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Abstract
Photocatalytic reduction of carbon dioxide (CO2) into renewable hydrocarbon fuels using solar energy has gained much attention in the effort
to conserve energy and enhance carbon cycling. This paper begins with a brief description of the basic concepts of the photocatalytic reduc-
tion of CO2, introduces some experimental challenges in the gas photoreaction system and provides a review of perovskite oxide semicon-
ductor catalysts, including tantalates, niobates, titanates, zirconates and cerates, for use in the gas phase photoreduction of CO2. The
prospects for the future research of CO2 photoreduction are also presented.

Introduction
Recently, there are increasing concerns of energy and environ-
mentalism due, in part, to the growing consumption of non-
renewable fossil fuels and the rising atmospheric levels of
carbon dioxide (CO2), a major greenhouse gas that is consid-
ered to be a major contributor to global warming and other un-
foreseen severe consequences. The photocatalytic reduction of
CO2 into hydrocarbons using solar energy, often referred to as
artificial photosynthesis, is believed to be a potential and prom-
ising approach to solve both issues.[1–5] Since the reduction of
CO2 by a TiO2 photocatalyst was reported by Inoue and
Fujishima’s group,[6] the photocatalytic reduction of CO2 has
attracted the attention of many researchers. The key to this pro-
cess is to develop an efficient photocatalyst that can properly
position the valence and conduction bands for the oxidation
and reduction half-reactions of water and CO2, respectively.

[5,7]

To date, various photocatalysts (such as TiO2,
[8] CdS,[9]

GaP,[10] Zn2GeO4,
[11] etc.) have been used for photocatalytic

CO2 reduction. Usually, the photocatalysts with an ideal perov-
skite structure are expected to exhibit good photocatalytic ac-
tivity, which has been demonstrated in many studies.[12,13]

Recently, a series of perovskite type materials of the form
ABO3 (such as BaZrO3,

[14] BaCeO3,
[15] SrTiO3,

[16] etc.) have
been studied in the photocatalytic reduction of CO2.

Although the photocatalytic reduction of CO2 has been well
studied, the conversion efficiency of CO2 is still very low com-
pared with that of water splitting.[3,4] Two major photocatalytic
systems are being studied: a solid–liquid interface prepared by
an aqueous dispersion of photocatalysts and a solid–gas inter-
face.[5] Usually, both the liquid-phase (CH3OH, HCHO,
HCOOH) and gas-phase (CH4) products can be detected in a

liquid photoreaction system, whereas only gas-phase (CH4,
CO) products could be detected in a gas photoreaction sys-
tem.[7] Although the solid–liquid reaction interface increases
the accessible area for carriers and reactants, this approach
has two drawbacks: the rather low solubility of CO2 and the re-
duction of water competing with CO2 reduction in the aqueous
suspensions. Although the solid–gas reaction interface pro-
motes the separation of products and reactants, the ratio of gas-
eous CO2 and H2O is easily tunable, which thus inhibits
competitive water reduction.[17,18] Because the products of
the photocatalytic reduction of CO2 are mostly C1 compounds,
it is necessary to eliminate the effects of any organic or carbon
residues on the whole photocatalytic reaction process because
organic molecules (e.g., acetic acid) or carbon residues may un-
dergo the photo-Kolbe reaction, photodegradation, photolysis
reactions or reverse disproportionation reactions on the
photocatalyst.[19,20]

This paper begins with a brief description of the basic con-
cepts of the photocatalytic reduction of CO2 and introduces
some experimental problems encountered in the gas photoreac-
tion system. In addition, this paper reviews perovskite oxide
semiconductor catalysts used in the photocatalytic reduction
of CO2. The prospects for future developments of CO2 photo-
reduction are also presented.

Basic concepts of the photocatalytic
reduction of CO2
CO2 photoreduction is the conversion of CO2 into hydrocarbon
fuels using sunlight, which is also known as artificial photosyn-
thesis. Because CO2 is one of the most thermodynamically sta-
ble carbon compounds and because it cannot absorb light in the
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wavelengths of 200–900 nm, the CO2 photoreduction process
requires a suitable photosensitizer, which is generally a semi-
conductor catalyst.[21,22] Figure 1 shows the basic mechanism
for the photocatalytic process of CO2 reduction. In the photoca-
talytic process, photons having energy greater than or equal to
the band gap energy are absorbed by the semiconductor, and
the electrons in the valence band (VB) are excited to the con-
duction band (CB). Consequently, equal numbers of electrons
and holes are generated in the CB and VB, respectively. The
photogenerated electron–hole pairs separate from each other
and transfer to the active sites on the surface of semiconductors;
then, the photogenerated electrons with strong reduction poten-
tial reduce CO2 into hydrocarbons such as CH4 and CO, etc.,
and the photogenerated holes with strong oxidation potential
oxidize H2O into O2.

However, not all photogenerated electron–hole pairs reach-
ing the surface of semiconductor catalysts can participate in the
redox reaction, as the energy of the photogenerated electron–
hole pairs must meet a certain thermodynamic conditions.[5,21]

That is, the bottom of the CB of the semiconductor photocata-
lysts should have a more negative potential than the reduction
potential of CO2 forming HCOOH, CO, HCHO, CH3OH and
CH4; likewise, the top of the VB should have a more positive
potential than the oxidation potential of H2O. Equations (1)–
(8) show the possible reactions involved in CO2 photoreduction
and their corresponding theoretical potentials (vs. the normal
hydrogen electrode in an aqueous solution at pH 7 and 25°C,
assuming unit activity).[4,5,21]

CO2 + e− � CO†−
2 ; E0 = −1.90 V (1)

CO2 + 2H+ + 2e− � HCOOH; E0 = −0.61 V (2)

CO2 + 2H+ + 2e− � CO+ H2O; E0 = −0.53 V (3)

CO2 + 4H+ + 4e− � HCHO+ H2O; E0 = −0.48 V (4)

CO2 + 6H+ + 6e− � CH3OH+ H2O; E0 = 0.38 V (5)

CO2 + 8H+ + 8e− � CH4 + 2H2O; E0 = −0.24 V (6)

2H+ + 2e− � H2; E0 = −0.41 V (7)

2H2O+ 4h+ � O2 + 4H+; E0 = 0.82 V (8)

From a thermodynamic point of view,[21,23] the reaction of one
electron to form CO2

†− is highly unfavorable due to the very
negative reduction potential of −1.9 V (vs. NHE) for this pro-
cess [Eq. (1)]. Thus, many researchers believe that the photoca-
talytic reduction of CO2 is a multi-electronic process, which
requires less energy for electron transfer compared with a
mono-electronic process [Eqs. (2)–(6)]. In the multi-electron
CO2 reduction pathway, the reaction requires the assistance
of a corresponding number of protons [Eq. (8)]. The formation
of products could be different, which is determined by the num-
ber of photogenerated electron–hole pairs participating in the
redox reaction.

Although photocatalytic reduction of CO2 has been well
studied, the CO2 conversion efficiency of this process is still
very low. In addition to a suitable Eg and CB potential, many
factors influence the conversion efficiency of the multi-electron
CO2 photocatalytic reduction process. These factors include ex-
citation, transport, separation (recombination) of the photogen-
erated electron–hole pairs, the adsorption capacity of the gas
molecules, the reduction of CO2, the oxidation of H2O, and
so on. Furthermore, the selective formation of specific products
is also a considerable problem in the photocatalytic reduction of
CO2.

[3,4] So far, many strategies, including increased visible-
light excitation (e.g., impurity doping, sensitization,[24] and
solid solution construction[25]), improved transport and separa-
tion of the photogenerated electron–hole pairs (e.g., loading
with cocatalysts,[26] synthesis of nanostructured photocata-
lysts,[27] and construction of semiconductor heterojunc-
tions[28]), enhanced adsorption of CO2 (e.g., increasing the
surface area[29]), and suppression off-target side reactions
(e.g., the competitive reaction of H2O reduction in Eq.
(7)[30]), etc., have been designed to achieve a high efficiency
and selectivity.

Key points of the experimental details
The efficiency of the photocatalytic reduction of CO2 depends
not only on the factors mentioned above, a suitable semi-
conductor photocatalyst (with proper Eg, CB and VB), the
excitation, transport and separation (recombination) of the pho-
togenerated electron–hole pairs, etc., but also on the experi-
mental conditions,[20,31–33] such as the light source, response
time, reaction temperature, the ratio of H2O and CO2, etc.

Photocatalytic reduction of CO2 is mainly carried out at
room pressure and temperature and is controlled by a cooling
water recirculation system. A high pressure mercury lamp

Figure 1. Schematic illustration of the photoexcitation and electron transfer
process for the photocatalytic reduction of CO2 with H2O as a reductant.
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and/or a 300 W xenon lamp, usually with a cutoff filter, are the
most common light sources in CO2 photoreduction. Yahaya
et al. found that the traditional UV lamp had a drawback in
that the light intensity would decrease with rising temperature
due to the lengthy illumination time, and this decrease affects
the efficiency of CO2 photocatalytic reduction.[31] The selec-
tion of response time for the studies of CO2 photoreduction is
different, ranging from tens of minutes to hours. Zhao et al.
studied nano-sized CoPc/TiO2 particles as a catalyst for photo-
conversion of CO2 and discussed the effect of irradiation time
on the formation of photo-reduced products over a period of 6–
50 h.[32] At short reaction times, the product yields increased
rapidly because more photoelectrons were generated with in-
creasing time of light exposure; however, the product yields
flattened out after 20 h of irradiation. This result can be attrib-
uted to saturation of the reactive surface active sites absorbed
with intermediate products. In addition, the molar ratio of
H2O and CO2 is also found to play an important role in deter-
mining the reaction rate and product selectivity for CO2 photo-
catalytic reduction. Zhang et al. investigated the photocatalytic
reduction of CO2 with H2O on a Pt-loaded TiO2 catalyst and
studied the effect of the H2O/CO2 molar ratio on CH4 yield.
They found that the CH4 yield of 0.15 wt.% Pt-loaded TiO2

nanotube increased as the mole ratio of H2O and CO2 in-
creased, while the different H2O:CO2 molar ratios had little ef-
fect on the CH4 yield of 0.12 wt.% Pt-loaded TiO2

nanoparticles.[33] The formation of CH4 occurred mainly due
to the high concentration of the surface OH group, which had
been shown previously by Ikeue et al.[34]

The main products in a gas phase reaction system for photo-
catalytic reduction of CO2 are generally CH4, which is usually
on the μmol scale, as well as a small amount of CO.[8,14–16] As
we mentioned above, the photocatalytic reduction of CO2 is a
complex multi-electronic reaction process. There are two plau-
sible pathways for CH4 formation[4,20]:

CO2 � HCOOH � HCHO � CH3OH � CH4 (9)

CO2 � CO � CO
†−
2 � CH2 � CH4 (10)

It is necessary to verify whether the carbon source for CH4

production is actually the CO2 for the gaseous CO2 reduction
because any organic adsorbates or carbon residues may take
part in side reactions, such as the photo-Kolbe reaction, miner-
alization reaction, photolysis reaction or reverse disproportio-
nation reaction.[19,20] These reactions could create a false
impression of the formation of hydrocarbon products.

If there are any carbon residues deposited or buried on the
surface of catalyst during the preparation of the catalyst for
the photocatalytic reduction of CO2, a reverse disproportiona-
tion reaction of the impurity might occur in the presence of
CO2 in the reaction system. In this case, the generated CO
would react with the water adsorbed on the surface active
sites of the catalyst; then, the generated CH3OH would ulti-
mately generate CH4. This pathway has been shown by Yang

et al. through the combined use of in situ diffuse reflectance in-
frared Fourier transform spectroscopy (DRIFTS) and 13C la-
beled CO2 during CO2 photoreduction over Cu-promoted
crystalline TiO2 catalysts. The reaction process could be de-
scribed as follows[19,35]:

C (impurity in or on catalyst) + CO2 � CO+ CO (11)

CO+ 2H2O � CH3OH+ O2 (12)

Yui et al. demonstrated that organic adsorbates, especially
CH3COOH, had a significant effect on the formation of CH4 in
CO2 photoreduction over TiO2. The organic adsorbed on the sur-
face of TiO2 could participate in a so-called photo-Kolbe reaction
(CH3COOH, for example)[36]:

CH3COOH+ h+ � †CH3 + CO2 + H+ (13)

†CH3 + CH3COOH � †CH2COOH+ CH4 (14)

In addition, if there are any alcohols and O2 in the CO2 pho-
toreduction reaction system producing CH4, CO2 would be
generated in-situ due to the mineralization of alcohols on the
surface of the semiconductor photocatalyst, which could be ex-
plained through the following mechanism[20]:

Organic radical (OR) + O2 � CO2 (15)

In conclusion, evaluations of the products for CO2 photoca-
talytic reduction should be interpreted with caution. In other
words, the C source should be carefully investigated with re-
spect to the production of CH4 and CO from CO2 in a gaseous
CO2 photoreduction system. Most researchers carry out a series
of contrast experiments with different conditions including
H2O, CO2, irradiation and catalyst to exclude the effects of car-
bon residues and organic adsorbates on the formation of hydro-
carbon products[14–16]; some other studies, however, reported a
more precise and intuitive method: isotopic labeling (13C and
18O).[35–37] This approach can simultaneously evaluate the C
source and the O source. To guarantee the reliability of the re-
sults of CO2 photocatalytic reduction, carbon residues or organ-
ic adsorbates must be avoided throughout the entire reaction
system. These residues and adsorbates may form during the
synthesis of the catalyst if it involves the use of alkoxides
and organic solvents (e.g., polyethylene glycol, PEG) as pre-
cursors or in washing steps if organic cleaning solvents are
used.[35,38,39] These residues could be removed using particular
methods, such as thermal treatment in a continuous flow of N2

or Ar inert gas or at high temperature in air, as well as pro-
longed washing in a water environment.[19,35,36]

Perovskite oxide semiconductor
photocatalysts for gaseous CO2
reduction
An ideal semiconductor photocatalyst for CO2 photoreduc-
tion should benefit from: (1) a suitable Eg such that the
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semiconductor absorbs incident photons over a range of wave-
lengths to generate electron–hole pairs; (2) effective separation
between the photogenerated electron–hole pairs that then trans-
fer to the surface of semiconductors and subsequently take part
in the oxidation-reduction reaction with CO2 and H2O absorbed
on the surface active sites of the semiconductors; and (3) a well-
tuned CB and VB such that the bottom of the CB is located at a
more negative potential than the reduction potentials of CO2

and such that the top of the VB has a more positive potential
than the oxidation potential of H2O. Based on these principles,
various photocatalysts, including metal oxides (e.g., TiO2,

[8]

ZnO,[40] BiVO4,
[41] and Ga2O3

[ 42]), metal sulfides (e.g.,
CdS[9] and ZnS[43]), metal phosphides (e.g., GaP[10]), nitrides
(e.g., C3N4

[ 44]), etc., have been reported for CO2 reduction.
Among them, perovskite oxide semiconductor photocatalysts
are good candidates for CO2 reduction due to their unique phys-
ical and chemical properties, including their stability, their con-
trollable structure and their ability to be doped in two different
cation sites. In addition, perovskite structures are expected to
exhibit good photocatalytic activity as has been demonstrated
in many studies.[12,13] Recently, a series of the perovskite
type materials of the form ABO3 (such as BaZrO3,

[14]

BaCeO3,
[15] SrTiO3,

[16,45,46] etc.) have been studied for the
photocatalytic reduction of CO2. Table I shows the summary
of perovskite oxide semiconductors used in the photocatalytic
reduction of CO2 in a gas reaction system. These semiconduc-
tors were roughly divided into five types: tantalates, niobates,
titanates, zirconates and cerates.

Tantalates
Teramura et al. carried out the photoreduction of CO2 over
ATaO3 (A = Li, Na and K) synthesized by a conventional solid-
state reaction in the presence of H2. CO was the only gaseous
product over all of the samples tested under 200 W Hg-Xe
lamp irradiation.[54] LiTaO3 presented the highest activity for
CO yield (0.42 µmol/g in 24 h), and the trend of the photocata-
lytic activities were consistent with that of the Eg (LiTaO3 >
NaTaO3 > KTaO3). In addition, they also found that the amount
of evolved CO gas depended on the amount of chemisorbed
CO2 (as shown in Fig. 2),[54] which meant that the adsorption
of CO2 had an effect on the reduction efficiency of CO2. H2

was used as reductant in this photocatalytic reduction of CO2

process, whereas other gas reaction systems usually used
H2O as reductant.

Niobates
Niobates with a perovskite structure share many characteristics
with tantalates and have been used in CO2 photocatalytic reduc-
tion systems with water as the reductant. Shi et al. studied the
photocatalytic reduction activities of CO2 into CH4 over
NaNbO3 samples upon irradiation from a Xe arc lamp. It was
discovered that the CH4 evolution rate (653 ppm/h/g) of
Pt-loaded NaNbO3 nanowires prepared by a hydrothermal
method were much higher than that of bulk NaNbO3 particles
synthesized by a solid-state reaction.[53] Subsequently, they

prepared alkali niobate ANbO3 (A = K, Na) photocatalysts
using a conventional solid-state reaction method and compared
their photocatalytic performance for CO2 reduction under sim-
ilar conditions. They found that KNbO3 (7.0 ppm/h) showed a
higher photocatalytic activity than NaNbO3 (2.3 ppm/h).[52]

The perovskite NaNbO3 studied in most research has a typical
cubic structure, whereas NaNbO3 also has another crystal struc-
ture—an orthorhombic structure. The schematic crystal struc-
tures of cubic and orthorhombic NaNbO3 are shown in
Fig. 3.[51] Li et al. discussed the photocatalytic activities of
CO2 reduction over the cubic and orthorhombic NaNbO3 in a
gas phase system and found that the CO2 reduction activity
over the cubic NaNbO3 was nearly twice that of the orthorhom-
bic NaNbO3. These results might be due to the unique electron
structure of cubic NaNbO3, which may support electron excita-
tion and transfer.[51] In addition, they studied the influence of
the preparation temperature on the activity of NaNbO3 photoca-
talyst.[50] The cubic NaNbO3 prepared at 500°C presented the
best photocatalytic performances, and the CH4 evolution for
gas phase CO2 photoreduction over NaNbO3 loaded with 0.5
wt.% Pt under a 300 W Xe lamp (λ > 300 nm) could reach
12.6 µmol/m2/h.

Moreover, differing from the simple ABO3-type perovskite
semiconduction photocatalysts, lamellar perovskite niobates,
such as HNb3O8 and KNb3O8, have also been applied in the
gas phase photocatalytic reduction of CO2.

[48,49] Figure 4
shows a schematic drawing of the layered structures of
HNb3O8 composed of 2D Nb3O8

− anion thin sheets of edge-
and corner-shared NbO6 octahedral with H+ intercalated
between the layers. Li et al. found that hydrothermally synthe-
sized HNb3O8 and KNb3O8 nanobelts exhibited much higher
yields of CH4 compared with the HNb3O8 and KNb3O8 parti-
cles prepared by conventional solid-state reactions as well as
commercial TiO2.

[48]

Titanates
Several perovskite titanates, such as SrTiO3, PbTiO3 and
CaTiO3, have also been explored for gas phase CO2 photocata-
lytic reduction.[16,45–47] Among them, SrTiO3 is the most wide-
ly studied photocatalysts. Xie et al. prepared a self-doped
SrTiO3−δ using a carbon-free one-step combustion, and they
demonstrated that the chemical adsorption of CO2 could be im-
proved by increasing the oxygen deficiency of the SrTiO3. This
deficiency promoted the photocatalytic activity of CO2 reduc-
tion to generate CH4 under visible light irradiation.[16] Zhou
et al. discussed a leaf-shaped 3D hierarchical artificial photo-
synthetic system of ATiO3 (A = Sr, Ca and Pb) prepared by a
modified sol-gel method using fresh green leaves as a structure
template. They studied the effects of various cocatalysts (Au,
Ag, Cu, Pt, RuO2 and NiOx) on the photocatalytic activity of
CO2. As shown in Fig. 5, CH4 and CO were the two main prod-
ucts, and Au as a suitable cocatalyst exhibited the best perfor-
mance for the selectivity of both CH4 and CO (using SrTiO3 as
an example).[45] In another study, Kou et al. synthesized a high-
ly active photocatalyst with response to visible light by
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substituting the Ti4+ in SrTiO3 to transition metal (Co, Fe, Ni)
ions for gas phase CO2 reduction, and Pt-SrTi0.98Co0.02O3 had
the highest activity (the yield of CH4 was 63.6 ppm/h).[46]

Zirconates
Apart from the above-mentioned tantalates, niobates and tita-
nates photocatalysts, Chen et al. first investigated the

Table I. Summary of perovskite oxide semiconductors for the photocatalytic reduction of CO2 in a gas reaction system.

Catalyst/band gap
energy

Co-catalyst Reaction medium Light source Major
products

Yielda References

BaZrO3/4.8 eV 0.3 wt.% Ag CO2 and H2O vapor 300 W Xe lamp
(PE 300BUV)

CH4 0.57 14

BaCeO3/3.2 eV 0.3wt.% Ag CO2 and H2O vapor 300 W Xe lamp
(PE 300BUV)

CH4 0.55 15

SrTiO3−δ/3.2 eV Self-doped 0.3
wt.% Pt

CO2 and H2O vapor 300 W Xe lamp
λ > 420 nm

CH4 0.25b 16

SrTiO3/3.2 eV 1 wt.% Au CO2 and H2O vapor 300 W Xe lamp
λ > 420 nm

CH4
CO

CH4: 0.231
CO: 0.349

45

CaTiO3/3.5 eV 1 wt.% Au CO2 and H2O vapor 300 W Xe lamp
λ > 420 nm

CH4
CO

CH4: 0.029 45

PbTiO3/2.9 eV 1 wt.% Au CO2 and H2O vapor 300 W Xe lamp
λ > 420 nm

CH4
CO

CH4: 0.007 45

SrTiO3/3.2 eV 0.02Co doped Pt
loaded

CO2 Gas-closed
system

300 W Xe lamp
λ > 420 nm

CH4 63.6c 46

CaxTiyO3/3.44 eV
(x = y = 1)

– CO2 and H2O vapor 6 W/cm2 UV lamp
λ = 365 nm

CH4 17d 47

HNb3O8/3.66 eV
nanobelts

– CO2 and H2O vapor 350 W Xe lamp CH4 3.58 48

HNb3O8/3.5 eV
SiO2-HNb3O8/3.5 eV

0.4 wt.% Pt CO2 and H2O vapor 350 W Xe lamp CH4 0.47
2.90

49

KNb3O8/3.66 eV
nanobelts

– CO2 and H2O vapor 350 W Xe lamp CH4 1.71 48

NaNbO3/3.25 eV 0.5 wt.% Pt CO2 Gas-closed
system

350 W Xe lamp
λ > 300 nm

CH4 12.6b 50

c-NaNbO3/3.29 eV
o-NaNbO3/3.45 eV

0.5 wt.% Pt CO2 and H2O vapor 300 W Xe lamp CH4 0.486
0.245

51

NaNbO3/3.4 eV 0.5 wt.% Pt CO2 and H2O vapor 300 W Xe lamp CH4 2.3c 52

KNbO3/3.1 eV 0.5 wt.% Pt CO2 and H2O vapor 300 W Xe lamp CH4 7.0c 52

NaNbO3/3.4 eV
nanowires

0.5 wt.% Pt CO2 and H2O vapor 300 W Xe lamp CH4 653e 53

LiTaO3/4.9 eV – CO2 and H2 200 W Hg-Xe lamp CO 0.42f 54

NaTaO3/4.1 eV – CO2 and H2 200 W Hg-Xe lamp CO 0.1f 54

KTaO3/3.7 eV – CO2 and H2 200 W Hg-Xe lamp CO 0.06f 54

aMaximum formation rate reported for the products in μmol/h/g, unless stated otherwise.
bIn μmol/m2

cata/h.
cIn ppm/h.
dThe entire yield for the main products in μmol/g (7 h, x = y = 1).
eIn ppm/h/g.
fThe entire yield for the main products in μmol/g (24 h).
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photocatalytic properties of BaZrO3 for CO2 reduction into
CH4 in a gas reaction system.[14] Barium zirconate made by
the Pechini process has a bandgap of 4.8 eV, which means
that BaZrO3 only has a UV light response. They also confirmed
the effects of different cocatalysts on the photocatalytic activi-
ties and optimized the loaded amount of metal nanoparticle co-
catalysts. As shown in Fig. 6, Ag was a suitable cocatalyst that

exhibited the best selectivity for producing CH4 with the
BaZrO3 system. In addition, a CH4 yield of up to 0.57 µmol/
h/g was obtained when 0.3 wt.% Ag cocatalyst was loaded
onto the surface of the BaZrO3. In this case, the Ag site acted
as an electron trap to effectively decrease the recombination
rate of the photogenerated electron–hole pairs.

Cerates
All the perovskite oxide semiconductor photocatalysts for
CO2 reduction mentioned above consist of metal cations with
d0 (Zr4+, Ti4+, Nb5+, or Ta5+) configurations. Wang et al. first
reported the photocatalytic properties of BaCeO3, whose con-
duction band mainly consists of Ce 4f orbitals, as a new photo-
catalyst for gas phase CO2 reduction.[15] The activity of

Figure 2. (a) Amount of evolved CO gas for the photocatalytic reduction of CO2 in the presence of H2 as a reductant over ATaO3 (A = Li, Na, K) after 24 h of
photoirradiation. (b) Amount of Chemisorbed CO2 on ATaO3 (A = Li, Na, K). (Copyright 2010, Applied Catalysis B: Environmental.[54]).

Figure 3. Schematic crystal structures of cubic and orthorhombic NaNbO3.
(Copyright 2012, The Journal of Physical Chemistry.[51]). Figure 4. Schematic drawing of the layered structures of HNb3O8.
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photocatalytic reduction of CO2 into CH4 over BaCeO3 loaded
with 0.3 wt% Ag cocatalyst was up to 0.55 µmol/h/g. This ex-
periment proved that perovskite-type oxide semiconductor pho-
tocatalysts with conduction bands dominated by 4f electronic
configuration could also react as well as the semiconductor
photocatalysts with d0 electronic configuration in gas phase
CO2 photoreduction.

Summary and outlook
The photocatalytic reduction of CO2 into renewable hydrocar-
bon fuels using solar energy is a promising approach for simul-
taneously achieving carbon cycling and solving the shortage of
sustainable energy. An ideal semiconductor photocatalyst for

CO2 photoreduction should have a suitable Eg and proper posi-
tioning of the CB and VB, which should satisfy thermodynam-
ic conditions of CO2 reduction. In addition, the photogenerated
electron–hole pairs should separate effectively and transfer to
the surface active sites of the semiconductor photocatalysts so
that they can participate in the oxidation-reduction reactions
with CO2 and H2O.

The photocatalytic reduction of CO2 is a complex multi-
electronic reaction process. The main products in a gas phase
CO2 reduction are generally CH4 as well as a small amount
of CO, and the yield of CH4 is usually on the μmol scale.
This yield is relatively low compared with the conversion of
water splitting.[14–16,45–54] The conversion efficiency and

Figure 5. CO and CH4 evolution on an artificial photosynthetic system of SrTiO3 of CO2 photoreduction loaded with different cocatalysts. (Copyright 2013,
Scientific Reports.[45]).

Figure 6. (a) CH4 yields of BaZrO3 deposited with different cocatalysts (Ru, Cu, Au, Pt, Ag) of the same apparent amount. (b) CH4 yields of BaZrO3 with different
amounts of Ag deposition. (Copyright 2015, Catalysis Science & Techonology.[14]).
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products selectivity of gaseous CO2 photoreduction not only
depends on the characteristics of the photocatalyts but also de-
pends on some experimental conditions, such as the light
source, response time, reaction temperature, the ratio of H2O
and CO2, etc. It is necessary to verify whether the formation
of hydrocarbon products is actually from the photocatalytic re-
duction of CO2 or is from some side reactions with organic ad-
sorbates (e.g., acetic acid) or carbon residues. These adsorbates
or residues may be formed during the photo-Kolbe reaction,
mineralization reaction or reverse disproportionation reaction
in photocatalytic reaction. A series of contrast experiments
with different conditions (including H2O, CO2, irradiation
and catalyst) or a more intuitive and precise method—isotopic
labeling (13C and 18O)—is necessary to detect and/or exclude
the effects of carbon residues and organic adsorbates. These
contaminants can also be removed by thermal treatment in air
or inert gas or by prolonged washing with water upon the for-
mation of products.

Based on the research and the current development of relat-
ed theories and practical applications, the photocatalytic reduc-
tion of CO2 still has a long way to go. The future studies on
CO2 photoreduction should be initiated in the following areas.

Developing a new suitable photocatalyst
As we mentioned above, a wide variety of perovskite oxide
semiconductors system have been applied to the photocatalytic
reduction of CO2 in a gas reaction system under UV or visible
light irradiation. Most of them consist of metal cations with d0

configurations including tantalates, niobates, titanates, zirco-
nates, with the exception being cerates such as BaCeO3 with
4f orbitals electron configurations. It is believed that perovskite
oxide semiconductor photocatalysts still have great prospects
due to their unique physical and chemical properties in the fu-
ture study of the photocatalytic reduction of CO2. For example,
alkaline earth stannates of MSnO3 (M = Ca, Sr and Ba), which
contain Sn4+ ions with a d10 electronic configuration, have been
used as the photocatalyst applied to photocatalytic reactions for
H2 and O2 evolution in water splitting.[55] The bottom of the
CBs are located at −1.46, −1.37 and −0.69 V (versus NHE,
pH = 7) for CaSnO3, SrSnO3 and BaSnO3, respectively, while
the top of the VBs are 2.98, 2.69 and 2.41 V (versus NHE,
pH = 7), respectively. Thus, the photogenerated electrons in
the CB are more negative than the reduction potentials of
CO2 into HCOOH, CO, HCHO, CH3OH and CH4, and the cor-
responding photogenerated holes in the VB can easily oxidize
H2O in the ABO3 structure of these stannates. In other words,
MSnO3 (M = Ca, Sr and Ba) is theoretically feasible as a photo-
catalyst for the reduction of CO2. In addition, our group has al-
ready tested the photocatalytic reduction of CO2 over BaSnO3,
and we hope that MSnO3 (M = Ca, Sr and Ba) will be a prom-
ising photocatalyst for the gas phase photoreduction of CO2 in
future.

In addition, double perovskite oxides with the general
chemical formula of A2BB’O6 have attracted much interest
due to their variable crystal structures, flexible chemical

compositions and other unique physicochemical properties
such as being semi-metallic. These catalysts have been success-
fully applied to water splitting, such as Ba2InTaO6 with a Eg of
ca. 4.17 eV.[56] A variety of elements are available for substitu-
tion into the A or B site; B site elements are usually transition
metals with d-orbital configurations, and A site elements are
usually alkaline earth ions such as Ca, Sr and Ba.[57] Based
on these results, development of new double perovskite oxide
semiconductors system seem to be one feasible direction for re-
search on CO2 reduction in future.

Cocatalysts
It is generally believed that cocatalysts play a crucial role in
semiconductor-based photocatalysis.[3,4,58] Firstly, loaded co-
catalysts could serve as electron traps to promote the separation
of photogenerated electron–hole pairs resulting from the forma-
tion of a Schottky barrier between the semiconductor and the
cocatalyst. Hence, they could improve the photocatalytic activ-
ity and selectivity for CO2 reduction. Secondly, cocatalysts
could effectively lower the activation barrier of CO2 due to
their better conductivity and lower over potential.[59,60] To
date, a series of cocatalysts including Pd, Pt, Au, Ag, Ru, Cu,
Ni, Co, etc. have been used for photocatalytic reactions, and
each presented different effects on the conversion efficien-
cy.[26,45,61] In addition, it is worth noticing that the bimetallic
cocatalyst systems (such as Cu and Pt) have also exhibited
good activities for CO2 reduction,[62] and the enhancement
mechanism is still unclear. Thus, it is essential to better under-
stand the photocatalytic mechanism of cocatalysts and to
develop cheap, abundant and highly efficient cocatalyst sys-
tems (e.g., non-noble metal cocatalysts and new-type bifunc-
tional cocatalysts with a proper structure) for the
photocatalytic reduction of CO2.

Gas adsorption ability on the surface of
photocatalysts
It is well known that the reduction of CO2 and the oxidation of
H2O are the two main half-reaction steps for the photocatalytic
reduction of CO2. On one hand, effective adsorption of CO2 is
an important process that can be promoted by increasing sur-
face area,[29] by introducing basic sites such as MgO, or by in-
troducing surface oxygen vacancies[16,63]. Optimization of
adsorption is important for improving the conversion efficiency
for the photocatalytic reduction of CO2. The adsorption of CO2

molecules on stoichiometric and oxygen-deficient SrTiO3 has
been theoretically and experimentally studied by Xie et al.
They demonstrated that chemical adsorption of CO2 molecules
could be improved by increasing the oxygen deficiency in
SrTiO3, thus enhancing the photocatalytic performance for
CO2 reduction.[16] On the other hand, water oxidation favors
the efficient separation of the photogenerated electron–hole
pairs, thus improving the photocatalytic activity for CO2 reduc-
tion.[3,19] In addition, deactivation of the photocatalysts may
occur after long reaction times, which may be attributed to
the active sites gradually becoming covered by the adsorption
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of the reduction intermediate products or the final products ac-
cumulation on the photocatalyst surface over time.[32,64] In con-
clusion, it is important to refine the research on the adsorption
of gaseous reactants (CO2, H2O) and the products on the sur-
face of photocatalysts.

In short, the future development for the photocatalytic re-
duction of CO2 remains challenging, and the comprehensive ef-
forts (such as materials synthesis, doping, nanostructuring and
heterojunction)[4,25] are needed to achieve a breakthrough in the
conversion efficiency of CO2 reduction into hydrocarbon fuels
that may eventually lead to industrialization.
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