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20.1 INTRODUCTION

Carbon dioxide is one of the major greenhouse gases. Several methods for reducing atmo-
spheric CO2 concentration have been investigated, such as increasing green carbon sinks 
(plants, phytoplankton, and algae containing chloroplasts); increasing dissolved carbonate 
and its salts in sea water; or capturing CO2 with transfer to the bottom of the sea in a super-
critical state [1]. The global strategy for the suppression of CO2 emission based on Kyoto 
Protocol is not on the right track due to conflicting interests between developed and devel-
oping countries and the uncertainty of an energy paradigm shift from fossil fuels to clean 
energy. At present, the contribution of nuclear power is unstable due to the question of safety 
whereas the contribution of natural energy (biomass, hydropower, solar, wind, and geother-
mal energy) to total energy consumption has been growing much slower than expected [2]. 
Thus, it is urgently important to investigate sustainable natural energy.

As one of the options of natural energy, it is advantageous to capture CO2 produced from 
human activity and from the atmosphere and convert this gas to fuels using sustainable 
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sunlight, because this option solves the problems of global warming and sustainable energy 
shortage simultaneously. Semiconductor-type photocatalysts are hopeful because they can be 
cheaper by choosing inexpensive elements in comparison to metal complex homogenous-
phase photocatalysts consisting of precious noble metals [3]. Some good reviews for CO2 
photoreduction have been reported focusing on TiO2-based photocatalysts [4], on the  possibility 
of solar fuel [5], and nanocomposite photocatalysts [6]. But the number of publications of 
photoreduction of CO2 is growing even rapidly later than 2010 and newer reviews are needed. 
In this chapter, recent works for semiconductor-type photocatalysts to reduce CO2 are reviewed.

20.2 CO2 PHOTOREDUCTION WITH WATER USING METAL OXIDE 
AND OTHER SEMICONDUCTOR-TYPE PHOTOCATALYSTS

The photoreduction of CO2 follows a reduction to carbon monoxide or a consecutive reaction 
to organic compounds as below:

In contrast to most homogeneous photocatalysts that produce CO with the help of sacrifi-
cial reducing agents, e.g., alkyl amines and alcohols [6,7], various products ranging from 
two-electron-reduced formic acid and CO to eight-electron-reduced methane were produced 
using semiconductor photocatalysts often without the help of sacrificial reductant [4,8]. The 
reasons why the selectivity to each product was determined and how multiple-electron pho-
toreduction proceeds are not fully known [9].

In the absence of reducing agent, the photoreduction of CO2 to CO is a combination of 
water oxidation reaction and CO2 reduction reaction:

CO was reported as a minor product in addition to major methane formation using semi-
conductor photocatalysts, TiO2 [10,11], and ZrO2 [10] (Table 20.1A).

The photocatalytic production of formic acid was reported using TiO2 under supercritical 
CO2 [12,13]. The CO2 pressure of supercritical condition was reduced from 6.5 to 9.0 MPa, 
and then pure water or acidic solution was added to the reactor. In particular, formic acid 
was preferably formed (1. 8 µmol h−1 g−1

cat) when acidic solution was added as a proton 
source (Table 20.1B) [13].

The photocatalytic formation (and detection) of formaldehyde has been reported very 
rarely mostly because of the instability of formaldehyde. In spite of this problem, pioneering 
work for photocatalysts reported formaldehyde formation using various semiconductors 
with the formation rate order: CdS > ZnO ∼ TiO2 > GaP ∼ SiC [14] (Table 20.1C).

Photocatalytic conversion of CO2 into methanol in aqueous solution was reported in sev-
eral papers, but care should be taken for the possibility that the C source of produced metha-
nol was not CO2 but impurity C species accumulated during the catalyst preparation, typically 
derived from alkyl groups of precursor compounds. The reaction pathway to CO2 was 

CO2
2e−

→ CO,

CO2
2e−

→HCO2H
2e−

→HCHO
2e−

→ CH3OH
2e−

→ CH4.

2H2O + 4h
+
→4H+

+ O2,

CO2 + 2H+
+ 2e

−
→CO + H2O.
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TABLE 20.1  Photocatalytic Reduction of CO2 with Water using Metal Oxide and other Semiconductor-
Type Photocatalysts

Photocatalysts Reactants Light
Formation Rates 
(µmol h

−1
g

−1

cat
) References

(A) Product: CO

TiO2 CO2(5%) + H2O(g, 95%) LP Hg 0.11 [10]

ZrO2 CO2(5%) + H2O(g, 95%) LP Hg 0.045 [10]

TiO2 CO2(sat) + H2O(l) HP Hg arc 0.35 [11]

(B) Product: HCO2H

TiO2(anatase) CO2(6.5 MPa), H2O(l) Xe 1.0 [12]

TiO2(anatase) CO2(9.0 MPa), H2O(l) Xe 1.8 [13]

(C) Product: HCHO

CdS CO2(saturated) + H2O(l) Xe/HP Hg 29 [14]

ZnO CO2(saturated) + H2O(l) Xe/HP Hg 17 [14]

TiO2 CO2(saturated) + H2O(l) Xe/HP Hg 16 [14]

GaP CO2(saturated) + H2O(l) Xe/HP Hg 14 [14]

SiC CO2(saturated) + H2O(l) Xe/HP Hg 14 [14]

(D) Product: CH3OH

Ti–Y-zeolite CO2(24 µmol) +  moisture 
(120 µmol)

HP Hg 0.031 [16]

Ti–MCM-48 CO2(24 µmol) +  moisture 
(120 µmol)

HP Hg 3.1 [17]

Ti–SBA-15 CO2(36 µmol) +  moisture 
(180 µmol)

HP Hg 0.081 [18]

TiO2(d = 14 nm) CO2(saturated) + 0.2 N 
NaOH

Hg 0.047 [19]

Ag–TiO2 CO2(saturated) + 0.2 N 
NaOH

Hg 0.094 [20]

(E) Product: CH4

TiO2(JRC-TIO-4) CO2 + moisture (111 kPa) UV 0.014 [21]

Ti–Y-zeolite CO2(24 µmol) +  moisture 
(120 µmol)

HP Hg 0.046 [16]

Ti–MCM-48 CO2(24 µmol) +  moisture 
(120 µmol)

HP Hg 7.5 [17]

Ti–SBA-15 CO2(36 µmol) +  moisture 
(180 µmol)

HP Hg 0.31 [18]

Ti–FSM-16 CO2(36 µmol) +  moisture 
(180 µmol)

HP Hg 0.15 [22]

Ti–porous SiO2 film CO2(36 µmol) +  moisture 
 (180 µmol) HP Hg 0.084 [23]
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monitored by Fourier-transform infrared (FTIR) spectroscopy [15] and kinetic study for 
thoroughly washed TiO2 (P25, Degussa) samples [11]. CO was mainly produced instead of 
methane or methanol in the CO2 photoreduction test using thoroughly washed TiO2 (P25) 
with an Hg lamp (Table 20.1A).

For the mixture of CO2 gas and moisture, methanol was formed using atomically dispersed 
Ti species on molecular sieves (Ti–Y-zeolite, Ti–MCM-48, and Ti–SBA-15) with UV-visible 
light [16–18] (Table 20.1D), but the major product was methane in these reports (Table 20.1E). 
The average particle size of 14 nm was optimized for TiO2 for the photoreduction of CO2 to 
methanol [19]. The additive effects of metal nanoparticles on photocatalytic methanol forma-
tion were also reported [20].

TiO2 has been most frequently reported for the photoreduction of CO2 to produce methane. 
TiO2 consisting of major anatase phase and minor rutile phase formed methane very slowly 
(0.014 µmol h−1 g−1

cat
) [21]. The photocatalytic activity per unit amount of Ti was significantly 

enhanced when Ti oxide species were anchored within the pores of zeolite [16], ordered 
mesoporous SiO2 [22], and porous SiO2 thin films [23], but the activity per unit amount of 
catalyst modestly increased because the dispersion of Ti site increased [16–18,22,23] (Table 
20.1E). Promoting effects of CdSe and Pt were discussed for the photocatalytic CO2 reduction 
into methane [24].

In summary, semiconductors, typically TiO2, were active for CO2 photoreduction in water. 
The photocatalytic rates using anatase/rutile-type TiO2 were mostly less than 1 µmol h−1 g−1

cat, 
but the photoactivity was increased to 1− 10 µmol h−1 g−1

cat by dispersing Ti sites on molecular 
sieves, by the addition of promoters, e.g., CdSe and Pt, and under supercritical reaction 
conditions.

20.3 CO2 PHOTOREDUCTION WITH HYDROGEN USING METAL 
OXIDE-BASED AND OTHER SEMICONDUCTOR-TYPE 

PHOTOCATALYSTS

The photoreduction of CO2 using hydrogen is an alternative option to reduce the amount of 
CO2 sustainably, if the hydrogen was produced using a sustainable energy source, e.g., water 
splitting using sunlight [1].

The photoreduction of CO2 using hydrogen as a reductant has been reported to produce 
CO using Rh/TiO2 (5.1 µmol h−1 g−1

cat
) [25], ZrO2 (0.56–0.62 µmol h−1 g−1

cat
) [10,26], MgO 

(1.6 µmol h−1 g−1

cat
) [27], and β-Ga2O3 (0.76 µmol h−1 g−1

cat
) [28], and to produce methane using 

Ti–SBA-15 (0.012 µmol h−1 g−1

cat
) [29] (Table 20.2). Thus, metal oxide semiconductors, e.g., 

TiO2, ZrO2, MgO, and Ga2O3, photoreduced CO2 in the presence of H2 at the rate of 
∼1 µmol h−1 g−1

cat. Rhodium was an effective promoter.

20.4  SYNTHESES AND CHARACTERIZATION OF LAYERED DOUBLE 
HYDROXIDES FOR CO2 PHOTOREDUCTION WITH HYDROGEN

Layered double hydroxide (LDH) compounds are a family of clay-like materials. Their layers 
are positively charged in contrast to clay families in which the layers are negatively charged 
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[1,30–32]. LDHs are the materials based on the layered structure of brucite Mg(OH)2, which 
has a hexagonal crystal structure and in which the MgO6 octahedra are linked at the edge to 
form sheets. The charge of cationic sheets formulated as [MII

1−x
MIII

x (OH)2]
x+ is compensated 

with an intercalated anion group, e.g., CO2−
3 , SO2−

4 , NO−3 , Cl−, or OH−. The MII site can be Mg, 
Mn, Fe, Co, Ni, Cu, or Zn and the MIII site can be Al, Cr, Mn, Fe, or Ga. The value of x varies 
normally within the range of 0.17–0.33. The molar amount of structural water intercalated 
between the cationic layers is about a half of the total molar amount of metal cations.

Ordered LDHs consisting of zinc and/or copper hydroxides were reportedly combined 
with gallium. The interlayer anions were carbonates or [Cu(OH)4]2− [33]. The BET surface 
area (SBET) values were in the range between 83 and 35 m2 g−1 (Table 20.3). The SBET value for 
[Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O was 23% greater than that for [Zn1.5Cu1.5Ga(OH)8]
+

2

(CO3)
2−

· mH2O. The SBET values for [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O decreased by 50% 
compared to the value for [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O because of the substitution of car-
bonate ions with [Cu(OH)4]2− ions. On the other hand, when compared with the SBET  
value for [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O, the values for [Zn1.5Cu1.5Ga(OH)8]
+

2
[Cu(OH)4]

2−
· mH2O did not change significantly (+8.8%).

The X-ray diffraction (XRD) (003), (006), (009), (104), (015), (107), (018), (1010), (0111), (110), 
(113), and (116) peaks were observed for [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O (Figure 20.1a) 
[34,35]. There was a downward shift in these peaks for [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O 
(b) and [Zn1.5Cu1.5Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (d). Weaker peaks derived from the CuO 
(+ mark) and Cu(OH)2 impurity phase (*mark) appeared in the spectra of 
[Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O and [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O (Fig-
ure 20.1b and d). Diffraction peaks due to impurity phases were not found for 
[Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O (a) and [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O (c).
The interlayer interval was 0.751 and 0.753 nm on the basis of the (003) diffraction angle 

for [Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2O and [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O (Table 20.3A 
and B) [30]. The interlayer interval increased from 0.751 nm for [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O 
to 0.792 nm for [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (Table 20.3A and C), reflecting the 

TABLE 20.2  Photocatalytic Reduction of CO2 with Molecular Hydrogen Using Metal Oxide and Other 
Semiconductor-type Photocatalysts

Photocatalysts CO2 H2 Light
Formation Rates 
(µmol h

−1
g

−1

cat
) References

(A) Product: CO

Rh/TiO2 150 µmol 50 µmol HP Hg 5.1 [25]

ZrO2 150 µmol 50 µmol HP Hg 0.56 [26]

ZrO2 5.6 kPa 106 kPa UV 0.62 [10]

MgO 150 µmol 50 µmol HP Hg 1.6 [27]

β-Ga2O3 150 µmol 50 µmol HP Hg 0.76 [28]

(B) Product: CH4

Ti–SBA-15 38 µmol 76 µmol HP Hg 0.012 [29]



594 20. PHOTOCATALYTIC CONVERSION OF CARBON DIOXIDE INTO FUELS 

greater size of [Cu(OH)4]2− ions when compared to that of (CO3)2− [36,37]. In a similar man-
ner, by substituting (CO3)2− with [Cu(OH)4]2−, the interlayer interval increased from 0.753 nm 
for [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O to 0.782 nm (Table 20.3B and D).
In the UV-visible absorption spectra for LDH compounds (Figure 20.2), the Eg values for 

[Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2O and [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O were 5.6 and 
4.2 eV, respectively (Table 20.3A and C). Based on the corresponding n value (1/2 or 3/2) by 
the fitting to the Davis-Mott equation, the electronic transition was direct from oxygen 2p to 
Cu 3d, 4s, or 4p levels and Zn/Ga 4s or 4p levels for [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O and 
[Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O. In addition, a shoulder peak corresponded to Eg values 
of 3.2 eV for [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (Figure 20.2b) originated from the Cu(OH)2 
and/or CuO impurity phase(s) that was evident in XRD pattern (Figure 20.1b). By fitting to 
the Davis–Mott equation (n = 3/2; Table 20.3C), the electronic transition was forbidden direct 

TABLE 20.3  Physicochemical Characterization of [Zn3−xCuxGa(OH)8]
+

2
[A]

2−
· mH2O (x = 0, 1.5; 

A = CO3, Cu(OH)4) LDHs

Entry Sample
SBET 
(m2 g−1)

Eg (eV) Interlattice 
Distance 
(nm)

Extrapolated

Fit to 
α × hv ∝ (hv − Eg)n

n =
1

2

3

2
2 3 (0 0 3)

A [Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2O 70a (83b) 5.6 5.9 5.4 5.2 5.0 0.751

B [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O 57a (67b) 3.5 4.2 3.2 3.0 2.6 0.753

C [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 35a 4.2 4.8 3.6 3.4 2.7 0.792

(impurity phase(s)) 3.2 4.6 3.0 2.8 2.5

D [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 62a 3.0 3.2 2.8 2.7 2.6 0.782

aPreheated at 383 K for 2 h under vacuum. bPreheated at 423 K for 1 h under vacuum.

FIGURE 20.1 XRD spectra of as-synthesized samples of [Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2O (a), [Zn3Ga(OH)8]
+

2

[Cu(OH)4]
2−

· mH2O (b), [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O (c), and [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 
(d). (*) and (+) marks indicate peaks derived from Cu(OH)2 and CuO powders, respectively.



from oxygen 2p to Cu 3d, 4s, or 4p levels of Cu(OH)2 and/or CuO phase(s). The UV absorp-
tion edge shifted toward the lower energy side for [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O 
(Figure 20.2c) when compared to [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O (a). The Eg value was 3.5 eV 
(Table 20.3B). Upon further replacing interlayer (CO3)2− ions with [Cu(OH)4]2− ions, the band 
gap further decreased to 3.0 eV (Table 20.3D). This band-gap value corresponds to the bound-
ary wavelength between UV and visible light.

Based on the Cu K-edge extended X-ray absorption fine structure (EXAFS) spectrum for 
the LDH sample of [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (Figure 20.3), two intense peaks in 
the Fourier transform at 0.16 and 0.27 nm (phase shift uncorrected) derived from Cu!O and 
Cu … Zn (or Cu … Ga) pairs, respectively, appeared, but a peak derived from Cu!Cl bond(s) 
at ∼0.195 nm [38] (phase shift uncorrected) was not present (Figure 20.3b). No Cu!Cl peaks 

FIGURE 20.2 Diffuse reflectance UV-visible absorption spectra of as-synthesized samples of [Zn3Ga(OH)8]
+

2

(CO3)
2−

· mH2O (a), [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O (b), [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O (c), and 
[Zn1.5Cu1.5Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (d).

FIGURE 20.3 Cu K-edge EXAFS spectra for [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O sample. (a) k 3-weighted 
EXAFS χ-function and (b) its associated Fourier transform. The solid and dotted lines represent the magnitude and 
the imaginary part in (b).
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were found in the Fourier transform for this LDH photocatalyst, demonstrating the complete 
hydrolysis of [CuCl4]2− into [Cu(OH)4]2− during the synthesis:

Based on the Cu K-edge X-ray absorption near-edge structure (XANES) spectra and the 
theoretical simulation, complex formation between cationic layer and [Cu(OH)4]2− anion was 
suggested [39] (Figure 20.4):

20.5 CO2 PHOTOREDUCTION WITH HYDROGEN USING LAYERED 
DOUBLE HYDROXIDES

LDH photocatalysts were reported to produce not only CO but methanol in the CO2 photore-
duction with hydrogen. While [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O was CO selective (61 mol%), 
[Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O was methanol selective (68 mol%; Figure 20.5a, b and 
Table 20.4A, B).

When [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O was preheated at 423 K (Figure 20.5d), the 
methanol formation rate increased by a factor of 1.8 (0. 31 µmol h−1 g−1

cat). Due to the preheat-
ing at 423 K, the SBET value for [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O increased by 18%, but 
the increase did not fully explain the increase of photocatalytic methanol and CO formation 
by a factor of 1.8 and 2.3, respectively (Table 20.4D). The available interlayer space that was 

(1)[CuCl4]
2−

+ 4NaOH→ [Cu(OH)4]
2−

+ 4NaCl.

(2)2[Zn3Ga(OH)8]
+

+ [Cu(OH)4]
2−

+ mH2O ! [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O.

(3)[Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O ! Zn6Ga2(OH)13{(µ−O)3Cu(OH)}· mH2O + 3H2O.

FIGURE 20.4 Model structure of [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O based on XANES and EXAFS analyses.
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FIGURE 20.5 Time course of photocatalytic reactions in CO2 (2.3 kPa) + H2 (21.7 kPa). Hundred milligram of the 
LDH catalyst was charged: fresh [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O (a), [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O (b), 
[Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O preheated at 423 K (c), [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O preheated at 423 K (d), 
fresh [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O (e), and [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O (f). The reactor was 
illuminated from a 500-W Xe arc lamp. CO2 (!; diamond), H2O (!; triangle), CH3OH ("

TABLE 20.4  Rates of Photocatalytic Conversion of CO2 with H2 into CH3OH and CO Over LDH 
Photocatalystsa

Entry Photocatalyst

Formation rate (µmol h
−1

g−1
cat)

Conversion 
(%, C-base)

Selectivity  
to CH3OH 
(mol%)CH3OH CO Σ

A [Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2O 0.051 0.080 0.13 0.02 39

(±0.004) (±0.006) (±4)

B [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O 0.17 0.079 0.25 0.03 68

(±0.014) (±0.006) (±4)

C [Zn3Ga(OH)8]
+

2 (CO3)
2−

· mH2Ob 0.050 0.074 0.12 0.02 40

(±0.004) (±0.006) (±4)

D [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2Ob 0.31 0.18 0.50 0.07 63

(±0.009) (±0.002) (±1)

E [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 0.30 0.13 0.43 0.04 71

(±0.009) (±0.010) (±2)

F [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 0.49 0.070 0.56 0.05 88
(±0.015) (±0.006) (±2)

aThe catalyst amount was 100 mg. 2.3 kPa of CO2 and 21.7 kPa of H2. Values in the parentheses are experimental errors for evaluation.
bPreheated at 423 K for 1 h under vacuum.
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created at 423 K should facilitate the diffusion of CO2 into the reaction space and the reaction 
with the surface hydroxy groups that are bound to the Cu sites.

By switching the interlayer anion group from carbonate to [Cu(OH)4]2− for LDH com-
pounds consisting of [Zn3Ga(OH)8]+ cations, the methanol formation rate increased by a 
factor of 5.9 (Table 20.4E and A) while the methanol selectivity did not change (71–68 mol%). 
By the substitution of anions, the SBET values even decreased by 50% (Section 20.4). For the 
[Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O, the formation rates of methanol and CO for specific 
quantities of Cu were 0.051 and 0. 024 µmol h−1 mmol−1

Cu, respectively. These values increased 
to 0.097 and 0. 056 µmol h−1 mmol−1

Cu, respectively, when preheated at 423 K in a vacuum. For 
the [Zn3Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O, the formation rates of methanol and CO were 0.30 
and 0. 13 µmol h−1 mmol−1

Cu
, respectively. Therefore, the interlayer Cu sites were 5.3–5.9 times 

more effective than Cu sites in cationic layers, if we assume that the Cu atoms are primary 
active sites.

Using [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O (Figure 20.4f), the methanol formation 
rate and selectivity further increased to 0. 49 µmol h−1 g−1

cat and 88 mol% (Table 20.4F). The 
methanol formation rate per unit amount of Cu was 0. 12 µmol h−1 mmol−1

Cu (Table 20.5F), 
which is in close agreement with the calculated value of 0. 11 µmol h−1 mmol−1

Cu, which was 
contributed by the in-layer Cu sites (3/4× 0. 051 µmol h−1 mmol−1

Cu) and the interlayer Cu 
sites (1/4× 0. 30 µmolh−1 mmol−1

Cu). The steric availability (accessibility) of {(µ–O)3Cu(OH)} 
sites (Figure 20.4) may be related to the reactivity difference.

In this context, the Cu site plays a photocatalytic role by binding CO2 and coupling CO2 
with protons and photogenerated electrons, utilizing the CuI and CuII redox couple [1,33]. 
This binding between CO2 and Cu was spectroscopically monitored in the multiple scattering 
region of Cu K-edge XANES for [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O. The binding sug-
gested the reaction mechanism via the CO2 insertion to hydroxy group to form hydrogen 
carbonate (Scheme 20.1a→b). The one-electron reduction steps b→c→d in Scheme 20.1 
should be promoted utilizing the CuI and CuII redox couple. Subsequent one-electron reduc-
tion steps e→f, f→g, and g→h should also be coupled with the CuI and CuII redox. Final 
one-electron reduction in the step h→a produces methanol. If the species e is dehydrated, 
another catalytic reaction cycle to form CO is proposed regenerating species a. The role of 
the CuI sites was also suggested in the CO2 photoreduction in alkaline aqueous solution [40].

The photocatalytic energetic diagram is depicted in Scheme 20.2. The band-gap values 
(5.6–3.5 eV) for [Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O and [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O 

TABLE 20.5  Rates of Photocatalytic Formation of CH3OH and CO per the Quantity of Cu in the LDH 
Photocatalystsa

Entry Photocatalyst

Formation Rate Per Amount of Cu (mmol h
−1

mmol
−1

Cu)

CH3OH CO Σ

B [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O 0.051 0.024 0.077

D [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2Ob 0.097 0.056 0.15

E [Zn3Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 0.30 0.13 0.43

F [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O 0.12 0.017 0.14
aThe catalyst amount was 100 mg. Values in the parentheses are experimental errors for evaluation.
bPreheated at 423 K for 1 h under vacuum.
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were greater than that for ZnO (3.2 eV), enabling the CO2 photoreduction at relatively higher 
potentials at −0.32 V to form methanol and to form CO at −0.11 V by supplying photoexcited 
electrons in conduction band to CO2. In Scheme 20.2, the center of the conduction band 
minimum energy and the valence band top energy was assumed to be constant, but these 
energy levels should be exactly determined later. On the other hand, photogenerated holes 
at the valence band were neutralized with electrons formed in the H2 oxidation (0 V). The 
selectivity to produce methanol versus CO formation increased by adding Cu to 
[Zn3Ga(OH)8]

+

2 (CO3)
2−

· mH2O (Table 20.4). The band gap became narrower with the addi-
tion of Cu; however, the potential for the methanol formation step (CO2 + 6H+ + 6e− → 
 CH3OH + H2O) [24] was 0.21 V higher than that for the CO formation step (Scheme 20.2). 
Thus, the selectivity of CO2 photoreduction was not controlled by energetics of reaction steps 
in the viewpoint of electron flow [41–45], but the adsorption of CO2 and the stability of the 
reduced species is critical [1].

The durability of LDH catalysts and the verification of photocatalytic reaction mechanism 
were also reported. When the [Zn1.5Cu1.5Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O photocatalyst was 

SCHEME 20.1 Proposed photocatalytic catalytic cycle of CO2 reduction to methanol or CO over Zn–Cu–Ga LDH 
catalysts.

SCHEME 20.2 Energy levels at the band gap for ZnO, [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O, and [Zn3Ga(OH)8]
+

2

(CO3)
2−

· mH2O versus the reaction potentials for each step of CO2 reduction to methanol/CO and H2 oxidation to 
protons.
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tested for 20 h illuminated with UV-visible light, methanol formation continued and the 
selectivity was 76–84 mol% (Figure 20.6). Throughout the test, the only products that were 
identified were methanol, CO, and water.

In the control tests of CO2 reduction at 313 K, [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O 
 produced no products (Figure 20.7a1) whereas [Zn1.5Cu1.5Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O 
produced trace amounts of methanol and CO at the formation rates of 0.023 and  
0.0086 µmol h−1 g−1

cat (Figure 20.7b1). Then, the methanol and CO formation (0.25 µmol h−1 g−1

cat
 

in total) using [Zn1.5Cu1.5Ga(OH)8]
+

2 (CO3)
2−

· mH2O under UV-visible irradiation 
( Figure 20.7a2) were proved to proceed via a band-gap excitation mechanism (Scheme 20.2). 
The methanol and CO formation rates using [Zn1.5Cu1.5Ga(OH)8]

+

2 [Cu(OH)4]
2−

· mH2O 
without light were only 4.7% and 12%, respectively, but not zero compared to those under 
UV-visible light.

FIGURE 20.6 Time course of photoreactions in CO2 (2.3 kPa) + H2 (21.7 kPa) using 100 mg of [Zn1.5Cu1.5Ga(OH)8]
+

2

(CO3)
2−

· mH2O for 20 h. Other reaction conditions and legends are the same as those for Figure 20.4.

FIGURE 20.7 Time course of photocatalytic reaction in CO (2.3 kPa) + H2 (21.7 kPa). 0.10 g of the LDH photocata-
lysts [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O (a1, a2) and [Zn1.5Cu1.5Ga(OH)8]
+

2 [Cu(OH)4]
2−

· mH2O (b1, b2) was 
charged. The reactor was at 313 K without Xe arc lamp irradiation (a1, b1) while it was at 313 K under UV-visible 
light from a Xe arc lamp (a2, b2). CO2 (!; diamond), H2O (!; triangle), CH3OH ("
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20.6 CONCLUSIONS

The photoreduction of CO2 using semiconductors is one of the new methods to reduce the 
CO2 concentration in the atmosphere. If the photoreduction proceeds to form fuels (methanol, 
formic acid, or methane) by sunlight, this option will solve the problem of sustainable energy 
shortage simultaneously. The photoreduction of CO2 in water was reported typically using 
TiO2 at rates less than 1 µmol h−1 g−1

cat. The rates were improved to 1− 10 µmol h−1 g−1
cat by 

dispersing Ti sites on microporous/mesoporous molecular sieves, by the addition of promot-
ers, and under supercritical reaction conditions.

When we assume photocatalytic water splitting to form hydrogen, this is an alternative 
option to photoreduce CO2 with hydrogen. Using TiO2, ZrO2, MgO, and Ga2O3, the pho-
toreduction rates to CO were ∼ 1 µmol h−1 g−1

cat. As a new category of semiconductor pho-
tocatalysts, layered double hydroxides (LDHs) consisting of Zn, Cu, Ga, or Al photoreduced 
CO2 with H2 to methanol at rates of 0.05–0.5 µmol h−1 g−1

cat
 and to CO at rates of 

0.07–0.18 µmol h−1 g−1

cat. The rates are not sufficient and less than the photoreduction of CO2 
in water using TiO2-based photocatalysts, but the combination of divalent and trivalent 
elements for semiconductor LDHs will improve the efficiency. The major product methanol 
can be directly used as fuel, and the blank reaction test (no product) of CO2 in H2 at 313 K 
in the dark using [Zn1.5Cu1.5Ga(OH)8]

+

2 (CO3)
2−

· mH2O demonstrated actual photocatalytic 
formation of methanol and CO based on band-gap excitation mechanism [1,33].
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