates, and inhibit the progress of CO2 reduction.

Promotion of H2O oxidation plays an important role in
enhancing the photocatalytic conversion of CO2 by H2O over
heterogeneous photocatalysts. In the fields of electrolysis and
photoelectrolysis, transition metal oxides, phosphates, hydrox-
ides, and oxyhydroxides are effective as materials for H2O
oxidation because they can easily extract photogenerated holes
from the surface of photocatalysts and reduce charge recombi-
nation, thereby contributing to the improvement in photo-
catalytic activity.

2.3. Suppression of H2 Evolution

The selectivity toward a desired product is generally considered
an important factor as well as formation rates of products and
catalyst stability, in evaluating catalyst ability. Accordingly, in
the case of photocatalytic CO2 conversion using H2O, the
suppression of competitive H2 evolution is indispensable for
increasing the SCO. However, improving SCO is a considerable
challenge as H2 evolution from H+(E°(H+/H2)= � 0.41 V vs. NHE
at pH=7) is thermodynamically more favoured than CO
production from CO2 (E°(CO2/CO)= � 0.53 V vs. NHE at pH=7).
Therefore, undesired H2 evolution could be accelerated in
addition to CO2 reduction by improving the properties of the
photocatalyst, such as band alignment, particle shape, and light
absorption. Hence, appropriate surface modification of photo-
catalysts for the suppression of H+ reduction is key to achieving
high SCO2RPs rather than improving the photocatalytic activity of
the bulk.

Ga2O3 is known to be a highly active photocatalyst because
of the sufficiently negative potential of its conduction band
(dominated by the Ga 4 s orbitals) and the suitable potential of
its valence band maximum for H2O oxidation.[22,50] Therefore,
Ga2O3 is a promising candidate for the photocatalytic con-
version of CO2 by H2O. However, in the case of photocatalytic
CO2 conversion, the bare Ga2O3 photocatalyst principally
reduced H+ rather than CO2, resulting in an insufficient SCO.
Furthermore, introducing the aforementioned Ag cocatalysts
does not necessarily improve SCO, indicating the difficulty of
increasing SCO over the Ga2O3 photocatalyst.[51] We addressed
this problem by surface modification of the Ga2O3 photocatalyst
with Zn species[52]—introducing Zn2+ ions into Ga2O3 using the
conventional wet impregnation method (denoted as Zn-Ga2O3),
followed by loading the Ag cocatalyst using the photodeposi-
tion method. Table 4 lists the formation rates of H2, O2, and CO
in the photocatalytic conversion of CO2 using H2O over the four
Ga2O3-based photocatalysts. Pristine Ga2O3 exhibited a consid-
erable CO formation rate. However, the formation rate of H2

was much higher than that of CO, resulting in SCO<50%, even
in the presence of the Ag cocatalyst (entries 2 and 4). As

Figure 9. Decay of transient absorption at 17000 cm� 1 (A) and 2000 cm� 1 (B)
for bare and CoOx- and Pt-loaded LaTiO2N photocatalysts measured in air.
The sample was excited by 500 nm laser pulses (90 fs duration, 6 μJ, 500 Hz).
Reprinted with permission.[46] Copyright 2014 American Chemical Society.
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presented in Entries 1 and 3, above 80% of SCO was achieved by
the impregnation of Zn2+ in both cases of the homemade
Ga2O3 and the commercial one. Note that the sum of the
reduction products (RH2+RCO) over Zn-Ga2O3 is smaller than that
over the corresponding Ga2O3; in other words, Zn introduction
affects SCO rather than the intrinsic photocatalytic activity of
Ga2O3. The considerable formation rate of CO, corresponding to
the excellent photocatalytic activity of Ga2O3 and sufficient SCO
derived from surface modification with Zn and Ag, continued
for at least 48 h with good stability, accompanied by almost
stoichiometric O2 evolution.

Further investigation revealed that the ZnGa2O4 layer
formed on the surface of Ga2O3 efficiently eliminated H+

reduction.[53] We fabricated Ag-loaded Ga2O3 photocatalysts
modified with different amounts of Zn species. XRD patterns,
SEM images, UV–Vis spectra, and N2 adsorption/desorption
isotherms of the samples at 77 K revealed that the crystallinity,
crystal structure, particle size, morphology, absorption edge,
and specific surface area of Ga2O3 were not affected by Zn
modification. Furthermore, the particle size of the Ag cocatalyst
loaded onto Zn-Ga2O3 was consistent among the samples; in
other words, the Zn species caused insignificant changes in the
particle size, dispersion, chemical state, and loading amount of
the Ag cocatalyst. In contrast, the state of the Zn species on the
surface of Ga2O3 depends on the Zn loading amount. XRD
patterns and Zn K-edge XANES spectra of Zn-Ga2O3 clarified
that the high-temperature treatment of Zn(NO3)2-impregnated
Ga2O3 induces a surface reaction between Zn(NO3)2 and Ga2O3

to form a ZnGa2O4 layer on the surface of Ga2O3. Using
extremely low amounts of Zn (0.1%) results in isolated and
dispersed Zn ions on the surface of Ga2O3. Higher than
0.5 mol.% Zn content resulted in the formation of a mixture of
the ZnGa2O4 layer and ZnO; for samples with more than
3.0 mol.% Zn species, the compounds were identical to pure-
phase ZnGa2O4. Figure 10 shows the formation rates of the
products and SCO in the photocatalytic conversion of CO2 using
H2O over Ag/Zn-Ga2O3 with varying amounts of Zn species. As
mentioned previously, H2 evolution was dominant in the
absence of Zn species in Ag/Ga2O3. However, the formation rate
of H2 decreased proportionally with an increase in the amount
of Zn species and was negligible over Ga2O3 modified with
higher than 3.0 mol.% of Zn species. Importantly, the formation
rate of CO was not influenced by the amount of added Zn

species, suggesting that the Zn species on Ga2O3 selectively
erased the active sites for reducing H+ over Ga2O3, while the
ability of Ga2O3 to reduce CO2 was not altered by introducing
Zn. To confirm the function of ZnGa2O4, a physical mixture of
ZnGa2O4 and Ga2O3 was tested for the photocatalytic con-
version of CO2 using H2O, resulting in a similar SCO to that of Ag/
Ga2O3. These results clearly indicate that covering a Ga2O3

photocatalyst with a ZnGa2O4 layer considerably inhibited H2

production. Furthermore, UV–vis and X-ray photoelectron
spectroscopy revealed a more negative conduction band
minimum of ZnGa2O4 than that of Ga2O3, contributing to the
transfer of photogenerated electrons from ZnGa2O4–Ga2O3 via a
type II electron transfer (Figure 13). Consequently, the electron
density in the ZnGa2O4 structure for H+ reduction diminished
with the electrons mainly extracted from the Ag cocatalyst, that
is, the active sites for CO2 reduction. According to a previous
study, Ga2O3 without Ag produces only H2, which was blocked
by the formation of ZnGa2O4. Notably, the valence band
potential of Ga2O3 was more positive than that of ZnGa2O4,
indicating that photogenerated holes can be transferred from
Ga2O3–ZnGa2O4 and H2O oxidation was not inhibited. The
selective suppression of undesirable H2 evolution was achieved
by modifying the Ga2O3 photocatalyst with a ZnGa2O4 layer, as
depicted in Figure 11, while the reason why ZnGa2O4 layer

Table 4. Formation rates of H2, O2, and CO and consumption rate of photogenerated electrons and holes for the photocatalytic conversion of CO2 by H2O
a.[52a]

Sample Formation rate b (μmol h� 1) Consumption rate (μmol h� 1) Selectivity toward CO (%)

H2 O2 CO Electrons Holes

Zn-Ga2O3 (homemade) 16.9 70.1 117 268 280 87.4

Ga2O3 (homemade) 266 126 95.3 723 504 26.4

Zn-Ga2O3 (commercial) 14.4 56.1 82.0 192 224 85.1

Ga2O3 (commercial) 101 72.7 73.7 349 291 42.2

[a] Amount of catalyst: 1.0 g, volume of water: 1.0 L, flow rate of CO2: 30 mLmin� , concentration of NaHCO3: 0.1 molL� . [b] Rates of evolution of all products
reacted quickly in a steady state (after approximately 2 h of photoirradiation). Steady-state formation rates were obtained by exponential curve fitting.

Figure 10. Rates of CO (black), O2 (white), and H2 (grey) evolution and
selectivity toward CO evolution in the photocatalytic conversion of CO2 with
H2O over Ag-loaded Zn-modified Ga2O3 with various amounts of Zn species.
Reproduced from Ref.[53] with permission from the Royal Society of
Chemistry.
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blocks competitive H2 evolution is still under investigation.
Thus, forming an inhibitor layer to erase H2 evolution sites with
suitable band alignment can play an important role in
enhancing SCO during the photocatalytic conversion of CO2

using H2O.

2.4. Materials for CO2 Adsorption

Surface modification of heterogeneous photocatalysts with
materials exhibiting strong CO2 adsorption properties can
increase the local CO2 concentration on the surface of the
photocatalysts, supplying more CO2 molecules to form CO2RPs,
which improves RCO2RPs. Furthermore, this strategy did not
promote H2 evolution from H2O, leading to a simultaneous
improvement in SCO2RPs. Generally, CO2 molecules act as Lewis
acids and are preferentially adsorbed on basic sites on the
surface of photocatalysts.[54] CO2RPs evolution is remarkably
diminished by adding acidic anions such as SO4

2� and NO3
�

because these anions easily poison the basic sites where CO2

should be adsorbed.[4(a)] Therefore, solid basic hydroxides or
oxides such as NaOH,[55] MgO,[56] ZrO2,

[32(a),57] and SrO[17(b)] are
suitable for these materials because they can capture CO2

molecules. MgO, a typical alkaline-earth-metal-based oxide, is a
representative material which provides basic sites for CO2

adsorption. Fukuda and Tanabe demonstrated that two types of
bidentate carbonates are formed on MgO at room temperature,
as depicted in Figure 12, and discovered that species B is
weakly adsorbed on MgO and easily reduced to a surface-active
intermediate rather than species A.[58]

Inspired by these reports, Xie et al. elucidated that modify-
ing a Pt-loaded TiO2 photocatalyst with MgO significantly
enhances both RCH4 and SCO2RPs.

[59] Pt/TiO2 showed low SCO2RPs in
the photocatalytic conversion of CO2 by H2O vapour in the
absence of MgO, whereas Pt loaded on TiO2 exhibited the best
ability to extract photogenerated electrons and accelerate the
separation of electron/hole pairs among several noble metals
(Pt, Pd, Rh, Au, and Ag) on TiO2. Various amounts of MgO were
impregnated onto the surface of TiO2, followed by Pt loading
via photodeposition. While the mean size of Pt was almost
independent of the presence of MgO, the amount of chem-
isorbed CO2 on TiO2 evaluated by CO2 temperature-pro-
grammed desorption (CO2-TPD) analysis clearly increased with
increasing MgO content, as expected based on previous
reports. As a result, RCH4 and SCO2RPs were enhanced with an
increase in the MgO content from 0–1 wt.%. The consumption
rate of photogenerated electrons—calculated from the forma-
tion rates of CO2RPs and H2, did not change significantly with
MgO addition—suggesting that the intrinsic properties of TiO2

were not altered by MgO. These results clearly indicate that an
increase in chemisorbed CO2 molecules was responsible for the
enhanced RCH4 and SCO2RPs.

[60]

Rare-earth metal oxides are also known for CO2 capture and
storage.[61] In particular, Y,[62] La,[63] Pr,[64] Nd,[65] Sm,[66] and Yb[66]

oxides have been reported to show interesting features; their
surfaces can be easily transformed into the corresponding
hydroxide and/or carbonate species, indicating that these rare-
earth metal oxides exhibit the potential for CO2 capture and
storage. Among these, Pr cations are proven particularly
suitable for the evolution of CO from CO2. Borchert et al.
reported that CO is hardly adsorbed on Pr cations,[67] indicating
that Pr cations can promote the desorption of the generated
CO during the photocatalytic conversion of CO2. Based on these

Figure 11. Proposed mechanism for the photocatalytic conversion of CO2 in
and with H2O over Ag-loaded Ga2O3 (A), Ag-loaded Zn-modified Ga2O3 with a
low Zn content (B), and Ag-loaded Zn-modified Ga2O3 with a high Zn
content (C). Reproduced from Ref.[53] with permission from the Royal Society
of Chemistry.

Figure 12. Nature of two speculated species. Reprinted with permission.[58(d)]

Copyright 2004 American Chemical Society.
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unique properties, we synthesised a Pr-modified Ga2O3 photo-
catalyst via the impregnation method with various amounts of
Pr (denoted as x Pr/Ga2O3, where x represents the content of Pr
as a molar percentage), followed by the loading of the Ag
cocatalyst by the photodeposition method.[17(i)] XRD, XAFS, FT-
IR, and SEM analyses confirmed that a mixture of Pr(OH)3 and
Pr2O2CO3 was formed on Ga2O3 with a high dispersion, as
mentioned above. Table 5 shows the formation rates of
products in the photocatalytic conversion of CO2 in a 0.1 M
aqueous solution of NaHCO3 over Ag/Ga2O3 with or without Pr
modification. As introduced in the previous section, bare Ga2O3

exhibited a low SCO even in the presence of the Ag cocatalyst.
However, the modification of Ga2O3 with Pr significantly
improved both RCO and SCO in all Pr/Ga2O3 samples. We
calculated the amount of preserved CO2 on the photocatalysts

using the peak areas in the CO2-TPD profiles and found that the
amount of preserved CO2 proportionally increased with the Pr
content on Ga2O3. Furthermore, we elucidated that Pr(OH)3 and
Pr2O2CO3 on Ga2O3 can easily be converted into Pr2(OH)2(3 �
x)(CO3)x and Pr2(CO3)3·8H2O in 0.1 M NaHCO3. Subsequently, the
Pr species can be transformed to only Pr2(CO3)3·8H2O by flowing
CO2. Therefore, Pr(OH)3 and Pr2O2CO3—easily generated from Pr
oxides by exposure to air—can capture and store CO2 to form
the Pr2(CO3)3·8H2O in the NaHCO3 solution and flowing CO2,
contributing to an increase in the CO2 concentration on the
surface of Ga2O3—responsible for enhanced RCO and SCO in the
photocatalytic conversion of CO2 by H2O.

Table 6 summarises the formation rates or amounts of
products and SCO2RPs over several photocatalysts, with or without
materials for CO2 adsorption during the photocatalytic con-

Table 5. Surface area, CO2 stored, product formation rate, selectivity toward CO evolution, and electron balance for photocatalytic conversion of CO2 using
H2O as an electron donor. Reproduced from Ref. [17(i)] with permission from the Royal Society of Chemistry.

Entry Photocatalyst Surface area a (m2 g � 1) CO2 stored
b (μmol g� 1) Formation rate c (μmol h� 1) Selectivity d (%) e � /h+

H2 O2 CO

1 Bare Ga2O3 12 7.90 131 124 136 51.0 1.07

2 1.0 Pr/Ga2O3 9.4 119 102 148 215 67.7 1.07

3 3.0 Pr/Ga2O3 8.9 382 64.7 150 249 79.4 1.04

4 5.0 Pr/Ga2O3 6.9 425 50.1 129 236 82.5 1.11

5 10.0 Pr/Ga2O3 8.0 498 39.0 88.9 163 80.7 1.14

[a] BET surface area. [b] Measured by CO2-TPD. [c] Formation rate after 1 h of irradiation. [d] Selectivity toward CO evolution.

Table 6. Summary of the materials for CO2 adsorption to enhance RCO2RPs and SCO2RPs.

Entry Photocatalyst CO2 adsorption
material

Formation rate of product a SCO2RPs
a Ref.

H2 O2 CO CH4

1 Ta2O5 SrO 19 (37) μmolh� 1 24 (20) μmolh� 1 36 (8) μmolh� 1 – 65 (18) [17(b)]

2 Ga2O3 Yb2O3 144
(141) μmolh� 1

171
(67.3) μmolh� 1

209
(4.8) μmolh� 1

– 59.2
(3.3)

[17(h)]

3 Ga2O3 Nd 84.8
(141) μmolh� 1

117
(67.3) μmolh� 1

167
(4.8) μmolh� 1

– 66.3
(3.3)

[17(h)]

4 Ga2O3 Pr(OH)3, Pr2O2CO3 64.7
(131) μmolh� 1

150
(124) μmolh� 1

249
(136) μmolh� 1

– 79.4
(51.0)

[17(i)]

5 Ga2O3 Mg� Al LDH 107.6
(147.3) μmolh� 1

125.0
(101.6) μmolh� 1

145.3
(62.9) μmolh� 1

– 57.5
(29.9)

[17(j)]

6 Ga2O3 Cr(OH)3·xH2O 93 (320) μmolh� 1 280
(200) μmolh� 1

480
(75) μmolh� 1

– 84 (19) [17(l)]

7 NaTaO3 Cr(OH)3·xH2O 43.7
(248.4) μmolh� 1

118.8
(154.2) μmolh� 1

194.8
(67.7) μmolh� 1

– 81.7
(21.4)

[17(l)]

8 CaGaO7/
Ga2O3

CaO, Cr(OH)3·xH2O 176.5
(248.3) μmolh� 1

448.2
(172.7) μmolh� 1

794.2
(102.1) μmolh� 1

– 82 (29) [17(m)]

9 TiO2 NaOH 20 (n.d.) μmol g� 1 – – 20 (trace) μmol
g� 1

69 (N/
A)

[55]

10 TiO2 MgO 11
(33) μmolh� 1g� 1

– 0.03
(1.1) μmolh� 1g� 1

11
(5.2) μmolh� 1g� 1

79 (40) [59(b)]

11 In2O3 CeOx 84 (72) μmolg� 1 – 166
(23) μmolg� 1

52 (20) μmolg� 1 82 (59) [73]

12 TiO2 rGO 5.6
(72.7) μmolh� 1 g� 1

98.4
(67.3) μmolh� 1g� 1

0.4
(1.3) μmolh� 1g� 1

41.3
(13.3) μmolh� 1g� 1

96.7
(42.8)

[75]

[a] The numbers in parentheses represent formation rates of products or SCO2RPs over the corresponding photocatalysts without CO2 adsorption materials.
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version of CO2. In all cases, CO2RPs evolution and SCO2RPs were
successfully enhanced by introducing materials for CO2 adsorp-
tion. In addition to alkali- or alkali-earth-metal oxides and rare-
earth-based materials, modifying the Ga2O3 photocatalyst with
a Mg� Al layered double hydroxide (LDH) drastically improves
both RCO and SCO in the photocatalytic CO2 reduction by H2O.

[16(j)]

LDHs act as solid base materials for base-catalysed reactions
such as Michael addition, alkenylation of amides, and aldol
reactions.[68] More importantly, they can capture and store CO2

in H2O.
[69] Some studies have also demonstrated that LDHs can

photocatalytically reduce CO2.
[70] Based on these findings, we

demonstrated that LDH loaded on the surface of photocatalysts
can function as a material for CO2 adsorption in the photo-
catalytic conversion of CO2 by H2O, with RCO and SCO consid-
erably enhanced, as shown in Entry 5 in Table 6. Hence, we
propose that LDHs are promising candidates for CO2 adsorption
in the selective conversion of CO2 by H2O.

We also reported that Cr(OH)3·xH2O on photocatalysts
preserve CO2 by forming Cr(OH)x(CO3)y and increasing RCO and
SCO, as represented in Entry 6 and Entry 7 in Table 6. Notably,
the Cr species on the photocatalysts acted as the material for
CO2 storage and suppressed the backward reaction on the
cocatalysts. The core–shell structure of the Cr species (shell) and
Rh cocatalyst (core) can inhibit the backward reaction in the
photocatalytic overall H2O splitting, i. e., the formation of H2O
from H2 and O2, because the Cr species can block the approach
of O2 molecules to the Rh cocatalyst, whereas H2 molecules can
pass through the Cr shell.[71] In the case of the photocatalytic
conversion of CO2, the Cr shell surrounding the Ag cocatalyst
can suppress the backward reaction, i. e., CO2 formation from
the generated CO and O2.

[17(l)] Accordingly, both the functions of
the Cr species as CO2 storage and suppression of the backward
reaction can improve RCO and SCO in the photocatalytic
conversion of CO2 by H2O.

Similarly, impregnation with CeOx provides basic sites for
CO2 adsorption.[72] Kulandaivalu et al. reported that a CO2-TPD
profile of a CeOx/In2O3 photocatalyst shows a new peak
assigned to the strong CO2 adsorption in the relatively high-
temperature region (723–813 K) compared with the profile of
pure In2O3, suggesting the formation of additional CO2

adsorption sites on CeOx/In2O3.
[73] Furthermore, CeOx plays other

roles in enhancing photocatalytic activity. The presence of
relatively high content of Ce3+ creates a strong interfacial
contact between CeOx and In2O3, resulting in the formation of a
type-II band alignment (Figure 13), which allows photogener-
ated electrons to transfer from the conduction band of In2O3 to
that of CeOx. The type-II band alignment promotes charge
separation between CeOx and In2O3, contributing to the
improvement in photocatalytic activity. Modifying photocata-
lysts with CeOx increases the amount of adsorbed CO2 on the
surface and induces enhanced charge separation if the band
structure of the photocatalyst is suitable for forming type-II
band alignment with CeOx.

[74]

As shown in Entry 12 in Table 6, organic materials such as
reduced graphene oxide (rGO),[75] amine groups,[76] and metal-
organic frameworks[77] are also candidates for CO2 storage.
However, the origins of the products should be carefully

checked through isotopic experiments, as explained in the
Introduction section, especially when organic-material-modified
photocatalysts are used for the photocatalytic conversion of
CO2.

[78]

Moreover, using buffers is a strategy to increase the supply
of CO2 to the reaction solution. Buffers, such as NaHCO3, NaOH,
Na2CO3, KHCO3, and KOH, can maintain the reaction solution at
a suitable pH for CO2 dissolution and significantly increase the
concentration of dissolved CO2. An increase in the CO2

concentration of the reaction solution enhances both RCO2RPs
and SCO2RPs. Moreover, some studies have demonstrated that CO
evolution does not occur in the absence of buffers.[4(a),17(°)] Under
ambient temperature and pressure, adding buffers represents
an effective strategy to increase the CO2 concentration of the
reaction solution as well as the loading of the materials for CO2

adsorption.
The loading of basic materials onto heterogeneous photo-

catalysts contributed to the adsorption and storage of CO2

molecules, as confirmed by FT-IR measurements and CO2-TPD
profiles. This strategy is particularly promising because an
increased local concentration of CO2 can lead to the simulta-
neous enhancement of both RCO2RPs and SCO2RPs.

3. Summary

Herein, we introduced four strategies to accomplish the
selective and enhanced photocatalytic conversion of CO2 using
H2O based on surface modifications of heterogeneous photo-
catalysts.
(I) Ag cocatalysts: Ag nanoparticles can supply active sites for

CO2 reduction by extracting photogenerated electrons
from the surfaces of heterogeneous photocatalysts.

(II) Cocatalysts for H2O oxidation: Transition metal oxides,
phosphates, hydroxides, and oxyhydroxides over photo-
catalyst particles can efficiently transfer photogenerated
holes to H2O molecules, resulting in the suppression of
charge recombination and enhancement of RCO2RPs.

(III) Suppression of H2 evolution: Zn species introduced on the
surface of Ga2O3 inhibited undesired H2 evolution, contri-
buting to enhanced SCO2RPs.

Figure 13. Schematic illustration of band structure and charge transfer
process in CeOx/In2O3 for photoreduction CO2 with CH4 or H2O under light
irradiation. Reprinted[73] with permission from Elsevier. Copyright 2022.
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(IV) Materials for CO2 adsorption: Basic materials loaded onto
heterogeneous photocatalysts act as CO2 adsorption sites,
improving both RCO2RPs and SCO2RPs.
Thus, surface modification of heterogeneous photocatalysts

is key to realising artificial photosynthesis, i. e., the photo-
catalytic conversion of CO2 using H2O as an electron donor.
Furthermore, surface properties as stated in this review and the
bulk properties such as charge separation efficiency, light
absorption, and band alignment, significantly contribute to the
photocatalytic activity for CO2 conversion. In other words, well-
designed photocatalysts based on the optimisation of those
factors should promote the photocatalytic activity to mmol h� 1

level in the future.
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