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Preface 

Because of the growing energy and climate crises, green and sustainable energy 

technologies are urgently required. Although energy-generation strategies such as wind, 

nuclear, and hydropower have been developed in recent years, they have not completely 

resolved these crises. Further, some of these technologies pose risks to the environment. 

In contrast, the use of solar energy is environmentally friendly and sustainable, and the 

photocatalytic conversion of CO2 using H2O as an electron donor, which is a type of 

complete artificial photosynthesis, is considered a particularly promising technology. 

Many types of photocatalysts have been developed for the photocatalytic conversion of 

CO2 in the presence of H2O, for example, NaTaO3, Ga2O3, and SrTiO3. However, the 

current photocatalysts show very low selectivities, and, thus, appropriate cocatalysts are 

required. 

In this thesis, the development of effective cocatalysts for the photocatalytic 

conversion of CO2 using H2O as the electron donor is discussed. In particular, the effect 

of cocatalysts on the CO evolution selectivity and activity over Ta- and Ga-based 

photocatalysts is reported.  

The thesis is divided into three parts consisting of seven chapters. In the first part, 

the in situ addition of chromate ions as cocatalysts for enhancing CO evolution and 

suppressing H2 production is discussed. The critical factors affecting the catalytic 

performance were systematically studied by characterization and photocatalytic 

experiments. In the second part, Zn-based non-metal compounds, such as Zn(OH)2, and 

amorphous ZnGa2O4 and ZnSiO3 as cocatalysts over a series of Ta- and Ga-based 

photocatalysts, including ZnTa2O6 and ZnGa2O4, are discussed. In addition, the use of 

Cd(OH)2 as a cocatalyst is also discussed. The Cd2+ ions were found to suppress the O2 

reduction reaction on the CO evolution active sites. In the third part, the effects of the size 

and morphology of Ag nanoparticles loaded on NaTaO3 on the performance of this 

photocatalyst for the photocatalytic conversion of CO2 using H2O as the electron donor 



was investigated. It was found that larger polycrystalline Ag nanoparticles favored the 

production of CO. In addition, high selectivity toward CO evolution was achieved over 

the Ag-loaded β-Ga2O3 by using the optimal modification method for the Ag 

nanoparticles. Intriguingly, the high selectivity toward CO evolution over Ag-loaded β-

Ga2O3 originates from the selective poisoning of the O2 reduction reaction on the active 

sites for the formation of H2.  
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General Introduction 

1. Background 

1.1. Energy and Environmental Challenges 

Since the first industrial revolution, huge amounts of carbon dioxide (CO2) have 

been emitted to the atmosphere as a result of the consumption of fossil fuels 1,2, and this 

has caused problems such as global warming 3,4 and rising sea levels 5. Although various 

energy-generation technologies based on nuclear fuel 6, hydropower 7, and wind power 8 

have been developed to reduce our dependence on fossil fuels, global warming has 

continued to increase. Further, some of these technologies, such as nuclear and wind 

power, have been proven to be harmful to the environment and ecology 9,10. Therefore, of 

the non-fossil-fuel-based energy sources, solar energy 11 is the best choice for achieving 

green and sustainable power. Silicon 12 is currently the most widely used material in 

industrial solar-based electricity generation, but its manufacture by the Siemen’s process 

is energy-intensive 13. As a result, in recent years, interest in photocatalysis for the storage 

and conversion of solar energy has increased, for example, the photocatalytic conversion 

of biomass 14 and CO2 15 to value-added compounds, the development of 

photoelectrochemical cells 16, and overall water splitting for hydrogen generation 17.  

1.2. Principles of Photocatalysis 

As shown in Scheme 1(a), on light irradiation, the electrons in a typical 

semiconductor photocatalyst are excited from the valence band (VB) to the conduction 

band (CB) across the band gap. The photogenerated electrons and holes can be consumed 

by two pathways: (1) recombination or (2) reaction with acceptors and donors. The 

reduction and oxidation potentials of the photogenerated electrons and holes depend 

significantly on the characteristics of the CB and VB of each photocatalyst. To enable the 

use of solar energy in the visible region of the spectrum (λ > 420 nm) 18, Z-scheme 

photocatalysts are promising. Similar to natural photosynthesis, these systems comprise 

two photosystems (PS), PS I and PS II, and an electron mediator that enables charge-
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carrier transport between the two PS, as shown in Scheme 1(b). For the transfer of 

electrons and holes between PS I and PS II, redox pairs such as Fe2+/Fe3+ 19 and IO3
－/I－ 

20 are often used. For example, Domen et al. 21 developed all-solid-state Z-scheme 

RuOx/BiVO4:Mo/Au/La and Rh:SrTiO3/Ru catalysts using Au as the electron and hole 

mediator for overall water splitting, achieving an efficiency of 1%. 

 

Scheme 1. Schematic of (a) a single photocatalyst and (b) Z-scheme photocatalyst 

showing PS I and PS II connected by the electron mediator. Here, CB and VB are the 

conduction and valence bands, respectively, e- and h+ are electrons and holes, respectively, 

and A and D electron acceptor and donor species, respectively. 

 

1.3. Progress in Photocatalyst Development  

The first photocatalyst was reported by Fujishima and Honda 22 in 1972. They found 

that the electrochemical activity of a TiO2 electrode was enhanced by photoirradiation. 

Since then, many types of semiconductor photocatalysts have been developed. 

Photocatalysts can be classified using various criteria, for example, their water solubility 

or insolubility, such as in the case of supramolecular 23 and metal oxide 24 photocatalysts; 

structure, for example, organic 25, inorganic 26, or metal complex 27; visible-light activity 

(λ > 420 nm); and band gap size. Photocatalysts with narrow band gaps, such as metal 

sulfides (e.g., CuGaS2) 28, metal nitrides (e.g., Ta3N5) 29, and metal oxides (e.g., BiVO4) 

30 can be used for photocatalysis in the visible-light region. However, these materials 

cannot be used for the photocatalytic conversion of CO2 because of their insufficient 
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reduction potentials. In comparison, photocatalysts with wide bandgaps, such as Ti-based 

(TiO2 31), Ta-based (NaTaO3 
32 and Ta2O5 

33), and Ga-based (Ga2O3 
34 and ZnGa2O4 

35) 

catalysts, show excellent performance for the evolution of O2 from H2O and H2 and CO 

from protons and CO2.  

1.4. Role of Cocatalysts 

Photocatalyst performance is significantly affected by (1) the rate of recombination 

of photogenerated electrons and holes and (2) the active sites for the evolution of H2, O2, 

and CO. By modifying a photocatalyst with an appropriate cocatalyst, high photocatalytic 

activity and product selectivity can be achieved. A typical strategy for suppressing the 

recombination of electrons and holes is to use charge-carrier trap species. For this purpose, 

Pt 36, Pd 37, Rh 38, and NiO 39 are excellent candidate cocatalysts. In addition, MnOx 40, 

CoPi 41, CoOOH 42, and RuOx 21 have been shown to have good performance as 

cocatalysts for the O2 evolution reaction as a result of their good charge-carrier separation 

ability. The design of the active sites for the reduction of CO2 is also important, and 

several strategies to enhance the photocatalytic conversion of CO2 have been reported, 

including modification with halogens 43 and cyano groups 44, the addition of surface 

defects 45,46, and the introduction of frustrated Lewis pairs 47 and surface basicity 48 onto 

the photocatalyst surface.  

2. Photocatalytic CO2 Conversion  

2.1. Electron Sources 

Currently, highly active photocatalyst systems for the conversion of CO2 use 

sacrificial reagents, such as triethanolamine (TEOA) 49, Na2SO3 50, I− 51, and S2− 52. Using 

these sacrificial reagents, the photocatalytic conversion of CO2 over visible-light-active 

photocatalysts, such as metal-based polycarbazoles 53, g-C3N4 54, and carbon 

nanoparticles 55, has been reported. However, the use of sacrificial reagents is unsuitable 

for industrial production because of the wastage and expense. In contrast, the use of H2O 

as an electron donor would be perfect. Unfortunately, few photocatalysts for the 

photocatalytic conversion of CO2 using H2O as the electron donor have been reported. In 
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most cases, only photocatalysts having wide band gaps, such as Ga2O3 56, SrNb2O6 57, and 

NaTaO3 32, have been reported to achieve the photocatalytic conversion of CO2 using H2O 

as the electron donor. 

2.2. Criteria for the Successful Photocatalytic Conversion of CO2 using H2O as the 

Electron Donor 

Two criteria are crucial for the photocatalytic conversion of CO2 using H2O as the 

electron donor. One is the balance between the electrons provided by H2O (O2 evolution) 

and those consumed by CO2 and protons (CHxOy and H2 evolution), as shown in Equation 

(1). The other is the selectivity of the products derived from the photoreduction of CO2 

by the H2 produced from water splitting, as shown in Equation (2). 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2 (1) 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100% (2) 

Here, R represents the rate of formation of each product formed by the photocatalytic 

conversion of CO2 using H2O as the electron donor. 

However, achieving a higher selectivity toward carbon products, such as CO, 

CH3OH, and CH4, is difficult because water splitting is a strongly competitive reaction. 

As listed in Table 1 58, the reduction potential of protons in water is much lower than those 

of HCOOH, CO, and HCHO; thus, the evolution of H2 in the photocatalytic conversion 

of CO2 using H2O as the electron donor dominates the consumption of the photogenerated 

electrons. Although the required potentials for the formation of CH3OH and CH4 are 

lower than that of H2, these reactions require a high concentration of protons, which will 

inevitably suppress the dissolution of CO2. Further, the photocatalytic conversion of CO2 

is difficult because of its low solubility, as shown by the importance of using NaHCO3 as 

an additive, which enhances the dissolution of CO2 in the reactions32,57. 
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Table 1. Potentials (E) vs. the normal hydrogen electrode (NHE) at pH 7.0 required to 

produce HCOOH, CO, HCHO, CH3OH, CH4, and H2. 

 

 

2.3. Progress in the Highly Selective Photocatalytic Conversion of CO2 Using H2O 

as the Electron Donor 

Although many materials, such as metal–organic frameworks (MOF) 59, covalent 

organic frameworks (COF) 60, metal carbides 61, and metal complexes 62, have been 

reported to be selective for the evolution of CO in the photocatalytic conversion of CO2, 

few are capable of using H2O as the electron donor, and few such catalysts have been 

reported to date. Of the reported examples, Ag-loaded BaLa4Ti4O15, which was reported 

by Kudo et al. 63, was the first material that produced CO (61.4%) in excess of H2 with 

stoichiometric amounts of O2 evolved simultaneously. Recently, higher CO selectivity 

and photocatalytic activity was achieved by using Sr-doped NaTaO3 with Ag 

nanoparticles as the cocatalyst. Recently, Yoshida et al. reported Ag-loaded M2Ti6O13 (M: 

Na 64 and K 65) and CaTiO3 66 for the photocatalytic conversion of CO2 using H2O as the 

electron donor. However, these photocatalysts all require Ag nanoparticle cocatalysts for 

the generation of carbon products, thus revealing the crucial role of cocatalysts in the 

photocatalytic conversion of CO2 in the presence of H2O. 
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3. Cocatalysts Matter: Highly Selective Photocatalytic Conversion of CO2 Using 

H2O as the Electron Donor 

3.1 Metal Cocatalysts 

3.1.1 Comparison of Pt, Pd, Au, Cu, Zn, and Ag 

Although metals such as Pt 67, Pd 68, Au 69–71, Cu 72, and Zn 73 exhibit excellent 

performance in the electrochemical reduction of CO2, they have rarely been reported as 

cocatalysts for the photocatalytic conversion of CO2 in aqueous solution. Crucially, the 

H2 formation rates over these cocatalysts far exceed those of CO. Iguchi et al. recently 

compared a series of metal cocatalysts for the photocatalytic conversion of CO2 using 

H2O as the electron donor, including Pt, Pd, Au, Cu, and Ag 37, with ZnTa2O6, which was 

synthesized through a solid-state reaction method. The results indicated that trace 

amounts of CO were produced with Pt, Pd, Au, and Cu as cocatalysts, and only Ag 

nanoparticles yielded significant CO selectivity (43.4%). This was also confirmed by 

Pang et al. 36, who found that a Ag nanoparticle cocatalyst covered with a Cr(OH)3 shell 

on Ga2O3 produced CO at a rate of 480.3 μmol h-1. In contrast, when using Au, Pd, or Pt 

cocatalysts with a Cr(OH)3 shell, the CO formation rates were less than 0.5 μmol h-1.  

3.1.2 Ag Nanoparticles  

Thus, to date, only Ag nanoparticles have been shown to exhibit high selectivity and 

activity for the photocatalytic conversion of CO2 in aqueous solution, as shown by reports 

of their use with metal oxide photocatalysts based on Nb, Ti, Ta, and Ga. For example, 

Pang et al. 57 reported Ag-modified SrNb2O6, which yielded CO at a rate of 51.2 μmol h-

1 and had a CO selectivity of approximately 98.0%. In addition to Ag-loaded BLa4Ti4O15, 

La2Ti2O7 modified with Ag nanoparticles yielded a higher CO formation rate than that of 

H2 in pure water, as reported by Wang et al. 74. Moreover, Zhu et al. reported Ag-loaded 

Na2Ti6O13 64, which yielded a CO selectivity of 90.0%, and the selectivity exceeded 95.0% 

when the Ag nanoparticles were loaded on K2Ti6O13 
65 and CaTiO3 66. 

Ag nanoparticles loaded on NaTaO3 doped with alkaline earth elements, including 

Ca, Sr, and Ba, have also been shown to enhance the photocatalytic production of CO, 
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yielding a CO formation rate of 176 μmol h-1 and selectivities of greater than 90% 32. 

Similarly, Iguchi et al. 37 reported a Ag-loaded ZnTa2O6 photocatalyst having a CO 

selectivity of 43.4%. Wang et al. 75 also found that Ag nanoparticles on Zn-modified 

ZnTa2O6 resulted in excellent photocatalytic performance. Crucially, the H2 evolution 

activity was effectively suppressed. For other Ta-based photocatalysts such as Sr-doped 

Ta2O5 
33 and A2BTa5O15 (A = Sr or Ba and B = K or Na) 76–79, modification with Ag 

nanoparticles was also found to result in enhanced CO production with high selectivity. 

In contrast, the CO selectivities of Ag nanoparticles loaded on pristine Ga2O3 34,80–83 

have generally been reported to be lower than 50.0%, although higher activities can 

obtained compared with Ta-, Nb-, and Ti-based photocatalysts. Interestingly, a ZnGa2O4 

35 photocatalyst showed an excellent CO formation rate (155.0 μmol h-1) and CO 

selectivity (95%) when modified with a Ag nanoparticle cocatalyst. 

3.2. Factors Influencing the Performance of Ag Nanoparticles as Cocatalysts  

3.2.1 Additives 

NaHCO3 plays an important role in photocatalysis using Ag nanoparticle cocatalysts 

for the conversion of CO2 to CO using H2O as the electron donor. For example, Kudo et 

al. 32 compared the performance of Ag-loaded Sr-doped NaTaO3 for the production of CO 

with and without NaHCO3: 176.0 μmol h-1 CO was produced in the presence of NaHCO3, 

whereas no CO was evolved without NaHCO3. Pang et al. 84 systematically investigated 

the role of NaHCO3 over Ag-loaded SrNb2O6 by comparing the performance of this 

catalyst system in the presence of various additives, including Na2CO3, NH4HCO3, 

Na2CO3, NaOH, Na2HPO4/NaH2PO4, and Na2CO3/CO2. It was concluded that the 

dissociation of HCO3
− to CO2, which was then captured by the Ag nanoparticles, was the 

critical step resulting in the high CO evolution activity.  

3.2.2 Photocatalyst Surface Properties 

The performance of Ag nanoparticles as cocatalysts is significantly affected by the 

photocatalyst surface properties. For example, the CO selectivity of Ta2O5 with a Ag 

nanoparticle cocatalyst was promoted from 18.0% to 68.0% on doping with 0.5 mol% 
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SrO 33. The positive influence of Sr on the photocatalytic performance was confirmed by 

in situ Fourier transform infrared (FT-IR) spectroscopy measurements of Ag-loaded 

Sr1.6K0.37Na1.43Ta5O15 76 during the photocatalytic conversion of CO2 using H2O as the 

electron donor. The characteristic bands located at 1210, 1565, and 2146 cm−1 indicated 

that the active Sr sites favored the monodentate adsorption of bicarbonate species, which 

were subsequently transformed to bidentate carbonates and CO. In addition, doping with 

alkali metals to yield Ca- Ga2O3 85, Zn-ZnTa2O6 75, and Zn-Ga2O3 86 photocatalysts has 

been shown to improve the performance of Ag nanoparticles for this photocatalytic 

reaction. 

Tatsumi et al. 34 investigated the performance and CO selectivity of a photocatalytic 

system involving Ag nanoparticles on rare-earth-element-doped Ga2O3. Pr and Ce 

promoted the CO selectivity significantly, whereas Y, La, Nd, Sm, Gd, Dy, Ho, Er, Yb, 

and Eu yielded limited selectivity enhancement. In particular, for a Ag-nanoparticle-

modified K2BTa5O15 photocatalyst87 (B = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, 

Tm, Yb, Lu, and Sc), it was found that La, Nd, Sm, Gd, Dy, Ho, Y, and Er had a positive 

effect on the CO selectivity. The similar effects of these elements on the Ag nanoparticles 

confirmed that the photocatalytic conversion of CO2 using H2O was influenced by the 

surface properties of the photocatalysts.  

In some cases, the use of Ag nanoparticles does not result in the sufficient separation 

of the photogenerated electrons and holes; for example, pristine SrTiO3 (cubic shape) 88 

shows almost no activity for the photocatalytic production of CO from CO2 using H2O as 

the electron donor. However, electrons were successfully trapped by Ag nanoparticles on 

Al-doped SrTiO3, resulting in a significant enhancement in CO production. This is 

because Al doping induces an anisotropic morphology in SrTiO3, resulting in the electrons 

and holes being directed to the (100) and (110) facets, respectively. 

3.2.3 Sizes and Location of Ag Nanoparticles 

The properties and locations of the Ag nanoparticles are affected by the loading 

method. Wang et al. 35 compared the effects of several methods, including 
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photodeposition, chemical reduction, and impregnation, on the loading of Ag 

nanoparticles on a ZnGa2O4 photocatalyst. As a result, the photodeposition method was 

found to yield the largest Ag nanoparticles (larger than 200 nm), whereas the formed 

particles were only 20–30 nm when produced by the impregnation method. Wang et al. 

also found that the chemical reduction method could deposit Ag nanoparticles randomly 

on Al-doped SrTiO3, whereas the photodeposition method selectively loaded Ag onto the 

(100) faces 89. In some cases, the locations of the Ag nanoparticles can change during 

reaction. For example, Ag nanoparticles randomly deposited on Al-doped SrTiO3 89 and 

rod-like SrNb2O6 57 by chemical reduction can move to specific facets on photoirradiation. 

3.2.4 Ag Nanoparticle Morphologies 

Hori et al. 90 compared the performance of single-crystalline Ag(111), Ag(100), and 

Ag(110) electrodes for the electrochemical reduction of CO2. The results showed that the 

(110) facet exhibited the highest partial current density for CO evolution. Ishida et al. 

attempted the electrochemical reduction of CO2 over an O3-treated Ag electrode 91 to 

investigate the effects of the facets. The results clearly indicated that larger amounts of 

the (111) facet would give a higher partial current density and faradaic efficiency for CO 

evolution. Lee et al. 92 found that better performance in the electrochemical reduction of 

CO2 could be achieved if the Ag electrodes had a coral-like nanostructure. In addition, Li 

93 and Wang et al. 94 reported that porosity has a positive influence on the performance of 

Ag electrodes. Unfortunately, the influence of the morphology of Ag nanoparticles on the 

photocatalytic conversion of CO2 using H2O has not been reported in detail to date. 

3.3. Dual Cocatalysts Based on Ag nanoparticles  

Ag-based dual-cocatalyst nanoparticles have been shown to affect the photocatalytic 

conversion of CO2 using H2O as the electron donor significantly. Pang et al. developed a 

strategy 81 in which a Cr(OH)3 shell was formed on Ag nanoparticles loaded on Ga2O3, 

and this resulted in a significant improvement in CO evolution, from 140.0 to 480.0 

μmol h-1. In addition, their studies indicated that the rate of CO formation is dependent 

on the thickness of the Cr(OH)3 shell 36. Wang et al. developed Ag-Co dual cocatalysts 42 
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using a chemical reduction method, and these species separately interacted with the (100) 

and (110) facets of Al-doped SrTiO3. Using X-ray absorption near edge structure 

(XANES) spectroscopy, the Co species was determined to be CoOOH, which is well 

known to have good O2 evolution performance. The CO evolution activity and selectivity 

over Al-doped SrTiO3 modified with the Ag-Co dual cocatalyst were approximately 52.7 

μmol h-1 and 99.8%, respectively, approximately 11.2-times as high as that over Ag 

nanoparticles alone. Recently, a series of Ag-M (M = Fe, Co, Ni, and Pt) dual cocatalysts 

was used to modify Al-doped SrTiO3 95, and it was found that the Ag-Fe dual cocatalyst 

clearly enhanced CO evolution. XANES characterization of the Fe K-edge showed that 

the Fe species derived from the photodeposition method was present as FeOOH. However, 

the Ag-Ni and Ag-Pt dual cocatalysts promoted the evolution of H2 rather than CO. 

Moreover, Zhu et al. 96 also found that a Ag-Mn dual cocatalyst loaded on K2Ti6O13 was 

more active for the production of CO from CO2 than the Ag nanoparticles alone. It was 

found that the Ag and Mn species were selectively photodeposited on the stems and ends, 

respectively, of the rod-like K2Ti6O13 97. 

4. Nonmetal Cocatalysts  

So far, only Ag nanoparticle cocatalysts have been shown to have broad applicability 

in the photocatalytic conversion of CO2 using H2O as the electron donor, and the 

contributions of nonmetal cocatalysts to the selective evolution of CO from this reaction 

have rarely been reported. Iguchi et al. found that Ni-Al layered double hydroxide (LDH) 

98 photocatalysts showed selectivity for CO2 conversion rather than H2 evolution in 

aqueous NaCl. By tuning the atomic ratio of Ni to Al, the selectivity for CO and CH4 

evolution were increased from 57.0% to 100.0%, although chloride ions were necessary 

as sacrificial reagents. Therefore, LDH compounds are promising cocatalysts for the 

selective photocatalytic conversion of CO2 using H2O as the electron donor. Recently, 

fluorinated Mg-Al and Ni-Al LDH photocatalysts have also been investigated 99, and 

these showed higher CO formation rates than the nonfluorinated photocatalysts. A wider 

series of M1-M2 LDH photocatalysts 100 including Co-M2, Ni-M2, Cu-M2, and Zn-M2 (M2 
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= V, Cr, Mn, and Fe) for the photocatalytic conversion of CO2 in 0.1 M aqueous NaCl 

solution were next studied, and it was found that the Co-M2, Ni-V, Cu-Mn, and Zn-V 

LDH photocatalysts have excellent selectivity for CO and CH4 (> 90%). The 

advantageous performance of LDH compounds was also observed when using Ag-loaded 

Ga2O3. Crucially, the modification of Ag-loaded Ga2O3 with Mg-Al LDH drastically 

improved the CO formation rate 80.  

According to Takemoto et al. 101, ZnGa2O4 prepared using a typical solid-state 

reaction has a Zn-rich surface. Interestingly, Wang et al. found that bare ZnGa2O4 

fabricated using a solid-state reaction method was capable of producing considerable 

amounts of CO (75.0 μmol h-1) 35. This observation implies that the Zn species favored 

the evolution of CO during the photocatalytic conversion of CO2 in the presence of H2O. 

This speculation was then confirmed by Wang et al. on a Zn-modified ZnTa2O6 

photocatalyst 75, for which a CO selectivity of approximately 76.0% was achieved. 

5. Outline of this Thesis  

This thesis is divided into three parts consisting of seven chapters that focus on the 

investigation of effective cocatalysts for the photocatalytic conversion of CO2 using H2O 

as the electron donor.  

Chapter 1 describes the influence of the in situ addition of Na2CrO4 on the 

photocatalytic conversion of CO2 in the presence of H2O over a ZnTa2O6 photocatalyst 

fabricated by a solid-state reaction. The in situ addition of chromates suppressed and 

enhanced the evolution of H2 and CO, respectively. Consequently, the selectivity toward 

CO was promoted.  

Chapter 2 introduces the effect of the in situ addition of chromate ions on H2 

evolution during the photocatalytic conversion of CO2 in the presence of H2O. Based on 

a series of comparison experiments, it was determined that the in situ addition of chromate 

ions suppressed the evolution of H2 when the photocatalyst surfaces were highly 

protonated. In contrast, the in situ addition of chromate ions was found to enhance H2 

evolution when the concentration of H+ was low near the photocatalyst surface. 
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Chapter 3 describes the use of zinc hydroxide as an abundant and universal 

cocatalyst for the selective photocatalytic conversion of CO2 in the presence of H2O. In 

this chapter, Zn(OH)2 was used to modify a series of photocatalysts, including ZnTa2O6, 

NaTaO3, Ga2O3, Ta2O5, ZnGa2O4, and SrTa2O6. As a result of the modification, the CO 

formation rates over these photocatalysts significantly increased. It was found that the 

dissolved Zn2+ ions in the reaction solution and the alkaline surface properties of the 

photocatalysts were critical in achieving the excellent photocatalytic activity of Zn(OH)2. 

Chapter 4 explores a series of Zn-based cocatalysts, including ZnGa2O4 and ZnSiO3, 

that are effective in improving the production of CO via the photocatalytic conversion of 

CO2 using H2O as the electron donor. The Zn-based cocatalysts showed broad 

applicability for CO production over Ta- and Ga-based photocatalysts, whereas they had 

almost no influence on Nb- and Ti-based photocatalysts. However, it was found that the 

performance of the Zn-based cocatalysts for the photocatalytic conversion of CO2 was 

affected by the counter anion in the cocatalyst (i.e., Zn(NO3)2, ZnAl2O4, and Zn(OH)2). 

Chapter 5 discusses Cd(OH)2 as an effective cocatalyst for the selective 

photocatalytic conversion of CO2 using H2O as an electron donor. The modification of 

ZnTa2O6 with Cd(OH)2 significantly suppressed and improved the evolution of H2 and 

CO, respectively. The Cd(OH)2 cocatalyst can be used with a wide range of photocatalysts, 

such as ZnGa2O4 and NaTaO3. Using ZnGa2O4 as an example, the photocatalytic 

mechanism of Cd(OH)2 was studied, and it was concluded the Cd2+ selectively protected 

the active sites for CO evolution from poisoning by O2 reduction reactions. 

Chapter 6 describes the strategies for tuning and optimizing the photocatalytic 

conversion of CO2 using H2O as the electron donor over photocatalysts comprising Ag 

nanoparticles loaded on NaTaO3 by photodeposition. In particular, the Ag nanoparticle 

size was tuned effectively by controlling the photodeposition time from 0.5 to 12 h. It was 

found that the use of larger Ag nanoparticles enhanced the CO selectivity. Further, Ag-

loaded NaTaO3 showed poor stability, even though the loading of Ag nanoparticles was 

optimized. This unexpected result arises from the morphological change to the Ag 
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nanoparticles from polycrystalline to single-crystalline. However, by modifying the Ag 

nanoparticles with chromium, stable CO selectivity with respect to time was achieved.  

Chapter 7 presents studies on the performance of Ag-loaded β-Ga2O3 for the 

photocatalytic conversion of CO2 using H2O as the electron donor. By using the 

appropriate loading method for the Ag nanoparticles, the CO selectivity over Ag-loaded 

β-Ga2O3 increased above 80%. The loading of Ag nanoparticles required to achieve high 

CO selectivities was much lower for the chemical reduction method (2 wt%) than that of 

the photodeposition method (8 wt%). By optimizing the amount of photocatalyst used in 

the reaction, the origin of the high selectivity for CO evolution of the Ag-loaded β-Ga2O3 

was found to be the selective poisoning of the active sites for H2 production by O2 

reduction reactions. As a result, the formation rate of CO far exceeded that of H2 when 

larger amounts of Ag-loaded β-Ga2O3 were used. 
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Part I 

The influence of in situ added chromate ions on the 

photocatalytic conversion of CO2 using H2O as an 

electron donor 
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Chapter 1 

Shift of active sites via in-situ photodeposition of chromate achieving highly 

selective photocatalytic conversion of CO2 by H2O over ZnTa2O6 

Abstract  

In-situ photodeposition of trace amounts of chromates was found effective in 

achieving high selectivity toward CO evolution over ZnTa2O6 for the photocatalytic 

conversion of CO2 by H2O. Photodeposited Cr(OH)3 produced CO at 6.3 μmol h−1 with a 

selectivity of 80%, while bare ZnTa2O6 shows a predominant activity in H2 production 

(22.0 μmol h−1 H2 vs. 1.2 μmol h−1 CO) with 0.1 g photocatalyst. ZnTa2O6, synthesized 

via a solid-state reaction method, contained two types of surfaces with stoichiometric and 

Zn-excessive Zn:Ta ratios, respectively. The stoichiometric surfaces were responsible for 

overall water splitting. By in-situ photodeposition of trace chromates during the reaction, 

the active sites of the synthesized ZnTa2O6 shifted from the stoichiometric to the Zn-

excessive surfaces and Cr(OH)3-modified Zn-excessive surfaces were found to evolve 

CO as the main product. 

 

 

 

 

 

 

 

 

 

 

 



24 
 

1. Introduction 

Humankind has been relying heavily on fossil fuels such as coal, petroleum, and 

natural gas since the first industrial revolution. With the development of our society, 

however, people have faced increasingly more challenges in the sustainability of energy 

sources 1 as well as environmental problems such as global warming. 2,3 In recent years, 

technologies based on solar energy utilization, such as photocatalytic H2O splitting, 4 

photovoltaic cells, 5 conversion of biomass 6 and CO2 7 have attracted considerable 

attention due to their sustainable and environment-friendly features. Among these 

technologies, the photocatalytic conversion of CO2 using H2O as an electron donor is 

particularly promising because it not only achieves recycling of energy but also produces 

useful intermediate chemical species such as CO, CHOOH, HCHO, CH3OH and CH4. 

This process requires at least two critical factors indicating a successful photocatalytic 

conversion of CO2: one is the selectivity toward CO2-derived chemicals (Equation (1)); 

the other is a balance between electrons and holes (e−/h+) generated by charge transfer 

(Equation (2)). 8 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100%   (1) 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) / 4RO2   (2) 

Rx in the equations represents the rate of formation of product x. The above expressions 

can be simplified as: 

Selectivity = 2RCO /(2RCO + 2RH2) × 100%   (3) 

e−/h+ = (2RCO + 2RH2) / 4RO2   (4) 

when only CO and H2 are produced with O2 during the photocatalytic conversion of CO2 

by H2O. 

However, H2O splitting always occurs as a competitive reaction against the 

photoreduction of CO2 8 because the redox potential (vs. SHE) of the proton (−0.41 V) is 
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more positive than that of CO (−0.52 V). To the best knowledges of the author, Ag-loaded 

BaLa4Ti4O15 reported by Kudo et al. 9 was the first photocatalyst showing selective 

formation of CO with a stoichiometric amount of O2 from H2O. Other compounds found 

effective in the photocatalytic conversion of CO2 using H2O as the electron donor were 

alkaline earth metal-doped NaTaO3 10 and Ta2O5, 11 Ga2O3, 12 ZnGa2O4, 13 CaMO3 (M: Ti 

14 or Zr 15), SrNb2O6, 16 Sr2KTa5O15, 17 Al-doped SrTiO3, 18 and La2Ti2O7; 19 however, it 

was necessary to modify them with metallic Ag nanoparticles as a cocatalyst. To improve 

selectivity in CO2 conversion, Iguchi et al. previously investigated various cocatalysts 

including Pt, Cu, Au, Ag, 20,21 Pd, 20 and Ni, 21 and found that only Ag could increase the 

selectivity toward CO evolution. 

On the other hand, Ag was reported as an ineffective cocatalyst in several instances, 

for example in 3 wt% Ag/Ta2O5 (18% CO selectivity), 11 1 wt% Ag/Ga2O3 (30%), 13 3 wt% 

Ag/SrZrO3 (10%), 15 and 3 wt% Ag/ZnTa2O6 (50%). 21 In sum, researchers still have 

insufficient information on possible methods to achieve a highly selective photocatalytic 

conversion of CO2. In particular, it is difficult to map a comprehensive mechanism for the 

specific reduction of CO2 rather than H2O in an aqueous solution. Therefore, here the 

author proposes a new strategy circumventing the limitations of Ag as a cocatalyst to 

improve the selectivity toward the reduction products of CO2 such as CO. Because the 

reduction of CO2 competes with that of protons, the author has hypothesized that the 

active site for H2 production should be covered. This can be achieved using oxometallate 

ions such as chromate (CrO4
2−), permanganate (MnO4

−), and vanadate (VO4
3−), which 

possess a more positive redox potential than the proton and are reduced to MOxHy (M: 

Cr, Mn or V) on the surfaces of photocatalysts under photoirradiation. Notably, these 

hydroxide species are generally water-insoluble. According to newly developed method, 

the in-situ photodeposition of oxometallate ions can suppress H2 evolution significantly 

and simultaneously promote the selectivity toward CO evolution. 

2. Experimental Section 

2.1. Preparation of ZnTa2O6 
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ZnTa2O6 used in this work was synthesized by a typical solid-state reaction (SSR) 

method, in which stoichiometric amounts of ZnO (99.0%, Wako, Japan) and Ta2O5 

(99.9%, High Purity Chemicals, Japan) were impregnated with 5 mL pure water and 

ground in an aluminum mortar for 1 h. The wet mixtures were dried at 383 K for 1 h and 

then transferred to an aluminum crucible for 50 h of calcination at 1273 K under air 

atmosphere. The obtained sample was named ZTO_50A (where “A” stands for “air 

atmosphere”). For comparison, a series of samples including ZTO_12A, ZTO_12N 

(where “N” stands for “nitrogen atmosphere”), and ZTO_12A/(0.95) were synthesized by 

controlling the atmosphere composition, calcination time, and ZnO/Ta2O5 ratio. 

Specifically, ZTO_12A was obtained in the same conditions as ZTO_50A except the 

calcination time, which was reduced to 12 h. ZTO_12N and ZTO_12A/(0.95) were 

prepared in nitrogen atmosphere instead of air, and with 5 mol% less ZnO in the starting 

reagents, respectively. 

2.2. Reaction procedure 

The photocatalytic conversion of CO2 using H2O as an electron donor was carried 

out at approximately 298 to 303 K and ambient pressure in an inner irradiation reactor 

with a quartz jacket connected to cooling water. The light source was a 400 W high-

pressure mercury lamp (Sen Lights Corp.). ZTO_50A (0.1 g) was added to 1.0 L aqueous 

solution containing NaHCO3 (99.5%, Wako, Japan). If necessary, various cocatalyst 

precursors, including Na2CrO4·4H2O (99.0%), K2CrO4 (99.0%), Na2Cr2O7·2H2O (99.0%), 

Cr(NO3)3·9H2O (99.9%), CrCl3·6H2O (99.5%), Na2MoO4·2H2O (99.0%), Na3VO4 

(90.0%), and KMnO4 (99.3%) were added into the suspension before photoirradiation. 

All these reagents were purchased from Wako Corporation. The concentrations of 

NaHCO3 and cocatalyst precursors varied depending on the specific experiments. Air was 

purged from the system using CO2 (5 N) gas at a flow rate of 60 mL min−1 before 

photoirradiation. Then, the CO2 flow rate was shifted to 30 mL min−1
 during reactions. 

Gaseous products (e.g., H2, O2, and CO) were detected by two GC-8A gas 

chromatographs (Shimadzu Corp.) equipped, respectively, with a thermal conductivity 
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detector (carrier gas: Ar) and a methanizer-connected flame ionization detector (carrier 

gas: N2). 

2.3. Characterization of photocatalysts 

The morphology of the synthesized ZTO_50A was examined using field emission 

scanning electron microscopy (FE-SEM, SU-8220, Hitachi High-Technologies) at an 

accelerating voltage of 3.0 kV and emission current of 10 μA. An energy dispersive X-

ray spectroscopy (EDS) unit was employed to determine the atomic ratio of Zn, Ta, and 

Cr elements at different positions on the surface of ZTO_50A. The accelerating voltage 

for this measurement was set at 15.0 kV. X-ray diffraction (XRD) patterns of the 

photocatalyst were obtained with a Rigaku Ultima IV powder diffractometer using a Cu 

Kα radiation generated in the working conditions of 40 kV and 40 mA. UV-vis diffuse 

reflectance spectroscopy (UV-vis DRS) was performed on a JASCO V-670 spectrometer 

to confirm the absorption properties of the photocatalysts. The chemical states of various 

elements were characterized by means of X-ray photoelectron spectroscopy (XPS) on an 

ESCA 3400 instrument (Shimadzu Corp.); the applied voltage and emission current in the 

experiments were set at 10 kV and 20 mA, respectively. The amount of Cr species 

photodeposited on ZTO_50A after the reaction was determined via X-ray fluorescence 

spectroscopy (XRF, EDX-8000, Shimadzu Corp.) under ambient pressure at room 

temperature. 

3. Results and Discussion 

3.1. Composition and formation mechanism of ZTO_50A 

The UV-vis DRS of synthesized ZTO_50A revealed an absorption edge of ZnTa2O6 

located at approximately 280 nm as shown in Figure 1a, corresponding to a band gap of 

4.4 eV in agreement with the previous report. 21 Figure 1b shows the experimental XRD 

pattern of ZTO_50A compared with that present in the ICSD database (# 36289). The 

characteristic peaks of the ZnTa2O6 phase are clearly observed from the pattern, which 

indicates ZnTa2O6 was successfully synthesized. In addition, impurity component was 

found at approximately 26.6°, 34.7°, 38.0°, and 52.5°. For the identification of the 
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impurity, the author compared the diffraction peaks of the impurity with XRD patterns of 

TaO2 (ICSD # 60627), TaO1.7 (ICSD # 60148), and TaO1.6 (ICSD # 20499) (Figure 2). It 

is found that XRD pattern of the impurity are fairly consistent with TaO2, but slightly 

shifted to lower 2 theta values. A similar shift was observed in TaO1.6 in relation to TaO1.7. 

Thus, the impurity contained in the ZTO_50A sample was identified as TaO2-δ. This 

phenomenon was probably caused by the poor mobilities of Zn and Ta ions during SSR. 

The presence of TaO2-δ indicated that some unconverted ZnO remained in ZTO_50A 

because stoichiometric amounts of ZnO and Ta2O5 were used in the starting reagents. As 

displayed in Figure 1c, the peaks derived from the TaO2-δ phase in ZTO_12A showed 

relatively stronger intensities compared with those observed in ZTO_50A. This suggests 

that TaO2-δ was likely a transition compound which was slowly converted into ZnTa2O6 

during calcination. On the other hand, a considerably higher content of TaO2-δ was noticed 

in sample ZTO_12N, indicating that a lack of oxygen suppressed the formation of 

ZnTa2O6. In addition, the XRD pattern of sample ZTO_12A/(0.95) revealed that a high 

content of TaO2-δ phase formed when using 5 mol% deficient ZnO in the starting materials. 

Based on the set of experiments, the formation mechanism of ZnTa2O6 in the SSR method 

can be illustrated according to Equations (5) to (7):  

ZnO + Ta2O5 → ZnTa2O6    (5) 

2Ta2O5  → 4TaO2-δ + (1+2δ) O2   (6) 

2ZnO + 4TaO2-δ + (1+2δ)O2 → 2ZnTa2O6   (7) 

The three reactions above probably took place simultaneously during calcination. Ta2O5 

possibly underwent direct conversion into ZnTa2O6 by reacting with ZnO (Equation (5)), 

while it concurrently decomposed into TaO2-δ, which was also converted into ZnTa2O6 by 

further reacting with ZnO and O2 (Equations (6) and (7)). It should be noted that the 

decomposition of Ta2O5 into TaO2-δ was only observed when a mixed powder of ZnO and 

Ta2O5 was calcined. According to XRD analysis, TaO2-δ did not form if the author calcined 

Ta2O5 alone.  
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Figure 1. Characterization of ZnTa2O6 fabricated at 1273 K. (a) UV/vis diffuse reflectance 

spectra of ZTO_50A; (b) XRD patterns of ZTO_50A (black line) and reference pattern of 

ZTO (ICSD # 36289, red line); (c) XRD patterns of ZTO_50A (black line), ZTO_12A 

(red line), ZTO_12N (blue line), and ZTO_12A/(0.95) (green line). The insets in (b) and 

(c) are enlarged views of the peaks belonging to TaO2-δ (blue triangles). 

 

Figure 2. XRD patterns of (ⅰ) TaO1.6 (ICSD #20499), (ⅱ) TaO1.7 (ICSD #60148), (ⅲ) TaO2 

(ICSD #60627), (ⅳ) ZTO_12N, (ⅴ) ZTO_50A. 

 

3.2. Locations of TaO2-δ and ZnO 

No diffraction peaks attributable to unconverted ZnO were observed in the XRD 

pattern, suggesting the existence of ZnO in an amorphous or solid solution state. The 

unconverted ZnO did not form particles, as evidenced by the FE-SEM image of sample 
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ZTO_50A in Figure 3(a). Such a morphology indicates that ZnO was probably dissolved 

in the solid sample. Moreover, EDS mapping showed that the dispersion of unconverted 

ZnO on the surface was not the same in each site. Site A was characterized by a 

stoichiometric Zn:Ta ratio of approximately 1:2 (Figure 3(b)), while site B exhibited a Zn 

excess with a ratio of 1:1.55 (Figure 3(c)). Such inhomogeneity between sites could be 

caused by a poor mobility of Zn atoms in the calcination process, and this yielded the two 

types of surfaces observed in sample ZTO_50A. The binding energy of Ta 4f7/2 was 26.0 

eV (Figure 4a), indicative of the Ta5+ state. 22 There were no peaks in TaO2-δ 

corresponding to Ta4+, which is reported in the literature as being 1.3–1.6 eV lower than 

Ta5+. 23–25 The XPS profiles of Ta 4f in ZTO_50A (Figure 4a) and ZTO_12N (Figure 4b) 

could be deconvolved, even though several peaks assigned to TaO2-δ were observed in the 

XRD patterns; the peak fitting parameters are provided in the Table 1. This implies that 

TaO2-δ existed mainly in the bulk rather than on the surface of ZTO_50A, as depicted in 

Scheme 1.  

 
Figure 3. (a) FE-SEM image of ZTO_50A including sites A and B. EDS mapping on 

ZTO_50A (b) site A with atomic ratios of Ta and Zn 66.6% and 33.4% respectively, and 

(c) site B with atomic ratios of Ta and Zn 60.8% and 39.2%, respectively. 
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Figure 4. XPS (resolution: 0.1 eV) characterization of (a) Ta 4f in ZTO_50A, and (b) Ta 

4f in ZTO_12N. 

 

Table 1. Parameters for fitting peaks of Ta 4f in synthesized ZTO samples in CasaXPS 

software. Resolution: 0.1 eV. 

 
a ZTO_50A, b ZTO_12N. 
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Scheme 1. Compositions of synthesized ZTO_50A including surfaces with stoichiometric 

ratio of zinc to tantalum (black) and excessive zinc (red), respectively, and TaO2-δ (blue) 

in the bulk (grey) of ZTO_50A. 

3.3. In-situ photodeposition of Na2CrO4  

The author attempted to add several oxometallates, such as KMnO4, Na3VO4, 

Na2MoO4, and Na2CrO4, for the photocatalytic conversion of CO2 by H2O over ZTO_50A. 

These oxometallates would then be reduced on the surface (in-situ photodeposition). 

Table 2  shows the formation rates of H2, O2, and CO in the presence of the 

oxometallates. The author found that all the species derived from these precursors 

suppressed H2 evolution significantly, except for Na2MoO4 which is known to succeed in 

photocatalytic water splitting. 26,27 In particular, only Cr species derived from Na2CrO4 

promoted a distinct evolution of CO in the photocatalytic conversion of CO2 by H2O. 

Table 3 displayed the dispersions of in-situ photodeposited Cr species on two types of 

surfaces at various amounts of Na2CrO4. Photodeposited Cr species were only found on 

the stoichiometric-type surfaces on ZTO_50A when the added Na2CrO4 was less than 2.5 

μmol, according to the EDS mapping results. The priority in photodeposition of Na2CrO4 

was probably caused by the local circumstance near the stoichiometric surfaces. Zinc 

oxide has a reported point of zero charge at pH 9.2, 28 suggesting that the Zn-excessive 
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surfaces were probably more positively charged 29 than the stoichiometric ones in the 

reaction conditions (pH 6.87). In this case, the local pH near the latter should be 

correspondingly lower than in the former, as depicted in Scheme 2(a), so that the 

stoichiometric surfaces should be much more competitive in the reduction of protons and 

chromates, with both reactions being favored by the high concentration of protons. The 

chromate ions surrounding the Zn-excessive surfaces had a low probability of being 

reduced as their diffusion rate toward the stoichiometric surfaces was much faster than 

that of reduction.  

 

Table 2. formation rates of H2, O2 and CO over ZTO_50A with in-situ photodeposition of 

various oxometallates in the reaction. Photoirradiation time: 1.5 h, photocatalyst: 0.1 g, 

reaction solution: 1 L of 0.1 M NaHCO3 aqueous solution, flow rate of CO2: 30 mL min−1, 

light source: 400 W high-pressure Hg lamp. 
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Table 3. Atomic ratios of photodeposited Cr species with different amounts of added 

Na2CrO4 after reaction at Zn-excessive and stoichiometric sites on the surface of 

ZTO_50A. Photoirradiation time: 1.5 h; photocatalyst: 0.1 g; reaction solution: 1 L of a 

0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. (“n.d.” stands for “not detected”, average on 10 counts for each kind 

of site). 

 

The author was interested in the mechanism leading to the photodeposition of 

Na2CrO4 on Zn-excessive surfaces when its amount was higher than 3.5 μmol. XPS 

analysis of ZTO_50A after reaction in the Na2CrO4-containing solution revealed a 

binding energy peak at 576.5 eV attributable to Cr3+ (Figure 5(a)), while UV-vis DRS 

showed that the absorption spectrum of the photodeposited Cr species presented the same 

peaks as Cr(OH)3 (Figure 5(b)). This demonstrated that the in-situ photodeposited Cr 

species could exist in the form of Cr(OH)3, in agreement with the results obtained by 

Francoise et al. 30 at the same pH as in reactions of the author. On the other hand, Cr(OH)3 

exhibited a similar Zeta potential (+30 mV) 31 to ZnO (+35 mV) 29 according to Medina’s 

experiments at pH ≈ 7. The concentration of hydroxide ions in the local solution near the 

stoichiometric surfaces would inevitably increase upon deposition of positively charged 
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Cr(OH)3, as shown in Scheme 2(b). Consequently, the local pH near these surfaces 

gradually approached that near the Zn-excessive ones, and the two types of surfaces 

became equally competitive in the reduction of CrO4
2−. In this case, CrO4

2− could be 

reduced at the Zn-excessive surfaces as well. 

 

Scheme 2. (a) Proposed mechanisms on differences between stoichiometric and Zn-

excessive surfaces of ZTO_50A in photoreduction activities of chromate ions and protons. 

(b) Changes of photoreduction activities for chromate ions and protons on stoichiometric 

surface of ZTO after in-situ modification with Cr(OH)3. 
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Figure 5. Characterizations on photodeposited chromium species on the surface of 

ZTO_50A. (a) XPS measurement of Cr 2p on ZTO after photoreduction of CO2 by H2O 

with addition of 5 μmol Na2CrO4 in the reaction, (b) UV/vis diffuse reflectance spectra 

of bare ZTO_50A (black), Cr(OH)3 (red), Cr2O3 (blue) and ZTO_50A after reaction in 5 

μmol Na2CrO4 contained solution (black dash line). Photoirradiation time: 1.5 h, 

photocatalyst: 0.1 g, reaction solution: 1 L of 0.1 M NaHCO3 aqueous solution, flow rate 

of CO2: 30 mL min−1, light source: 400 W high-pressure Hg lamp. 

3.4. Performance in photocatalytic conversion of CO2 by H2O 

Figure 6 shows the dependence of the formation rates of gaseous products on the 

amount of Na2CrO4 corresponding to Table 3. The formation rate of H2 over bare 

ZTO_50A reached 22.0 μmol h−1, whereas only 1.2 μmol h−1 of CO was produced. The 

e−/h+ balance calculated from Equation (4) was close to 1.0, indicating that the electrons 

consumed for CO2 reduction were supplied by H2O rather than other sacrificial reagents 

such as carbon impurities on the photocatalyst. H2 evolution over ZTO_50A was 

significantly suppressed (22.0 vs. 12.8 μmol h−1) by adding just 1.0 μmol Na2CrO4 to the 

reaction solution. By increasing the amount of added Na2CrO4 to 10 μmol, the formation 

rate of H2 decreased to 1.3 μmol h−1, whereas that of CO was distinctly promoted from 

1.2 to 6.0 μmol h−1. Remarkably, the in-situ photodeposition of Na2CrO4 only suppressed 

H2 evolution without increasing CO evolution if its amount was lower than 2.5 μmol, 

even though Cr species were successfully photodeposited on the catalyst surface, as 
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determined by XPS (Figure 7). After the loading amount reached 3.5 μmol, the formation 

rate of CO was clearly enhanced and showed no variations for Na2CrO4 amounts higher 

than 5 μmol. Through a comprehensive comparison of the trends presented in Figure 6 

and Table 3, the author can conclude that H2 was produced mainly on the stoichiometric 

surfaces of bare ZTO_50A, and the active sites for the photocatalytic conversion of CO2 

by H2O were shifted from the stoichiometric to Zn-excessive surfaces during the in-situ 

photodeposition of Na2CrO4.  

 

Figure 6. Formation rates of H2 (blue), O2 (green), and CO (red), and selectivity (black 

dots) toward CO evolution over ZTO_50A with different amounts of Na2CrO4 in the 

reaction. Photoirradiation time: 1.5 h; photocatalyst: 0.1 g; reaction solution: 1 L of a 0.1 

M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp.  
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Figure 7. XPS characterizations of Cr 2p on photodeposited chromium species on the 

surface of ZTO_50A after photoreduction of CO2 by H2O with in-situ addition of 1 μmol 

(black), 2.5 μmol (blue) and 5 μmol (red) Na2CrO4 for the reaction, respectively. 

Photoirradiation time: 1.5 h, photocatalyst: 0.1 g, reaction solution: 1 L of 0.1 M NaHCO3 

aqueous solution, flow rate of CO2: 30 mL min−1, light source: 400 W high-pressure Hg 

lamp. 

3.5. Effect of UV/O3 treatment 
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Figure 8. Formation rates of H2 (blue), O2 (green), and CO (red), and selectivity (black 

dots) toward CO evolution. Samples A and C: ZTO_50A with addition of 1 and 2.5 μmol 

Na2CrO4, respectively; samples B and D: ZTO_50A treated by UV/O3 for 24 h with 

addition of 1 and 2.5 μmol Na2CrO4, respectively. Photoirradiation time: 1.5 h; 

photocatalyst: 0.1 g; reaction solution: 1 L of a 0.1 M NaHCO3 aqueous solution; CO2 

flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

On the other hand, the fact that the stoichiometric surfaces did not selectively 

produce CO like the Zn-excessive ones after the in-situ photodeposition of Na2CrO4 

remained unexplained. One possibility was that some unconverted ZnO on the Zn-

excessive surfaces could enhance the adsorption and activation of CO2 from the solution 

owing to its basicity. Such a speculation would be in agreement with the previous work, 

in which the author found that Sr oxide modifications on Ta2O5 11 and Zn doping on Ga2O3 

32 clearly enhanced the photoreduction of CO2 by H2O. However, unconverted ZnO on 

the Zn-excessive surfaces seemed not to be the only reason for its capability of CO2 

photoreduction by H2O. The author performed a UV/O3 annealing treatment on the 

synthesized ZTO_50A and then carried out CO2 photoreduction on the treated samples at 

the same conditions as done previously. Interestingly, the author found that the formation 

rate of CO over O3-treated ZTO_50A was promoted by the addition of 1 μmol Na2CrO4, 

as shown in Figure 8. Such a promotion effect was more visible when 2.5 μmol Na2CrO4 

was used, with a CO formation rate almost 3 times higher than that over untreated 

ZTO_50A. At the same time, EDS mapping still revealed the presence of photodeposited 

Cr species only on the stoichiometric surfaces of the O3-treated sample (Table 4). 

Evidently, the stoichiometric surfaces could also promote the evolution of CO after O3 

treatment. The UV/O3 annealing treatment was reported as a successful method to remove 

oxygen defects in Ta2O5 by Shinriki et al. 33 This suggested that lattice oxygen on the 

surface of ZTO_50A was also necessary for CO evolution. Stoichiometric surfaces 

modified with Cr(OH)3 did not exhibit CO evolution probably because they were rich in 



40 
 

oxygen defects. Surface oxygen in metal oxides has been considered to favor the chemical 

adsorption and activation of CO2, 17,34–36 in which one pair of electrons, acting as Lewis 

base, would be donated to positive carbon atoms to form a transition state. On the other 

hand, Cr(OH)3 is a known amphoteric compound and it can act as Lewis acid in catalysis. 

The importance of surface oxygen and its synergetic effect with modified Cr(OH)3 

implied that Lewis pairs, 37–40 which have been widely demonstrated to be excellent active 

sites for CO2 transformation, were probably responsible for the promotion of CO2 

photoreduction over ZTO_50A. It is interesting to discuss the difference in oxygen 

defects between the stoichiometric and Zn-excessive surfaces. As presented in Equations 

(5) to (7), a TaO2-δ phase formed during ZTO_50A synthesis: this impurity, consisting of 

low-valent Ta, would inevitably introduce oxygen vacancies into the structure. 41,42 On 

the other hand, these oxygen vacancies would be removed gradually by further reaction 

with ZnO in calcination. It was conceivable that oxygen vacancies could be removed 

more completely by a sufficient amount of surrounding ZnO, such as in Zn-excessive 

surfaces. In contrast, an insufficient content of ZnO would leave residual oxygen 

vacancies, such as in stoichiometric areas. 

Table 4. Atomic ratio of photodeposited chromium species after reaction at Zn-excessive 

and stoichiometric sites, respectively, on the surface of ZTO_50A treated by UV/O3 for 

24 h. Photoirradiation time: 1.5 h, photocatalyst: 0.1 g, reaction solution: 1 L of 0.1 M 

NaHCO3 aqueous solution, flow rate of CO2: 30 mL min−1, light source: 400 W high-

pressure Hg lamp. (“n.d.” stands for “not detected”, average on 10 counts for each kind 

of site).  
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3.6. The importance of pH and Cr precursors 

 

Figure 9. Formation rates of H2 (blue), O2 (green), and CO (red), and selectivity (black 

dots) toward CO evolution over ZTO_50A with (a) addition of 5 μmol Na2CrO4 in the 

reaction mixture at different pH tuned by various concentration of NaHCO3 additives, 

and (b) addition of 5 μmol of various Cr precursors at 0.1 M NaHCO3. Photocatalyst: 0.1 

g; CO2 flow rate: 30 mL min−1; volume of the reaction solution: 1 L; light source: 400 W 

high-pressure Hg lamp. (Step A in panel a: addition of 0.09 mol NaHCO3 to the reaction 

suspension containing 0.01 mol NaHCO3 for further reaction in 0.1# M NaHCO3 aqueous 

solution.) 
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Figure 10. (a) amount of loaded chromium species on ZTO_50A after in-situ 

photodeposition of 5 μmol Na2CrO4 at various concentration of NaHCO3, 

photoirradiation time: 1.5 h, photocatalyst: 0.1 g, flow rate of CO2: 30 mL min−1, volume 

of the reaction solution: 1 L, light source: 400 W high-pressure Hg lamp; (b) Calibration 

on amount of chromium elements for XRF characterization on EDX-8000. 

 

The reduction of added chromates was largely subjected to the pH value in the 

reaction solution. 43 Therefore, the author predicted that the pH value would also affect 

the formation rates of H2 and CO in the reactions. The different concentrations of 

NaHCO3 in aqueous solutions (0.01 to 1 M) were used to tune the pH for the 

photocatalytic conversion of CO2 by H2O, as shown in Figure 9(a). The pH values of the 

solutions increased from 6.81 to 7.60 while increasing the concentration of NaHCO3 from 

0.1 to 1.0 M. Following such a change, H2 evolution was promoted to approximately 9.3 

from 2.5 μmol h−1, while the formation rate of CO decreased to 0.7 from 6.0 μmol h−1. 
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This behavior can be explained by a suppression of the photodeposition of Cr species 

following the increase in pH. According to the XRF measurements shown in Figure 10, 

the loaded amount of Cr species decreased from 1.7 to 0.6 μmol with increasing pH. 

However, the formation rate of CO was abnormally low in 0.01 M NaHCO3 aqueous 

solution (pH 5.81) even though the amount of modified Cr species reached 4.3 μmol. 

Increasing the concentration of NaHCO3 to 0.1 M (column 0.1#) by adding 0.09 mol of 

NaHCO3 did not affect the CO formation rate, indicating that the factor of additive 

concentration was not the cause of such a low activity. EDS mapping revealed that Cr 

species were mainly photodeposited on the stoichiometric surfaces, which showed no 

activity in producing CO at a concentration of 0.01 M NaHCO3 as shown in Table 5. This 

implied that the location of photodeposited Cr species did not only depend on the amount 

of added Na2CrO4 but also on pH. Moreover, the Cr precursors used in this work were 

also a decisive factor for the suppression of H2 and promotion of CO. As presented in 

Figure 9b, the selectivity toward CO evolution depended on the types of chromate and 

dichromate salts. Employing Cr(VI) precursors is paramount to obtaining a high 

selectivity toward CO evolution, whereas Cr(III) precursors had only limited influence 

on H2 suppression. Cr(OH)3 was expected to deposit randomly on the surfaces of 

ZTO_50A upon hydrolysis of Cr(III) precursors based on its Ksp (7×10−31) at pH 6.8. This 

difference highlighted the importance of directional photodeposition of Cr species at 

reductive sites. 

 

Table 5. Atomic ratio of photodeposited chromium element on stoichiometric and Zn-

excessive surfaces of ZTO_50A, respectively, after photoreduction of CO2 by H2O in 0.01 

M NaHCO3 aqueous solution. Photoirradiation time: 1.5 h, photocatalyst: 0.1 g, volume 

of reaction solution: 1 L, flow rate of CO2: 30 mL min−1, light source: 400 W high-

pressure Hg lamp. (“n.d.” stands for “not detected”, average on 10 counts for each kind 

of site). 
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Based on above the discussion, the author proposes the following steps (Scheme 3) 

outlining the mechanism of selective photoreduction of CO2 by H2O on Cr(OH)3-loaded 

ZTO_50A: i) Cr(OH)3 was first formed on the surfaces with stoichiometric Zn:Ta ratio 

because of the lower local pH, and even though H2 evolution was prohibited, CO 

evolution was not enhanced in this stage due to the presence of oxygen defects on these 

surfaces; ii) Cr(OH)3 started to be deposited on the surfaces containing an excessive 

amount of ZnO because the two types of surfaces were equally competitive in the 

photoreduction of chromate ions when the stoichiometric ones were covered by Cr(OH)3, 

and CO evolution was promoted on Cr(OH)3-modified Zn-excessive surfaces.  

 

Scheme 3. Mechanism of highly selective CO2 photoreduction by H2O toward CO 

evolution over 0.1 g ZTO_50A achieved by in-situ photodeposition of Na2CrO4 in the 

reaction mixture. 

4. Conclusion 

The author successfully improved the formation rate of CO and selectivity toward 

CO evolution for the photocatalytic conversion of CO2 by H2O as an electron donor by 

developing a new strategy that does not make use of the widely employed Ag cocatalyst. 

Trace amounts of chromates were photodeposited in-situ on ZnTa2O6 fabricated via an 

SSR method during the reaction. As a result, the selectivity toward CO evolution was 



45 
 

achieved at 80% and the formation rate of CO (6.0 μmol h−1; 0.1 g) was maintained well 

in comparison with the previous data (obtained from 0.5 g of 3 wt% Ag-loaded ZnTa2O6 

which yielded 20.0 μmol h−1 of CO with a selectivity of approximately 50%). 21 The 

ZnTa2O6 photocatalysts fabricated in this study contained two types of active surfaces 

with stoichiometric and Zn-excessive Zn:Ta ratios, respectively. The active sites of the 

synthesized ZnTa2O6 shifted from stoichiometric to Zn-excessive surfaces during the in-

situ photodeposition of chromates.   
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Chapter 2 

Effect of the in situ addition of chromate ions on H2 evolution during the 

photocatalytic conversion of CO2 using H2O as the electron donor 

Abstract 

Chromium-based cocatalysts influence H2 evolution during the overall water 

splitting reaction in the photocatalytic conversion of CO2 in the presence of H2O as an 

electron donor. To clarify the mechanism by which chromium species promote or 

suppress H2 evolution, the reaction was carried out in the presence of α- and β-Ga2O3, 

NaTaO3, ZnTa2O6, and SrTa2O6 photocatalysts with the in situ addition of chromate ions. 

The author found that chromate ions suppress H2 evolution during the photocatalytic 

conversion of CO2 by H2O when the surface of the photocatalyst is highly protonated. 
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1. Introduction 

Sunlight is a sustainable energy source 1, making it an attractive replacement for 

fossil fuels in the battle against global warming 2. In particular, the direct utilization of 

solar energy is advantageous compared to the use of nuclear 3 and wind 4 energy because 

of its low environmental impact. Therefore, the development of technologies for the 

conversion of solar energy, such as photovoltaic cells 5, water (H2O) splitting 6, biomass 

production 7, and the photocatalytic conversion of carbon dioxide (CO2) 8–10, have drawn 

significant interest. In particular, the photocatalytic conversion of CO2 in the presence of 

H2O reduces the concentration of CO2, a powerful greenhouse gas, in the atmosphere and 

converts it to a valuable energy source or chemical feedstock via artificial photosynthesis. 

Equations (1) and (2) show that the photocatalytic conversion of CO2 in the presence of 

H2O must satisfy two criteria: a balance of consumed holes and electrons and high 

selectivity toward CO2 derived productions rather than H2 from H2O splitting.  

e-/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2  (1) 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100%  (2) 

In these equations, R represents the rate of formation of each product formed by the 

photocatalytic conversion of CO2 in the presence of H2O. Thus, the evolution of H2 should 

be suppressed as much as possible. Ag has been widely reported as an effective cocatalyst 

for enhancing the CO evolution while suppressing H2 evolution over Sr-doped NaTaO3 

11, CaTiO3 
12, Al-doped SrTiO3 

13, Ga2O3 14, ZnGa2O4 13, and SrNb2O6 
16. However, Ag 

nanoparticles do not always function as effective cocatalysts for the photocatalytic 

conversion of CO2 using H2O. In many cases, the evolution of H2 is dominant, even in 

the presence of CO2. Recently, Pang et al. found that the use of Ag/Cr core–shell 

cocatalysts to modify the surface of commercial Ga2O3 can decrease the H2 production 

activity, even though Pt/Cr, Au/Cr, and Pd/Cr core–shell cocatalysts significantly promote 

the evolution of H2 17. This phenomenon indicates that the effect of chromium species on 
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the evolution of H2 (suppression or promotion) depends on the specific photocatalysts 

and cocatalysts. However, the critical conditions under which chromium species suppress 

or enhance the evolution of H2 derived from overall water splitting, even in the presence 

of CO2, are not clear. 

Importantly, the evolution of H2 during the photocatalytic conversion of CO2 in the 

presence of H2O must be controlled to obtain high selectivity toward CO evolution. 

However, it is necessary to clarify how chromium species promote or suppress the 

evolution of H2. In previous work, the author found that the in situ addition of chromate 

ions suppressed the rate of formation of H2 almost completely during the photocatalytic 

conversion of CO2 using H2O as the electron donor over ZnTa2O6 synthesized through a 

solid-state reaction 18. As a result, the selectivity for CO evolution increased significantly. 

Unfortunately, the chromate ions added to the reaction solution did not always suppress 

the evolution of H2 during the photocatalytic conversion of CO2 by H2O over a few 

photocatalysts, such as commercial Ga2O3. These findings indicate that control over the 

surface properties of photocatalysts is important when using chromate ions as H2 

evolution inhibitors. Therefore, in this study, the author investigated the relationship 

between chromate ions and the surface properties of photocatalysts to obtain high 

selectivity toward CO evolution for the photocatalytic conversion of CO2 using H2O. 

2. Experimental section 

2.1. Photocatalyst preparation  

All reagents used for the synthesis of the main photocatalysts are listed in Table 1. 

Except for the commercial photocatalysts, the main photocatalysts used in this study were 

fabricated by solid-state reaction (SSR) or flux methods. Details of each photocatalyst are 

listed in Table 2.  
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Table 1. Reagents used in this work. 

 

Table 2: Synthesis of the main photocatalysts used in this work. 

 
 

2.2. Photocatalyst characterization  

The structures of the main photocatalysts synthesized in this work were determined 

by X-ray diffraction (XRD) measurements using a Rigaku Ultima IV powder 

diffractometer with Cu-Kα radiation generated at a voltage of 40 kV and a current of 40 
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mA. The step size for characterizations was set as 0.02°. 

2.3. Photocatalytic experiments 

The photocatalytic conversion of CO2 by H2O over the photocatalysts was conducted 

in an inner irradiation reactor equipped with a quartz jacket connected to a cooling system. 

The reaction temperature was controlled from 298 to 303 K. The light source was a 400-

W high-pressure mercury lamp (Sen Lights Corp.). For reaction, the photocatalyst was 

added to the reactor, and 60 mL min-1 CO2 (5N) was added to purge residual air from the 

system. Subsequently, the flow rate of CO2 was shifted to 30 mL min-1
 during 

photoirradiation. The products (H2, O2, and CO) were detected by a thermal conductivity 

detector (TCD) or flame ionization detector (FID) in a GC-8A gas chromatograph 

(Shimadzu). 

3. Results and Discussion 

3.1. Photocatalysts fabricated via SSR  

 

Figure 1. X-ray diffraction patterns (black and red lines are the patterns of the sample and 
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ICSD card, respectively) of fabricated (a) SrTa2O6, (b) ZnTa2O6, (c) NaTaO3, and (d) 

commercial Ga2O3. For (d), ICSD patterns of α-Ga2O3 (red) and β 

-Ga2O3 (blue) are shown. 

 

Figure 1 shows the XRD patterns of the target photocatalysts used in this study. Trace 

amounts of TaO2－δ and Sr2Ta2O7 impurities were observed in the patterns of the ZnTa2O6 

and Sr2Ta2O6 samples (Figures 1(a) and 1(b), respectively). The presence of TaO2－δ 

implies that the ZnO used in the precursor was not completely converted to ZnTa2O6 

during SSR. However, peaks corresponding to unconverted ZnO were not observed in the 

XRD pattern of ZnTa2O6 synthesized by SSR. This indicates that the remaining ZnO 

probably exists in the form of a solid solution with ZnTa2O6. Because ZnO possesses a 

positive zeta potential 19 at neutral pH, it should be protonated during the photocatalytic 

conversion of CO2 in the presence of H2O (pH 6.8). Because the molar ratio of Sr to Ta 

in the precursor for the synthesis of SrTa2O6 was 1:2, the formation of Sr2Ta2O7 in the 

obtained SrTa2O6 suggests that the mobility of the Sr species was poor during calcination. 

This would inevitably result in the SrO species not being completely converted into 

SrTa2O6, similar to the unconverted ZnO in ZnTa2O6. Therefore, the SrTa2O6 synthesized 

by the SSR method would also possess a positive zeta potential during the reaction 

because SrO species bind protons strongly 20. In contrast, a pure phase of NaTaO3 was 

successfully obtained, as shown in Figure 1(c), because the Na2CO3 precursor acted as 

the flux reagent owing to its low melting point. By comparing the relative intensities of 

the (100) and (110) peaks at 22.8 °and 32.5°, respectively, the space group of the 

synthesized NaTaO3 was determined to be Pbnm which indicated that the unit cell of 

NaTaO3 was in the orthorhombic symmetry. Figure 1(d) clearly reveals that commercial 

Ga2O3 contains both α and β phases, possibly because of the moderate calcination 

temperature used for synthesis. In particular, it has been reported that the use of low 

calcination temperatures results in the formation of α-Ga2O3, which can be easily 

converted into the β phase if the calcination temperature is increased 21. 
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Figure 2. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 in H2O with and without Na2CrO4 

in the reaction solution over (a) ZnTa2O6, (b) SrTa2O6, (c) NaTaO3, and (d) commercial 

Ga2O3 catalysts. Photoirradiation time: 0.5 h per unit Na2CrO4; amount of main 

photocatalyst: 0.5 g; reaction solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 flow rate: 

30 mL min-1; light source: 400-W high-pressure Hg lamp. Na2CrO4 was added in situ 
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without treatment into the reaction solution containing the photocatalysts. 

 

Figure 2 shows the rates of H2, O2, and CO formation and the CO evolution 

selectivity for the photocatalytic conversion of CO2 in the presence of H2O over the 

photocatalysts with and without Na2CrO4 in the reaction solution. The H2 production 

activity of ZnTa2O6 was 13.6 μmol h-1, whereas this was reduced to 3.8 μmol h-1 after the 

addition of 30 μmol Na2CrO4, as shown in Figure 2(a). Correspondingly, the selectivity 

for CO evolution increased from 45.2% to 92.3%. As shown in Figure 2(b), H2 evolution 

was suppressed over SrTa2O6 (from 768 to 157 μmol h-1) after the addition of Na2CrO4. 

However, the CO evolution selectivity did not increase significantly because the activity 

was too low. Similarly, the rate of H2 formation visibly decreased owing to the presence 

of Na2CrO4 in the case of NaTaO3 (93.4 to 35.8 μmol h-1), as shown in Figure 2(c), and 

commercial Ga2O3 (125–27.8 μmol h-1) in Figure 2(d). The suppression effect of the rate 

of H2 formation could be observed every addition of chromate ion as shown in Figure 3, 

although the rate of H2 formation was gradually increased. 

 
Figure 3. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 in the presence of H2O with 15 to 

45 μmol Na2CrO4 in the reaction solution over bare NaTaO3. Photocatalyst: 0.5 g; reaction 
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solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 flow rate: 30 mL min-1; light source: 400-

W high-pressure Hg lamp. 

 

3.2. Photocatalyst fabrication  

As described in Section 3.1, the addition of chromate ions to the reaction solution 

suppresses the evolution of H2 over various photocatalysts. To clarify the critical factors 

affecting H2 evolution, the author attempted to synthesize ZnTa2O6 and SrTa2O6 samples 

using an H3BO3 flux to change the surface properties of the photocatalysts. Figure 4 

shows the XRD patterns of ZnTa2O6 and SrTa2O6 synthesized by the SSR and flux 

methods. ZnTa2O6 fabricated by the flux method did not contain TaO2－δ impurities, unlike 

those synthesized by SSR. A pure SrTa2O6 phase was also obtained by the H3BO3 flux 

method, as shown in Figure 4(b). Thus, the author succeeded in fabricating pure phases 

of ZnTa2O6 and SrTa2O6 using the flux method. 

 

Figure 4. XRD patterns of (a) ZnTa2O6 and (b) SrTa2O6 synthesized by SSR (blue), the 

flux method (black), and the reference pattern from the ICSD database (red), respectively. 

The peaks corresponding to impurities are marked by arrows. 
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Figure 5. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 by H2O with and without Na2CrO4 

in the reaction solution over (a) ZnTa2O6 and (b) SrTa2O6 synthesized via the H3BO3 flux 

method. Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction solution: 1.0 L 

of 0.1 M aqueous NaHCO3; CO2 flow rate: 30 mL min-1; light source: 400-W high-

pressure Hg lamp. Na2CrO4 was added in situ without treatment into the reaction solution 

containing the photocatalysts. 

 

Figure 5 shows the rates of H2, O2, and CO formation and CO evolution selectivity 

for the photocatalytic conversion of CO2 in the presence of H2O with and without 

Na2CrO4 in the reaction solution. The chromate ions added to the reaction solution 

promoted the evolution of CO from 11.2 to 31.0 μmol h-1 during the photocatalytic 

reaction, but the evolution of H2 was not suppressed (22.0 vs. 23.2 μmol h-1) over 

ZnTa2O6 from the flux method Figure 5(a). A similar phenomenon was observed for 

SrTa2O6 fabricated using the flux method, as shown in Figure 5(b): the H2 formation rate 

was 505.1 μmol h-1 before the addition of chromate ions, and there was almost no change 

after the addition of 30 μmol of chromate ions (497 μmol h-1). Compared to the samples 
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synthesized by SSR, there were no impurities (unconverted ZnO and SrO) that would 

have positive zeta potentials during the surface reactions of the ZnTa2O6 and SrTa2O6 

samples fabricated by the flux method. This resulted in a low degree of protonation on 

the surface of the photocatalyst. Possibly, trace amounts of boron species from the H3BO3 

flux reagent remain on the surfaces of the photocatalysts fabricated by the flux method, 

even though the samples were washed with hot water after calcination, and these species 

suppressed the protonation of the surfaces during reaction because of the strong bonds to 

surface OH－ groups.  

3.3. Amount of photocatalyst 

Based on the discussion in Section 3.2, the author speculates that the degree of 

surface protonation is key to suppressing the evolution of H2, and this is likely dependent 

on the amount of photocatalyst. Further, the rate of H2 formation is affected by the 

addition of chromate ions during the photocatalytic conversion of CO2 in the presence of 

H2O.  

Indeed, as shown in Figure 6(a) for the commercial Ga2O3 catalyst, the rate of H2 

formation during the photocatalytic conversion of CO2 in the presence of H2O is 

dependent on the amount of photocatalyst. Specifically, 0.1 g of commercial Ga2O3 

produced H2 at a rate of 281.0 μmol h-1, but, unexpectedly, the rate decreased when a 

larger amount of catalyst was used: 0.5 and 1.5 g of commercial Ga2O3 produced only H2 

at 125 and 96.7 μmol h-1, respectively. This finding indicates that the backward reaction 

from H2 and O2 to H2O is favored in the presence of a large amount of this catalyst. In 

particular, the oxidation of H2 produces large numbers of protons on the surface; thus, the 

degree of protonation on the surface is expected to increase when a large amount of 

commercial Ga2O3 is used. Surprisingly, the rate of H2 formation was improved from 281 

to 552 μmol h-1 on adding chromate ions when relatively low amounts of photocatalyst 

(0.1 g) were used, as shown in Figure 6(b) Compared to the data in Figures 2(d), those in 

Figure 6(b) show that the addition of chromate ions had the reverse effect when a large 

amount of photocatalyst was used (0.5 g in Figure 2(d)). 
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Figure 6. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 in the presence of H2O in the 

reaction solution over (a) commercial Ga2O3 without Na2CrO4 and (b) 0.1 g commercial 

Ga2O3 with and without Na2CrO4. Photoirradiation time: 0.5 h per unit Ga2O3 and 

Na2CrO4; reaction solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 flow rate: 30 mL min-

1; light source: 400-W high-pressure Hg lamp. Na2CrO4 was added in situ without 

treatment into the reaction solution containing the photocatalysts. 

 

3.4. Type of photocatalyst 

The discussion in Sections 3.1 to 3.3 suggest that the in situ addition of chromate 

ions to the reaction solution suppresses the evolution of H2 during the photocatalytic 

conversion of CO2 in the presence of H2O when the surfaces of the photocatalysts are 

highly protonated. To confirm this conclusion, the author synthesized α-and β-Ga2O3 via 

SSR because Ga2O3 has highly positive 22 (α-phase, H+ adsorbed) and negative 23 (β-phase, 

OH－ adsorbed) zeta potentials at neutral pH. Figure 7 shows the XRD patterns of the α-

and β-Ga2O3 catalysts fabricated in this study. After synthesizing pure α- and β-Ga2O3, 

the photocatalytic conversion of CO2 in the presence of H2O was performed, as shown in 
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Figure 8. Clearly, the addition of chromate ions to the reaction solution suppressed H2 

evolution over α-Ga2O3: H2 formation decreased from 320 to 178 μmol h-1. Interestingly, 

in the case of β-Ga2O3, the author observed the opposite trend. and the H2 formation rate 

visibly increased from 263 to 671 μmol h-1 after the addition of chromate ions to the 

reaction solution. The comparable results over α-and β-Ga2O3 which have relatively high 

and low degrees of protonation, respectively, are consistent with the results presented in 

Sections 3.1 to 3.3. 

 

Figure 7. XRD patterns of (a) α- (black) and (b) β-Ga2O3 (red) fabricated by SSR. 
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Figure 8. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 in the presence of H2O with and 

without Na2CrO4 in the reaction solution over (a) α- and (b) β-Ga2O3. Photoirradiation 

time: 0.5 h; amount of photocatalyst: 0.5 g; reaction solution: 1.0 L of aqueous 0.1 M 

NaHCO3; CO2 flow rate: 30 mL min-1; light source: 400-W high-pressure Hg lamp. 

Na2CrO4 was added in situ without treatment into the reaction solution containing the 

photocatalysts. 

 

3.5. Photocatalyst surface modification  

To reduce the degree of protonation on the photocatalyst surface, the author modified 

the photocatalysts with Al(OH)3 and Ga(OH)3 to scavenge adsorbed protons. The author 

attempted to modify SrTa2O6, NaTaO3, and ZnTa2O6 synthesized via SSR using 10 mol% 

Al(OH)3 and 10 mol% Ga(OH)3. Figure 9 shows the rates of H2, O2, and CO formation 

and the CO evolution selectivity during the photocatalytic conversion of CO2 in the 

presence of H2O with and without Na2CrO4 in the reaction solution over Al(OH)3/SrTa2O6, 

Ga(OH)3/ZnTa2O6, and Ga(OH)3/NaTaO3. As shown in Figures 2(b) and 9(a), the H2 

formation rate over SrTa2O6 prepared by SSR increased significantly from 768 to 
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1680 μmol h-1 after modification with Al(OH)3 and from 1680 to 2670 μmol h-1 after the 

in situ addition of Na2CrO4. The Ga(OH)3-modified ZnTa2O6 fabricated by the SSR 

method resulted in a high rate of H2 formation (195 μmol h-1) after the in situ addition of 

chromate ions into the reaction solution, as shown in Figure 9(b). Similarly, the H2 

formation rate over Ga(OH)3-modified NaTaO3 fabricated by SSR was promoted from 

12.0 to 71.3 μmol h-1 after the in situ addition of chromate ions into the reaction solution 

in Figure 9(c). The rate of H2 formation was increased to approximately 900 μmol h-1 and 

then became stable (Figure 10). 

 

Figure 9. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution selectivity 

(black dots) for the photocatalytic conversion of CO2 in the presence of H2O with and 

without Na2CrO4 in the reaction solution over (a) 10 mol% Al(OH)3- modified SrTa2O6, 

(b) 10 mol% Ga(OH)3- modified ZnTa2O6, and (c) 10 mol% Ga(OH)3- modified NaTaO3 

(all prepared by SSR). Photoirradiation time: 0.5 h per unit Na2CrO4; main photocatalyst: 

0.5 g; reaction solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 flow rate: 30 mL min-1; 

light source: 400-W high-pressure Hg lamp. Na2CrO4 was added in situ without treatment 

into the reaction solution containing the photocatalysts. 
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Figure 10. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution 

selectivity (black dots) for the photocatalytic conversion of CO2 in the presence of H2O 

with 15 μmol Na2CrO4 in the reaction solution over 10 mol% Ga(OH)3-decorated NaTaO3. 

Photocatalyst: 0.5 g; reaction solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 flow rate: 

30 mL min-1; light source: 400-W high-pressure Hg lamp. 

3.6. Proposed mechanism  

Based on a comparison of the results obtained with NaTaO3 and Ga(OH)3-modified 

NaTaO3, the author investigated the mechanisms by which the addition of chromate ions 

to the reaction solution has positive and negative influences on H2 evolution during the 

photocatalytic conversion of CO2 in the presence of H2O. First, the author obtained Cr 2p 

X-ray photoelectron spectra of NaTaO3 and Ga(OH)3-modified NaTaO3 after the addition 

of chromate ions (Figure 11). Peaks assigned to Cr 2p3/2 and Cr 2p1/2 (calibrated to the C 

1s at 284.6 eV) were observed at 576.5 and 586.5 eV, indicating that Cr3+ species were 

mainly formed on the surfaces of both NaTaO3 and Ga(OH)3-modified NaTaO3 after the 

reaction with added chromate ions. 

Figure 12 shows the UV-vis diffuse reflectance (DR) spectra of NaTaO3 and 

Ga(OH)3-modified NaTaO3 after the photocatalytic conversion of CO2 in the presence of 
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H2O and chromate ions. The peaks attributed to Cr(OH)3 were observed at 415 and 595 

nm for the Ga(OH)3-modified NaTaO3 after the reaction in the presence of chromate, 

indicating that Cr(OH)3 had been deposited on the surface. In addition, peaks at 375 nm 

were observed in the spectra of both samples after the reactions with added chromate ions. 

By comparison with UV-vis DR spectrum of NaTaO3 impregnated with Na2CrO4, the 

peaks were assigned to chromate ions adsorbed on the surface of the samples during 

reaction.  

To confirm the importance of the chromate ions adsorbed on the surfaces and 

dissolved in the reaction solution, the author carried out recycling tests over the NaTaO3 

and Ga(OH)3-modified NaTaO3. Figure 13 shows the rates of formation of H2, O2, and 

CO, as well as the CO evolution selectivity, for the photocatalytic conversion of CO2 in 

the presence of H2O with and without Na2CrO4 in the reaction solution. The rate of H2 

formation over NaTaO3 was significantly suppressed by the in situ addition of 15 μmol 

Na2CrO4 (from cycles 1 to 2, 96.1, to 27.6 μmol h-1, respectively). Between cycles, the 

chromate dissolved in the solution, which was not reduced to Cr3+, was removed from the 

reaction solution by filtration. Interestingly, the H2 formation rate improved markedly 

(from cycles 2 to 3, 27.6 to 58.4 μmol h-1, respectively) after filtration. Compared to cycle 

1, the H2 formation rate in cycle 3 was still suppressed. This was probably caused by the 

residual trace amount of chromate ions adsorbed on the surface of NaTaO3. Undoubtedly, 

the chromate ions dissolved in the solution and adsorbed on the surfaces are in adsorption 

equilibrium. However, between cycles, the chromate ions dissolved in the solution were 

removed by filtration, whereas the chromate ions adsorbed on the surfaces remained and, 

thus, contributed to the reaction in cycle 3. Then, some of the adsorbed chromate ions 

became dissolved in the solution during cycle 3 as adsorption equilibrium was maintained, 

resulting in only trace amounts of chromate being adsorbed on the surface of NaTaO3. 

Interestingly, the author found that the H2 formation rate decreased on the addition of a 

small amount of chromate, as shown in Figure 13(b). The chromate ions dissolved in 

solution also had the same influence on Ga(OH)3-modified NaTaO3 as on bare NaTaO3. 
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As shown in Figure 13(c), the H2 and CO formation rates decreased to 49.5 and 17.1 μmol 

h-1, respectively, after the removal of chromate ions by filtration.  

Based on the above discussion, the author proposes the following mechanism by 

which the in situ addition of chromate ions to the reaction solution influences the 

evolution of H2 during the photocatalytic conversion of CO2 in the presence of H2O (see 

Scheme 1). In this mechanism, three reactions including (1) the oxidation of H2O to O2, 

(2) the backward reduction of the produced O2 into H2O, and (3) the reduction of H+ to 

H2 proceed simultaneously, whereas the photocatalytic reduction of CO2 by H2O proceeds 

separately. After the in situ addition of chromate ions to the reaction solution, it was 

expected that the chromate ions which were adsorbed on the surface of bare NaTaO3 acted 

as recombination centers for the photogenerated electrons and holes (Scheme 1(a)), 

resulting in the suppression of overall photocatalytic activity. Subsequently, the amount 

of chromate adsorbed on the surface is decreased by filtration, and the H2 formation rate 

recovers. In the case of Ga(OH)3-modified NaTaO3, the chromate ions adsorbed on the 

surface were reserved as shells of Cr(OH)3 (Scheme 1(b)), which is a well-known 

chromate conversion coating (CCC) 24–26 used as a corrosion inhibitor for various metals. 

This corrosion inhibitor suppresses the backward reduction of the produced O2 to H2O; 

therefore, a greater number of electrons generated by charge transfer can move to the 

surface for the reduction of H+ and CO2. However, filtration to remove the chromate ions 

from the solution damages the corrosion inhibiting film, and the rates of formation of H2 

and CO decrease again. 
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Figure 11. X-ray photoelectron Cr 2p spectra of (a) NaTaO3 (red) and (b) Ga(OH)3-

modified NaTaO3 (black) after the photocatalytic conversion of CO2 in the presence of 

H2O with the in situ addition of chromate ions. 

 

Figure 12. UV-vis diffuse reflectance spectra of (a) NaTaO3 (black solid) and (b) 
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Ga(OH)3-modified NaTaO3 (blue solid) after the photocatalytic conversion of CO2 in the 

presence of H2O with the in situ addition of chromate ions and (c) commercial Cr2O3 (red 

dashed line), (d) synthesized Cr(OH)3 (blue dashed line), (e) NaTaO3 (green dashed line) 

impregnated with Na2CrO4, and (f) bare NaTaO3 (red solid line). 

 

Figure 13. H2 (blue), O2 (green), and CO (red) formation rates and CO evolution 

selectivity (black dots) for the photocatalytic conversion of CO2 in the presence of H2O 

with and without Na2CrO4 in the reaction solution. (a) Recycling tests over NaTaO3 and 

(b) NaTaO3 with the in situ addition of trace amounts of chromate. (c) Recycling tests 

over 10 mol% Ga(OH)3-decorated NaTaO3 fabricated by SSR. Photoirradiation time: 0.5 

h; main photocatalyst: 0.5 g; reaction solution: 1.0 L of 0.1 M aqueous NaHCO3; CO2 

flow rate: 30 mL min-1; light source: 400-W high-pressure Hg lamp. Na2CrO4 was added 

in situ without treatment to the reaction solution containing the photocatalysts. Cycle 1: 

the photocatalysts were used for the photocatalytic conversion of CO2 in the presence of 

H2O without the addition of chromate. Cycle 2: in situ addition of 15 μmol. Cycle 3: 

reactions after the removal of dissolved chromate by filtration. 
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Scheme 1. Proposed reaction mechanism showing the influence of in situ added chromate 

on (a) NaTaO3 and (b) Ga(OH)3-modified NaTaO3 during the photocatalytic conversion 

of CO2 in the presence of H2O. 

 

4. Conclusion 

The author investigated the effect of the in situ addition of chromate ions on the 

evolution of H2 during the photocatalytic conversion of CO2 in the presence of H2O over 

NaTaO3, Ga2O3, ZnTa2O6, and SrTa2O6 photocatalysts synthesized by different 

fabrication and modification methods. The results showed that the in situ addition of 

chromate ions suppressed the evolution of H2 when the photocatalyst surfaces were highly 

protonated. In particular, the highly protonated surfaces failed to form Cr(OH)3 when 

chromate ions were added during the photocatalytic reaction, and the chromate ions 

adsorbed on the surface of the photocatalysts acted as recombination centers for 

photogenerated electrons and holes. In contrast, the in situ addition of chromate ions was 

found to enhance the evolution of H2 during reactions when the concentration of H+ was 

low near the photocatalyst surface, and, under these conditions, hydroxides were 

generated on the surface. Subsequently, Cr(OH)3 was formed, and the chromate-adsorbed 

Cr(OH)3 shell on the surface acted as a corrosion inhibitor, suppressing the backward 
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reduction of the produced O2 into H2O.
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Part II 

Developments of non-metal cocatalysts for the 

photocatalytic conversion of CO2 using H2O as an 

electron donor 
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Chapter 3 

Development of zinc hydroxide as an abundant and universal cocatalyst for the 

selective photocatalytic conversion of CO2 by H2O 

 

Abstract  

New energy and material sources that replace fossil fuels are important to address 

growing energy and environmental concerns. In this regard, the catalytic conversion of 

CO2 using solar energy is especial advantageous from sustainability, safety, and 

environmental perspectives. To that end, the author shows that Zn(OH)2 functions as a 

good cocatalyst for the photocatalytic conversion of CO2 using H2O as the electron donor, 

despite only metal nanoparticles, such as sliver, previously shown to enhance activity. 

Carbon monoxide (CO) was selectively generated over a ZnTa2O6 photocatalyst prepared 

by the solid-state reaction method (i.e., ZnTa2O6(S)) modified with Zn(OH)2 as a 

cocatalyst. The rate of formation of H2, which is secondarily generated from H2O, was 

suppressed (from 32.8 to 5.8 μmol h−1), while the formation of CO was dramatically 

promoted (from 18.4 to 81.4 μmol h−1) by the incorporation of the cocatalyst. Zn ions 

dissolved in solution and an alkaline electrical double layer are believed to be important 

for the formation of Zn(OH)2 on the surface of ZnTa2O6(S). Zn(OH)2 showed good 

cocatalyst universality, with CO selectively generated on various typical photocatalysts, 

including NaTaO3, Ta2O5, and Ga2O3. 
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1. Introduction 

For many years much research effort has been directed toward finding new energy 

sources to replace fossil fuels that have dominated human life, including solar1, nuclear2, 

wind,3 and hydro4 energy, among others, a result of growing energy5 and environmental 

concerns6,7. Among these strategies, the conversion of solar energy is especial 

advantageous because it integrates sustainability and safety while not harming ecology. 

Silicon is now the most widely used material for the industrialization of solar-driven 

electricity8, despite its manufacture by the Siemens process9 being very expensive. In 

recent years, chemists have been interested in developing new pathways for the 

conversion of solar energy, including the production of hydrogen from water (H2O)10, the 

conversion of biomass11, carbon fuels from carbon dioxide (CO2),12 and perovskite 

photovoltaic cells13, among others. The photocatalytic conversion of CO2 into useful 

chemicals, including carbon monoxide (CO), formic acid (HCOOH), methanol (CH3OH), 

and methane (CH4) over a semiconductor photocatalyst with H2O as the electron donor is 

attractive because the products formed are useful in many fields, including organic 

synthesis and energy supply. On the other hand, the selective evolution of certain products, 

especially CO, which is a critical intermediate reagent, is quite important during the 

photocatalytic conversion of CO2 using H2O as the electron donor, as subsequent 

separation processes for the various evolved chemicals need to be avoided as far as 

possible from an economic perspective. Despite many kinds of material, including metal–

organic frameworks (MOFs)14, covalent organic frameworks (COFs)15, metal carbides,16 

and metal complexes17 reported to selectively evolve CO during CO2 photoreduction, 

these materials have very complicated structures and are difficult to synthesize, and few 

of them are able to function with H2O as the electron donor.  

Water splitting to evolve H2 always strongly competes with the reduction of CO2 to 

CO during the photocatalytic conversion of CO2 by H2O because the redox potential of 

the former (−0.41 V vs. SHE) is more positive than that of the latter (−0.52 V vs. SHE); 
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hence, only limited types of photocatalyst show high selectivity, as calculated by 

equation (1) for this reaction. In addition, the balance between the photogenerated 

electrons consumed by protons and CO2, and the holes extracted from H2O (e−/h+), as 

given by equation (2), is also a critical indicator of success for the photoreduction of CO2 

by H2O.  

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100% (1) 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2 (2) 

In equations 1 and 2, R represents the formation rate of each product formed by the 

photocatalytic conversion of CO2 by H2O. Unfortunately, researchers have achieved very 

little progress in this field if the works are confined to above mentioned two factors.  

To the best knowledges of the author, silver-cocatalyst-modified BaLa4Ti4O15, which 

was reported by Kudo et al.18, was the first photocatalyst to show high selectivity for the 

evolution of CO and HCOOH during the photoreduction of CO2 by H2O, with an e−/h+ 

balance close to one observed. Deeper investigations led to a variety of materials, 

including tantalum-based NaTaO3
19, Ta2O,20 and Sr2KTa5O15

21, titanium-based CaTiO3
22, 

La2Ti2O7,23 and SrTiO3
24, gallium-based Ga2O3

25,26, and ZnGa2O4
27 and SrNb2O6

28 found 

to effectively extract electrons from H2O for the photocatalytic conversion of CO2 into 

CO. However, these photocatalyst materials showed excellent CO-evolution activities 

only when used together with Ag as the cocatalyst. The specificness of Ag as the 

cocatalyst for the selective photocatalytic conversion of CO2 by H2O was further 

demonstrated in previous work, in which various cocatalysts, including Au, Cu, Pd, Pt, 

Ni, and Ag, were compared over ZnTa2O6
29, with only Ag shown to improve CO 

evolution.  

It would seem that no cocatalyst capable of outperforming Ag for the selective 

photocatalytic conversion of CO2 by H2O, from the perspectives of simplicity, economy, 

and universality, has been discovered to date. Single cocatalyst examples appear not to 
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provide sufficient fundamental clues for researchers to enable clear insight into the 

necessary conditions under which CO2 is effectively photocatalytically converted by H2O 

to be gained. Although Ag has been demonstrated to be an excellent material for both the 

photocatalytic and electrocatalytic30–32 conversion of CO2, the critical factors responsible 

for the reduction of CO2 remain largely unknown. Therefore, investigations leading to the 

development of excellent cocatalysts for the selective photoreduction of CO2 by H2O are 

somewhat overdue. 

Zn-based cocatalysts and electrodes are significantly superior to Ag from an 

economical perspective. Although Zn oxide and Zn electrodes with specific morphologies 

have already been demonstrated to effectively hydrogenate33,34 and electrocatalytic 

convert35–37 CO2 into CH3OH and CO respectively, Zn-based cocatalysts have not been 

shown to selectively photocatalytically convert CO2 by H2O. On the other hand, based to 

previous investigations, Zn species are known to have a certain attractive but unclear 

influence on CO-evolution activity during the photocatalytic conversion of CO2 by H2O. 

Bare Ga2O3 produced CO a rate of just 5.4 μmol h−1 (0.5 g)38, while Zn-modified Ga2O3 

promoted CO formation by a factor of almost three (20 μmol h−1, 0.5 g)39. Moreover, 

doping ZnTa2O6 with Zn species was also observed to enhance activity (9 vs. 19 μmol 

h−1)40, and nearly 80 μmol h−1 of CO was formed over ZnGa2O4
27 without any cocatalyst 

during the photocatalytic conversion of CO2 by H2O. These results reveal that Zn species 

are potentially promising cocatalysts for CO evolution during the photocatalytic 

conversion of CO2 by H2O.  

Herein, the author shows that Zn(OH)2 exhibits a significant ability to 

photocatalytically convert CO2 into CO by H2O on various photocatalysts, including 

ZnTa2O6, NaTaO3, and Ga2O3, among others. Compared to the Ag cocatalyst, high CO-

formation rates were obtained over the Zn(OH)2 cocatalyst; in particular, selectivity 

toward CO evolution over Zn(OH)2-decorated ZnTa2O6 fabricated by solid-state reaction 

exceeded 90%. To the best knowledges, the author reports for the first time that Zn(OH)2 

functions as an effective and universal cocatalyst for the photocatalytic conversion of CO2 
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by H2O.  

2. Experimental section 

2.1. Preparing ZnTa2O6 

A typical solid state reaction (SSR) with stoichiometric amounts of commercial 

Ta2O5 (99.9%, High Purity Chemicals, Japan) and ZnO (99.0%, Wako, Japan), as 

precursors, was used to synthesize ZnTa2O6. In detail, the two reagents were ground 

together in an aluminum mortar for 30 min, transferred to 200 mL of pure water, and 

sonicated for 50 min. The suspension was further mixed by stirring at room temperature 

for 50 min, after which the solid was collected by vacuum filtration. The wet powder was 

dried at 383 K for 1 h and then reground in 5 mL of pure water for 30 min. The wet 

mixture was collected and dried at 383 K, followed by calcination at 1273 K for 12 h. 

This sample is referred to as “ZnTa2O6(S)”.  

For comparison, ZnTa2O6 was also prepared using the ZnB2O4 flux method (referred 

to as “ZnTa2O6(F)”). In detail, ZnO, H3BO3 (99.5%, Wako, Japan), and Ta2O5 in a 

1.005:0.01:1 molar ratio was mixed and ground well in an aluminum mortar; the 

transformation is represented by equation (3). The mixture was calcined at 1273 K for 1 

h, and then at 1373 K for 2 h. The powder had condensed into a hard bulk solid during 

calcination. The solid was smashed into small particles by grinding in the mortar, and 

then washed with water at 358 K for 2 h to remove the ZnB2O4 flux species.  

1.005 ZnO + Ta2O5 + 0.01 H3BO3 → ZnTa2O6 + 0.005 ZnB2O4 (flux) + 0.015 H2O (3) 

 

2.2. Preparing Zn(OH)2-modified ZnTa2O6(S) 

The fabricated ZnTa2O6(S) sample was used directly without any pre-treatment. 

ZnTa2O6(S) (0.5 g) was suspended, with stirring, in 200 mL of pure water containing a 

specific amount of Zn(NO3)2•6H2O (99.9%, Wako, Japan). A stoichiometric amount of 

NaOH (97.0%, Wako, Japan) relative to Zn(NO3)2•6H2O) was gradually dropped (by 

pump) as an aqueous solution (200 mL) to the suspension to precipitate Zn(OH)2. A series 
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of Zn(OH)2 modified ZnTa2O6(S) samples was fabricated by tuning the amount of 

Zn(NO3)2•9H2O (0–20 mol%) added to the ZnTa2O6(S) suspension. 

2.3. Photocatalytic conversion of CO2 by H2O 

The suspension containing the Zn(OH)2-modified ZnTa2O6(S) was collected by 

vacuum filtration and then used to directly photocatalytically convert CO2 by H2O. Note 

that exposure of the photocatalyst to air for prolonged times should be avoided because 

Zn(OH)2 can decompose by dehydration. CO2 was photocatalytically converted by H2O 

in an inner irradiation reactor with a quartz jacket as the lamp holder. The jacket was 

connected to cooling water to ensure a room-temperature reaction. A 400-W high-

pressure mercury lamp was used to supply the UV light. A 0.5-g sample of the 

photocatalyst was added to 1.0 L of 0.1 M aqueous NaHCO3 (99.5%, Wako, Japan) 

solution, after which CO2 was flowed into the system at 60 mL min−1 to remove residual 

air. The CO2 flow-rate was lowered to 30 mL min−1 during the reaction. H2 and O2 were 

determined by gas chromatography (GC-8A, Shimadzu Corp., Japan) using a 5A 

molecular sieve column and a thermal conductivity detector (TCD) (carrier gas: Ar). In 

addition, CO (as the main product) was analyzed using the abovementioned gas 

chromatograph equipped with a methanizer, a ShinCarbon ST column, and a flame 

ionization detector (FID) (carrier gas: N2). 

2.4. Characterization 

The structures of ZnTa2O6(S) and (F) were determined by X-ray diffractometry 

(XRD) on a Rigaku Ultima IV powder diffractometer using Cu Kα radiation. The applied 

voltage and current were set to 40 kV and 40 mA, respectively. Sample morphologies and 

compositions were examined by field-emission scanning electron microscopy (SEM, SU-

8220, Hitachi High-Technologies, Japan) augmented by energy dispersive X-ray 

spectroscopy (EDS). Accelerator voltages of 3.0 and 15.0 kV were used for SEM and 

EDS, respectively. The chemical states of ZnTa2O6 were determined by X-ray 

photoelectron spectroscopy (XPS) (ESCA 3400, Shimadzu Corp., Japan), with an applied 
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voltage and emission current of 10 kV and 20 mA, respectively. Concentrations of Zn 

ions in reaction solutions were determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES, iCAP7400, Thermo Fisher Scientific, Inc., USA). 

3. Results and Discussions 

The XRD patterns of ZnTa2O6 samples synthesized by the SSR and flux methods 

are displayed in Figure 1. Compared to the reference pattern from the ICSD database, the 

ZnTa2O6(F) sample exhibits a very pure ZnTa2O6 phase, while four impurity peaks at 2θ 

values of 26.6°, 34.7°, 38° and 52.5°, which correspond to the TaO2-δ phase, were 

observed in the pattern of ZnTa2O6(S).  

 

Figure 1. XRD patterns of ZnTa2O6(S) (red), ZnTa2O6(F) (blue), and the ZnTa2O6 

reference (black, ICSD No. 36289). Impurity peaks are indicated by black arrows. 

 

Ta 4f XPS spectra of ZnTa2O6(S) and ZnTa2O6(F) are presented in Figure 2. In 

addition to peaks for Ta5+ species at 26.0 and 27.9 eV, small peaks corresponding to Ta4+ 

were observed at energies 1.3 eV lower 41–43 than those of Ta5+ in the deconvoluted spectra 

of both samples. Lower-valence tantalum species, relative to Ta4+, were not detected 

during characterization. Comparing the peak-areas of the Ta4+ and Ta5+ species reveals 

that ZnTa2O6(S) contains 6.3% Ta4+ on its surface, while a Ta4+ content of 12.7% was 

determined for the ZnTa2O6(F) surface. The Ta4+ content on the ZnTa2O6(S) surface 
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should be much higher than that of ZnTa2O6(F) if the Ta4+ species originate from the TaO2-

δ impurity, which mainly consists of Ta4+ because ZnTa2O6(F) does not contain this 

impurity. A lower Ta4+ content on the ZnTa2O6(S) surface implies that the TaO2-δ impurity 

exists in the bulk of the ZnTa2O6(S) sample, rather than on its surfaces. Actually, the 

author suspects that the Ta4+ contents on the surfaces of the synthesized samples are 

probably related to calcination time. ZnTa2O6(F) contains much more Ta4+ on its surface 

than ZnTa2O6(S) because it was calcined for a much shorter time than the latter (3 h vs. 

12 h) during fabrication. This hypothesis was confirmed by examining the SSR-

synthesized ZnTa2O6 sample calcined at 1273 K for 50 h in air; no peaks corresponding 

to Ta4+ were observed in the deconvoluted pattern of the sample synthesized under these 

conditions (Figure 3(a)), despite the TaO2-δ impurity still observed by XRD (Figure 3(b)). 

 

Figure 2. Ta 4f X-ray photoelectron spectra of as-synthesized (a) ZnTa2O6(S) and (b) 

ZnTa2O6(F). Deconvoluted spectra: Ta4+ (dotted trace) and Ta5+ (solid trace). Resolution: 

0.1 eV. 
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Figure 3. (a) XPS characterization on Ta 4f and (b) XRD pattern of ZnTa2O6 fabricated 

by solid state reaction method at 1273 K for 50 h under air atmosphere; synthesized 

ZnTa2O6 (red), reference ZnTa2O6 (black). 

 

Figure 4(a) shows a SEM image and corresponding EDS mapping data for 

ZnTa2O6(S). The Ta/Zn atomic ratio in the selected area on the ZnTa2O6(S) surface was 

found to be only about 1.62, which is far lower than the theoretical value for ZnTa2O6 

(Ta/Zn = 2.00). The average Ta/Zn atomic ratio in the ZnTa2O6(S) sample was determined 

by examining ten randomly selected positions, which resulted in a ratio of about 1.63 

(Figure 4(b)). This value indicates that residual ZnO mainly exists on the ZnTa2O6(S) 

surface.  

As discussed above (Figure 1), no peaks assignable to ZnO were observed in the 

XRD pattern of the ZnTa2O6(S) sample, which means that residual ZnO probably exists 

in an amorphous state or is dissolved in the ZnTa2O6 phase as a solid solution. Based on 

this discussion, the author concludes that the ZnTa2O6(S) sample is most likely composed 

of a TaO2-δ-rich ZnTa2O6 core and a ZnO-rich ZnTa2O6 shell. On the other hand, a Ta/Zn 

atomic ratio of 2.00 was found for the ZnTa2O6(F) sample (Figure 4(b)), which 

corresponds exactly to the theoretical value. In summary, the surface of the SSR-
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fabricated ZnTa2O6(S) sample is rich in unconverted ZnO, while the ZnTa2O6(F) sample 

prepared by the flux method has no unconverted ZnO on its surface. 

 

Figure 4. (a) SEM image of ZnTa2O6(S) with EDS mapping data (inset) acquired in the 

selected area (red rectangle). (b) Average elemental Ta/Zn atomic ratios for ZnTa2O6(F) 

and ZnTa2O6(S) (ten sample points for each sample).  

 

Figure 5. Rates of formation of H2 (blue), O2 (green), and CO (red), and selectivities 

(black dots) toward CO evolution over ZnTa2O6(S) (solid bars) and ZnTa2O6(F) (dotted 

bars) during the photoreduction of CO2 by H2O with and without 10 mol% Zn(OH)2 as 

the cocatalyst. Photocatalyst: 0.5 g, reaction solution: 0.1 M aqueous NaHCO3 (1 L), CO2 

flow rate: 30 mL min−1, light source: 400-W high-pressure Hg lamp. 
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Figure 5 compares the performance of ZnTa2O6(S) and ZnTa2O6(F) with and without 

modification by 10 mol% Zn(OH)2 for the photoreduction of CO2 by H2O. Bare 

ZnTa2O6(F) was found to show much higher activity for H2 evolution (129.9 μmol h−1) 

than bare ZnTa2O6(S) (32.8 μmol h−1), while the CO-formation rate (5.4 μmol h−1) over 

ZnTa2O6(F) was notably lower than over ZnTa2O6(S) (18.4 μmol h−1). It should be noted 

that boron species were completely absent, as confirmed by XPS (Figure 6); therefore, 

the differences in the performance of ZnTa2O6(S) and ZnTa2O6(F) are not due to residual 

flux compound.  

 

Figure 6. XPS characterizations of boron species on ZnTa2O6 synthesized by solid state 

reaction method (black), hot water washed ZnTa2O6(F) (blue) and unwashed (red) 

ZnTa2O6(F) synthesized by flux method. 

 

ZnO has been reported to have a zeta potential of about +35 mV 44 at pH ~7, which 

means that the ZnTa2O6(S) surface is probably positively charged by protons due to the 

presence of unconverted ZnO. The electrical double layer at the interface between 

ZnTa2O6(S) and the bulk solution is inevitably dominated by anions, such as OH– or CO3
2–, 

among others, to balance the positive charges on the ZnTa2O6(S) surface. However, the 

ZnTa2O6(F) sample does not contain unconverted ZnO on its surface (Figure 4(b)); 

therefore, compared to ZnTa2O6(S), ZnTa2O6(F) is expected to have a relatively acidic 
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electrical double layer. On the other hand, ZnTa2O6(F) contains significantly more surface 

Ta4+ species than ZnTa2O6(S). Incorporating Ta4+ into the structure of ZnTa2O6 inevitably 

creates oxygen vacancies on its surface that generally act as Lewis acids. These Lewis 

acidic sites bond to more OH－ in solution, which leads to a negatively charged surface 

that attracts more protons from the solution surrounding the ZnTa2O6(F) surface and 

further decreases the pH of the electrical double layer. An acidic electrical double layer is 

believed to provide more protons for the production of H2 and suppress the adsorption of 

CO2. Moreover, Zn(OH)2 should be sensitive to the pH of the electrical double layer. An 

alkaline electrical double layer is expected to benefit the formation and stabilization of 

Zn(OH)2 on the ZnTa2O6(S) surface, while an acidic electrical double layer suppresses 

the precipitation of Zn(OH)2 on the ZnTa2O6(F) surface. The differences between these 

two kinds of surface led to significantly different sample performance for the 

photocatalytic conversion of CO2 by H2O, both of which were modified by 10 mol% 

Zn(OH)2, as seen in Figure 5. ZnTa2O6(S) modified with 10 mol% Zn(OH)2 produced CO 

at a rate of 81.4 μmol h−1 and a selectivity of 93.3%, while ZnTa2O6(F) modified with the 

same amount of Zn(OH)2 only showed limited suppression of H2 (21.3 μmol h−1) and 

promotion of CO (16.2 μmol h−1) compared to ZnTa2O6(S). 

In addition to the alkaline electrical double layer that forms Zn(OH)2 on the 

ZnTa2O6(S) surface due to its ZnO richness, the author expected that the concentration of 

dissolved Zn ions in the reaction solution would be another critical factor that determines 

the performance of Zn(OH)2-modified ZnTa2O6(S) due to the equilibrium established 

between the Zn ions in solution (liquid phase) and the precipitated Zn(OH)2 on the surface 

of the ZnTa2O6 (solid phase). To confirm the importance of dissolved Zn ions, the author 

recycle-tested the ZnTa2O6(S) sample modified with 10 mol% Zn(OH)2 for the 

photocatalytic conversion of CO2 by H2O. Figure 7 shows the formation rates of H2, O2, 

and CO during each testing cycle.  

According to ICP-OES, 34.4 mM of Zn ions leached into solution when 

photoirradiated during the first reaction cycle. Note that bare ZnTa2O6(S) was very stable 
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during this reaction, and no Zn species were detected in solution by ICP-OES. Therefore, 

the Zn ions in solution appear to originate from the loaded Zn(OH)2 rather than the Zn 

species in ZnTa2O6(S), such as unconverted surface ZnO. Correspondingly, CO evolved 

with a considerable level of selectivity (93.3%) and activity (81.4 μmol h−1) with this 

concentration of Zn ions dissolved in solution. The photocatalyst used during the first 

reaction cycle was collected by vacuum filtration to remove dissolved Zn ions, after 

which it was directly used in a second reaction without any pre-treatment under the same 

conditions. Interestingly, no Zn ions were detected by ICP-OES in solution after the 

second reaction cycle. As expected, the CO-formation rate was dramatically lower and 

the production of H2 dominated; as a result, the selectivity toward CO evolution was very 

low. This observation clearly shows that the dissolved Zn ions play very important roles 

in solution during the photoreduction of CO2 by H2O. To confirm the importance of the 

dissolved Zn species, the author added Zn(OH)2 (64.6 mM) directly into the solution 

during a third reaction cycle. Surprisingly, almost the same formation rates of products 

and selectivity toward CO evolution were obtained in the first reaction cycle. It should be 

noted that the Zn ions dissolved in solution are excluded as active species for the 

photocatalytic conversion of CO2 by H2O, as confirmed by comparing the performance 

of ZnTa2O6(S) and ZnTa2O6(F) (Figure 5). Despite introducing the same amounts of 

Zn(OH)2 (10 mol%) into the reactions involving both samples, ZnTa2O6(F) was much 

less active and showed lower CO-evolution selectivity.  
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Figure 7. Rates of formation of H2 (blue), O2 (green), and CO (red) during recycle testing 

over 10 mol% Zn(OH)2/ZnTa2O6(S) for the photocatalytic conversion of CO2 by H2O and 

the concentrations of Zn ions (black rhomboids) dissolved in solution. Photocatalyst: 0.5 

g, reaction solution: 0.1 M aqueous NaHCO3 (1 L), CO2 flow rate: 30 mL min−1, light 

source: 400-W high-pressure Hg lamp. 

 

Figure 8 shows relationships between the Zn(OH)2 cocatalyst loading and the H2-, 

O2-, and CO-formation rates and selectivity toward CO evolution during the 

photocatalytic conversion of CO2 by H2O. Increasing the Zn(OH)2 loading from 10 to 20 

mol% did not have any obvious influence on the activity and selectivity for CO evolution. 

However, the selectivity toward CO evolution was clearly lower when the Zn(OH)2 

loading was reduced to 5 mol%, with evolution rates of 22.5 and 58.5 μmol h−1 for H2 

and CO observed, respectively. These ZnTa2O6(S)-modification dependences confirm 

that Zn(OH)2 is the active cocatalyst because lower amounts of Zn(OH)2 led to fewer 

Zn(OH)2 species on the ZnTa2O6(S) surface due to the dissolution equilibrium. Note that 

the e−/h+ balances during these reactions are close to 1.0, and the used photocatalysts were 

white before and after their respective reactions, indicating that Zn2+ is not reduced into 

Zn0 and, consequently, Zn0 species are not active cocatalysts.  

 
Figure 8. Relationships between Zn(OH)2 loading on ZnTa2O6(S) and the formation rates 

for H2 (blue), O2 (green), and CO (red), and selectivities toward CO evolution (black dots) 
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during the photocatalytic conversion of CO2 by H2O. Photocatalyst: 0.5 g, reaction 

solution: 0.1 M aqueous NaHCO3 (1 L), CO2 flow rate: 30 mL min−1, light source: 400-

W high-pressure Hg lamp. 

 

ZnO is probably formed through the decomposition of Zn(OH)2 during these 

reactions. In addition, ZnCO3 can also theoretically exist in this reaction system. To 

exclude the possibilities that these species act as active cocatalysts, the author carried out 

half reactions for the photocatalytic conversion of CO2 over them using NaI as the 

electron donor. Table 1 shows that Zn(OH)2 exhibits a selectivity for CO evolution of 

about 90.3%, which is close to that of the Zn(OH)2-modified ZnTa2O6(S) sample, while 

ZnCO3 and commercial ZnO only provided values of 24.3% and 6.9% respectively. 

Therefore, it is reasonable to conclude that the Zn(OH)2 precipitated on the ZnTa2O6(S) 

surface is the cocatalyst. 

 

Table 1. CO2 photoreduction on commercial ZnO, and synthesized Zn(OH)2 and ZnCO3, 

using NaI as the electron donor.  

 

Photocatalyst amounts: (a) 0.5 g and (b): 2 g. Reaction solution: 0.1 M aqueous NaHCO3 

(1 L), CO2 flow rate: 30 mL min−1, light source: 400-W high-pressure Hg lamp, NaI: 500 

μmol. 

 

Based on above discussion, the author proposes a mechanism for how Zn(OH)2 

enhances the formation of CO during the photoreduction of CO2 by H2O (Scheme 1). The 
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low pH results in the dissolution of the added Zn(OH)2 in solution during the reaction; 

however, the unconverted ZnO on the particle surfaces promotes the formation of an 

alkaline electrical double layer that surrounds each ZnTa2O6(S) particle, providing an 

environment for the precipitation of Zn(OH)2. The photogenerated electrons move to the 

formed Zn(OH)2 dots and are consumed by CO2 during the reaction. It was very difficult 

to observe the formation of Zn(OH)2 on the photocatalyst surface because ZnTa2O6(S) 

itself contains many Zn species, resulting in a situation in which the Zn(OH)2 on the 

ZnTa2O6(S) surface was unable to be discriminated by typical strategies, such as XPS, 

EDS, and X-ray absorption fine structure analysis.  

Instead of using the synthesized ZnTa2O6(S) containing unconverted ZnO on its 

surface, in this work, the author also investigated the formation of Zn(OH)2 on the surface 

of commercial Ga2O3 (99.99%, High Purity Chemicals, Japan), which has a similar zeta 

potential to ZnO (+34.845 vs. +35 mV44, respectively). In detail, 0.5 g of Ga2O3 was added 

to 1 L of a 0.1 M aqueous NaHCO3 solution saturated by a flow of CO2, after which 266.7 

μmol of Zn(OH)2 (10 mol% relative to Ga2O3) was added to the suspension with stirring 

at room temperature for 1 h. The Zn(OH)2-modified Ga2O3 was collected by vacuum 

filtration.  

XPS data are displayed in Figure 9(a), which clearly shows peaks corresponding to 

Zn2+ on Ga2O3, indicating that Zn(OH)2 was also able to form on the ZnTa2O6(S) surface. 

Moreover, to reveal the importance of the alkaline electrical double layer surrounding 

ZnTa2O6(S) during the formation of the Zn(OH)2 cocatalyst on its surface, the author 

competitively formed Zn(OH)2 on the surfaces of commercial Ga2O3 and SiO2 (Wako, 

Japan; zeta potential: −35 mV46), which has an acidic electrical double layer. In this 

experiment, 0.5 g Ga2O3 and 0.5 g SiO2 were suspended in a solution containing 266.7 

μmol of Zn(OH)2 under the same conditions used in the previous impregnation 

experiment. The collected mixture was observed by SEM-EDS after drying at room 

temperature. The EDS maps shown in Figure 9(b) reveal that most of the elemental Zn is 

present on the surfaces of the Ga2O3 particles rather than the SiO2 particles. 
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Scheme 1. Proposed mechanism for how Zn(OH)2 acts to promote high activity and 

selectivity toward CO evolution during the photoreduction of CO2 by H2O. 

 
Figure 9. (a) Zn 2p XPS spectrum of the surface formed on commercial Ga2O3. (b) SEM 

image and EDS maps of Zn on the surfaces of commercial Ga2O3 and SiO2 during the 

competitive precipitation of Zn(OH)2. 

 

 

 



92 
 

Table 2. The synthesis conditions of photocatalysts 

 

 

Figure 10. XRD patterns of synthesized (a) NaTaO3, (b) MgTa2O6, (c) SrTa2O6, (d) 

Sr0.2Na0.8TaO3 and (e) ZnGa2O4. Black: patterns of synthesized samples; Red: references 

from ICSD database. 

 

To confirm the universality of Zn(OH)2, the Zn(OH)2 cocatalyst was introduced onto 

various photocatalysts, including NaTaO3, MgTa2O6, SrTa2O6, Sr0.2Na0.8TaO3, Ta2O5, 

ZnGa2O4, and Ga2O3. Detailed methods for the synthesis of these materials are provided 

in the Table 2. The structures of synthesized photocatalysts are presented in Figure 10. 

Table 3 lists the formation rates of products, selectivities toward CO evolution, and e−/h+ 

balances for the photocatalytic conversion of CO2 by H2O over various photocatalysts 

with and without Zn(OH)2 as the cocatalyst. Selectivities toward CO evolution were 

found to be significantly promoted by the introduction of Zn(OH)2 over all photocatalysts 
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in this study. With the exception of Ga2O3, H2-formation rates were lower, while CO-

formation rates were dramatically higher in all cases. Promotion in H2 evolution over 

Zn(OH)2 modified Ga2O3 is probably caused by that backward reaction sites for H2 and 

O2 on Ga2O3 were covered by Zn(OH)2 rather than Zn(OH)2 acting as the active sites for 

H2 evolution. From Table 4, it was found that 0.1 g Ga2O3 was able to produce H2 by 

about 281.0 μmol h−1 in 1 L of 0.1 M NaHCO3 aqueous solution saturated by CO2 flow. 

However, the activity was decreased to about 125.1 μmol h−1 when 0.5 g Ga2O3 was used 

for the reaction, and it was further suppressed to 96.7 μmol h−1 if the amount of Ga2O3 

was increased to 1.5 g. This implied that there were probably active sites on the surfaces 

of Ga2O3 working for the backward reaction of formed H2 and O2 into H2O, which 

decreased the formation rate of H2 when the amount of Ga2O3 was increased. 

 

Table 3. Summarizing photocatalyst performance with and without Zn(OH)2 during the 

photocatalytic conversion of CO2 by H2O.  

 



94 
 

Photocatalysts: 0.5 g, Zn(OH)2: 10 mol%, reaction solution: 0.1 M aqueous NaHCO3 (1 

L), CO2 flow rate: 30 mL min−1, light source: 400-W high-pressure Hg lamp. 

 

Table 4. formation rate of H2 over bare Ga2O3 in dependence of the photocatalyst amounts. 

Reaction solution: 1 L of 0.1 M NaHCO3 aqueous solution, flow rate of CO2: 30 mL min−1, 

light source: 400 W high-pressure Hg lamp. 

 

 

Conclusion 

In this work, the author demonstrated that Zn(OH)2 is a promising cocatalyst for the 

photoreduction of CO2 using H2O as the electron donor. Zn(OH)2 showed excellent 

activity and selectivity toward CO evolution over ZnTa2O6 synthesized by the solid-state 

reaction method (i.e., ZnTa2O6(S)). Dissolved Zn ions and ZnO-rich surfaces were found 

to be critical factors for CO evolution, which is probably due to the formation of Zn(OH)2 

on the ZnTa2O6(S) surface that requires a certain equilibrium concentration of Zn ions in 

solution, and the high-pH alkaline electrical double layer. Zn(OH)2 also performs well on 

various photocatalysts; it is an inexpensive and universal cocatalyst for the evolution of 

CO during the photoreduction of CO2 by H2O. To the best knowledges of the author, 

Zn(OH)2 is the only candidate cocatalyst identified to date that performs as well as Ag. 
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Chapter 4 

Exploring effective non-metal inorganic cocatalysts for the photocatalytic 

conversion of CO2 using H2O as an electron donor 

 

Abstract 

The author has surveyed a wide range of non-metal inorganic cocatalysts showing 

good selectivity toward CO evolution for the photocatalytic conversion of CO2 using H2O 

as an electron donor. A variety of non-metal inorganic cocatalysts containing Si, Ga, Mg, 

and Zn enhance the formation rate of CO. In particular, Zn-based compounds, such as 

Zn(OH)2, ZnSiO3, and ZnGa2O4, that are highly dispersed on the surface exhibit the best 

performance among these cocatalysts. The counter anions in the Zn-based compounds 

influence the cocatalyst properties, including activities and stabilities. 
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1. Introduction 

Various sustainable energies, such as solar [1], nuclear [2], wind [3], and hydro [4] 

powers, have been developed in recent years to replace fossil fuels because of growing 

energy [5] and environmental problems [6], [7]. The conversion of solar energy has special 

advantages over these energy strategies because it integrates sustainability, safety, and 

harmlessness to ecology. Si is currently the most widely used material in the 

industrialization of solar-driven electricity [8]; however, its manufacture by the Siemens 

process [9] is expensive. In recent years, many chemists have been interested in the 

development of new pathways for the conversion of solar energy, including the 

production of hydrogen from water (H2O) [10] and the conversion of biomass [11] and 

carbon fuels from carbon dioxide (CO2) [12] and perovskite photovoltaic cells [13]. Among 

these strategies, the photocatalytic conversion of CO2 by H2O into carbon monoxide (CO) 

is a promising method for using solar energy. In this reaction, two indicators are important 

for the successful conversion of CO2 using H2O as the electron donor. One is the balance 

between the electrons provided by H2O (O2 evolution) and those consumed by CO2 and 

protons (CHxOy and H2 evolution), as calculated in equation (1). The other is the 

selectivity of the products derived from CO2 photoreduction over H2 from water splitting, 

as calculated in equation (2). 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2,  (1) 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100%,     (2) 

where R represents the rate of formation of each product by the photocatalytic conversion 

of CO2 by H2O. 

Although many photocatalysts, such as NaTaO3 [14], CaTiO3 [15], SrTiO3 [16], Ga2O3 

[17] and ZnGa2O4 [18], and SrNb2O6 [19], are capable of extracting electrons from H2O, they 

produce H2 as the main product because the redox potential of the former (−0.41 V vs 

SHE) is more positive than that of the latter (−0.52 V vs SHE). This results in a situation 
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in which a proper cocatalyst is mostly a critical component for the evolution of CO in the 

photocatalytic conversion of CO2 by H2O. To the best knowledges of the author, people 

have achieved the highly selective reduction of CO2 in electrochemical conversion over 

various metal electrodes, such as Zn [20], Au [21], Cu [22], and Ag [23]. However, only Ag 

cocatalysts show universal selectivity for the photocatalytic conversion of CO2 using H2O 

over many photocatalysts. In previous works, Iguchi et al. has investigated various metals, 

including Au, Pt, Cu, Ni [24], Pd, and Ag [25], as cocatalysts loaded on ZnTa2O6 for the 

photocatalytic conversion of CO2 by H2O in an aqueous NaHCO3 solution. The results 

indicate that only Ag nanoparticles can increase the formation rate of CO and the 

selectivity toward CO evolution. Further, the particularity of the Ag cocatalyst in the 

promotion of CO evolution has been confirmed by other research groups, such as Ag-

modified NaTaO3 [14], CaTiO3 [15], and K2Ti6O13 [26]. Currently, the effective conversion 

of CO2 in electrochemistry and photocatalysis is dominated by metal cocatalysts.  

The author believes that, owing to the limited amounts of cocatalyst materials for 

the electrochemical and photocatalytic conversion of CO2, researchers do not have a clear 

and systematic map to determine how H2 is suppressed and CO2 is converted in high 

activity and selectivity. Taking the Ag cocatalyst as an example, it is still impossible to 

confidently conclude which properties are critical for providing a high formation rate of 

CO and effective selectivity toward CO evolution for the photocatalytic conversion of 

CO2 by H2O. However, the size, morphology, and growth orientation of Ag nanoparticles 

have been characterized using advanced technologies. A possible scientific strategy to 

achieve this goal may be to establish a library of situations where CO2 can be reduced 

with excellent efficiencies by studying large amounts of cocatalysts and then extracting 

the common things from them. Based on this strategy, researchers will have a chance to 

find the universal critical factors for the effective photocatalytic conversion of CO2 by 

H2O and use these principles to guide the design of new materials. For this purpose, the 

first thing researchers should do is break through the family of metal cocatalysts, which 

many research groups have preferentially focused on. Beyond the Ag cocatalyst in the 
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photocatalytic conversion of CO2 by H2O, the author has found that the selectivity toward 

CO evolution over ZnTa2O6 synthesized by the solid-state reaction method can be tuned 

by adding trace amounts of Na2CrO4 [27]. The active sites for water splitting are almost 

completely passivated by just 5 μmol Na2CrO4, and the active sites are shifted toward CO 

evolution, which results in the selectivity of 80% for CO2 photoreduction. Subsequently, 

the author has reported that Zn(OH)2 [28] acts as a very effective and universal cocatalyst 

for the selective photocatalytic conversion of CO2 into CO by H2O over various Ta- and 

Ga-based photocatalysts, including Ta2O5, Ga2O3, MTa2O6 (M: Sr, Zn, Mg), ZnGa2O4, 

NaTaO3, and Sr0.2Na0.8TaO3. Motivated by the excellent performance of Zn(OH)2, the 

author has investigated a relatively broad range of non-metal cocatalysts based on Ta-, 

Ga-, Ti-, Zr-, and Nb-based photocatalysts to further expand the capability of non-metal 

inorganic cocatalysts for the effective photocatalytic conversion of CO2 using H2O as the 

electron donor.  

2. Experimental section 

2.1. Preparation of photocatalysts 

Information about all reagents used for the synthesis of the main photocatalysts and 

cocatalysts is listed in Table 1. Except for commercial photocatalysts, the main 

photocatalysts used in this study were fabricated by solid-state reaction (SSR) or flux 

methods. The detailed conditions of the specific photocatalysts are listed in Table 2. The 

cocatalysts, such as Zn(OH)2, ZnGa2O4, and ZnSiO3, were loaded onto the main 

photocatalysts by precipitation at room temperature. ZnO was modified by calcining 

Zn(OH)2-loaded photocatalysts when necessary. The detailed conditions for the specific 

situations are listed in Table 3.  

 

 

 

 

 



103 
 

 

Table 1. Reagents used in this work. 
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Table 2. Synthesis of photocatalysts used in this work. 

 

Table 3. Modifications of cocatalysts by precipitation methods. 

 

2.2. Characterization of the photocatalysts 
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The structures of the main photocatalysts synthesized in this work were determined 

by X-ray diffraction (XRD) using a Rigaku Ultima IV powder diffractometer with Cu Kα 

radiation. The measurements were performed at a voltage of 40 kV and a current of 40 

mA (Figure 1). 

 

Figure 1. XRD patterns of (a) NaTaO3, (b) ZnTa2O6 (SSR), (c) SrTa2O6 (SSR), (d) 

SrNb2O6 (SSR), (e) SrZrO3 (SSR), (f) CaZrO3 (SSR), (g) CaTiO3 (flux) and (h) ZnGa2O4 

(SSR). Black: synthesized samples; Red: references from ICSD database. 
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2.3. Reaction procedure 

The photocatalytic conversion of CO2 by H2O over various photocatalysts was 

conducted in an inner irradiation reactor equipped with a quartz jacket connected to the 

cooling system. The reaction temperature was controlled from 298 to 303 K. The light 

source was a 400 W high-pressure mercury lamp (Sen Lights Corp.). During the reactions, 

specific amounts of photocatalyst were added to the reactor, and the reactor was purged 

with CO2 (5N) at 60 mL min−1 to remove the residual air in the system. Subsequently, the 

flow rate of CO2 was increased to 30 mL min−1
 during photoirradiation. The products, 

including H2, O2, and CO, were detected using thermal conductivity detector (TCD)- and 

flame ionization detector (FID)-equipped GC−8A gas chromatographs from Shimadzu 

Corp.  

3. Results and Discussion 

3.1. Mapping the non-metal inorganic cocatalysts 

Various metal hydroxides (Zr, Cr, Zn, Ga, Mg, Si, Al, Fe, and Ni) were surveyed to 

find effective cocatalysts for the selective photocatalytic conversion of CO2 using H2O as 

an electron donor, as shown in Table 4. Bare ZnTa2O6 produced CO with an activity of 

11.2 μmol h−1 and a selectivity of 45.2% (Entry 1). After the modifications with Zr(OH)4 

(Entry 2) and Cr(OH)3 (Entry 3) as the cocatalysts, the formation rates of CO, 11.2 and 

11.7 μmol h−1, respectively, were similar to that over bare ZnTa2O6; additionally, the 

formation rates of H2 were unaffected. This indicates that the hydroxides of Zr and Cr 

showed no catalytic performance in the promotion of CO and the suppression of H2 for 

the photocatalytic conversion of CO2 by H2O. In particular, the formation rate of O2 for 

the Cr(OH)3 cocatalyst was 4.9 μmol h−1, which was considerably lower than the 

stoichiometric amount, based on equation (1). This was caused by the oxidation of Cr3+ 

to Cr6+ during the reaction. This could be easily confirmed by the color change of the 

solutions before (transparent) and after (slightly yellow) the reactions. With the leaching 

of Cr(OH)3 into the solution as dissolved chromate ions, the formation rate of CO during 

the time course (Figure 2) rapidly increased to 29.7 μmol h−1 and gradually decreased to 
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20.3 μmol h−1. Additionally, the evolution rate of H2 was suppressed from 15.6 to 5.9 

μmol h−1 as Cr(OH)3 was leached. This result conformed to previous conclusion of the 

author [27] that a certain number of chromate ions in the solution would enhance the 

evolution of CO and inhibit that of H2 for the photocatalytic conversion of CO2 by H2O. 

Fe(OH)3 suppressed the evolution of H2 over Ga2O3, as shown in Entry 10, and the 

selectivity toward CO evolution was slightly promoted. However, it showed almost no 

positive influence on the formation rate of CO (0.8 vs. 1.6 μmol h−1). Al(OH)3/ZnTa2O6 

(Entry 5) and Ni(OH)2/Ga2O3 (Entry 11) enhanced the formation rate of H2; however, 

they decreased the formation rate of CO during the reactions. This means that Al(OH)3 

and Ni(OH)2 acted as effective cocatalysts for overall water splitting rather than for the 

photocatalytic conversion of CO2. Notably, the effect of the Al-based cocatalysts on the 

evolution of H2 depended on the counter anions of Al3+, such as OH−, PO4
3−, and NO3

2− 

(Figure 3). The formation rate of H2 was enhanced when OH− and PO4
3− were used as 

counter anions, whereas it was drastically reduced by Al(NO3)3. 

 

Table 4. Summary of various metal hydroxides as the cocatalysts on ZnTa2O6 from SSR 

and Ga2O3 for the photocatalytic conversion of CO2 by H2O a. 

 
a Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M 
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NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. 

 

Figure 2. Formation rates of H2 (blue), O2 (green) and CO (red) and selectivity toward 

CO evolution (black dot) in the time courses of CO2 photoreduction by H2O over 

Cr(OH)3-modified ZnTa2O6. Main photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M 

NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. 

 



109 
 

Figure 3. Formation rates of H2 (blue), O2 (green) and CO (red) and selectivity toward 

CO evolution (black dot) for the photocatalytic conversion of CO2 by H2O over Al-based 

cocatalysts-modified ZnTa2O6 fabricated by SSR method (Al(OH)3 and AlPO4: 10 mol%; 

Al(NO3)3: 5 μmol). Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction 

solution: 1 L of a 0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light 

source: 400 W high-pressure Hg lamp. 

 

Interestingly, the hydroxides of Zn, Ga, Mg, and Si increased the formation rate of 

CO for the photocatalytic conversion of CO2 by H2O compared to bare photocatalysts, as 

shown in Entries 4, 6, 7, 8, and 12. Additionally, 10 mol% of Zn(OH)2 decoration on the 

surface of ZnTa2O6 promoted the formation rate of CO from 11.2 to 67.6 μmol h−1, 

whereas the evolution of H2 was inhibited from 13.6 to 7.0 μmol h−1 (Entry 4) for the 

photocatalytic conversion of CO2 by H2O. Further, the formation rate of CO increased 

from 11.2 to 27.7 μmol h−1 for Ga(OH)3 as the cocatalyst on ZnTa2O6 (Entry 6). 

Unfortunately, as the formation rate of H2 increased to 104.3 μmol h−1, the selectivity 

toward CO evolution decreased to 21.0%, as compared to bare ZnTa2O6. For Ga(OH)3-

modified Ga2O3 (Entry 12), the formation rates of CO and H2 increased to 32.8 and 681.2 

μmol h−1, respectively. This reveals that Ga(OH)3 functioned as a good cocatalyst for both 

the overall water splitting and the photocatalytic conversion of CO2. To investigate the 

performance of Ga(OH)3 as a cocatalyst in detail, the modification amounts were 

optimized on Ga2O3, as displayed in Figure 4. Further, 1 mol% Ga(OH)3 exhibited limited 

promotion in the formation rate of CO (3.3 μmol h−1), and the highest formation rate of 

CO was achieved at the loading amount of 15 mol% (44.9 μmol h−1). With a further 

increase in the loading amount to 20 mol%, the formation rate of CO was decreased to 

25.1 μmol h−1. Notably, the modification of Ga(OH)3 promoted the production of CO and 

the evolution of H2 (highest: 813 μmol h−1 at 15 mol%) for the photocatalytic conversion 

of CO2; thus, the selectivity toward CO evolution was not increased (lower than 6.0%). 

Surprisingly, the formation rate of CO over ZnTa2O6 increased to 39.5 and 53.0 μmol h−1 
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when 10 mol% of Mg(OH)2 (Entry 7) and H2SiO3 (Entry 8) were used as the cocatalysts, 

respectively. Notably, the formation rate of O2 over Mg(OH)2 and H2SiO3 as cocatalysts 

was significantly below the stoichiometric amount. This could be caused by the strong 

adsorption of O2 evolved on the surface of the photocatalysts. Mg(OH)2 and H2SiO3 could 

not provide electrons for the reduction of H+ and CO2. Although Mg(OH)2 and H2SiO3 

promoted the formation rate of CO for the photocatalytic conversion of CO2 by H2O, their 

stabilities were considerably poor. The Mg(OH)2 and H2SiO3 species were not stabilized 

on the surface of ZnTa2O6. As seen in Figure 5(a), the formation rate of CO gradually 

decreased from 39.5 to 12.2 μmol h−1 for 2 h for the Mg(OH)2 cocatalyst. Meanwhile, the 

evolution of O2 was close to the stoichiometric amount after 2 h. H2SiO3-decorated 

ZnTa2O6 underwent a similar trend for the photocatalytic conversion of CO2 by H2O, as 

shown in Figure 5(b), in which the formation rate of CO decreased from 53.0 to 20.6 

μmol h−1. The same trend was observed for the evolution of O2 in H2SiO3. Note that the 

promotion of CO activity using H2SiO3 as a cocatalyst was not caused by the presence of 

chloride ions, even though H2SiO3 was derived from the precipitation of Na2SiO3 and 

HCl (chloride ions might be adsorbed on the surface when H2SiO3 was decorated on the 

surface of ZnTa2O6). To exclude this possibility, the author subsequently injected 200 

μmol NaCl in-situ into the reaction, and after 2 h, the formation rates of both CO and H2 

were not significantly affected. This indicated that the concentration of chloride ions did 

not influence the photocatalyst. 
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Figure 4. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) for the photocatalytic conversion of CO2 by H2O over Ga(OH)3-

modified Ga2O3. Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction solution: 

1 L of a 0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 

W high-pressure Hg lamp. 

 

Figure 5. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) in the time courses of CO2 photoreduction by H2O over (a) 

Mg(OH)2 and (b) H2SiO3-decorated ZnTa2O6. Main photocatalyst: 0.5 g; reaction solution: 

1 L of a 0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 

W high-pressure Hg lamp. 

 

3.2. Zn-based non-metal cocatalysts 

Based on the discussion in Section 3.1, the author found that the Zn(OH)2 cocatalyst 

showed considerably better performance for the selective photocatalytic conversion of 

CO2 by H2O than the Ga, Si, and Mg hydroxides. Conversely, the cocatalysts were 

subjected to counter anions. The author considered the possible synergistic catalytic 

performances of Zn–Ga, Zn–Si, and Zn–Al and the effect of counter anions on Zn2+. 

Therefore, the author investigated a series of Zn compounds as cocatalysts on the surface 

of ZnTa2O6 using SSR, as summarized in Table 5. ZnSiO3 and ZnGa2O4 (Entry 2 and 3) 

showed better performances (98.4 and 79.2 μmol h−1, respectively) than the other 7 kinds 
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of Zn-based cocatalysts, including Zn(OH)2. This was because the active sites of Ga and 

Si contributed to the improvement in the formation rate of CO with Zn2+ in the compounds 

ZnSiO3 and ZnGa2O4. As shown in Table 4, hydroxides containing Ga and Si, such as 

Ga(OH)3 and H2SiO3, also function as good cocatalysts for the photocatalytic conversion 

of CO2 by H2O. Interestingly, the addition of Zn(NO3)3 resulted in a lower formation rate 

of CO (entry 9: 22.2 μmol h−1) than other Zn-based cocatalysts, even though H2 evolution 

was effectively suppressed. This is probably because the active sites for CO evolution on 

the surface of ZnTa2O6 were poisoned by the adsorption of nitrate ions. Figure 6(a) shows 

the influence of nitrate ions on the CO evolution activity over bare ZnTa2O6 using the 

SSR method. The formation rate of CO was 22.2 μmol h−1 without the nitrate ions, while 

the rate was decreased to 12.4 μmol h−1 when 60 μmol of NaNO3 was added. As the 

number of nitrate ions was increased to 90 μmol, the formation rate of CO was decreased 

to 8.8 μmol h−1. At this concentration, the balance of e−/h+ decreased to 0.6, indicating 

that the nitrate ions began to be reduced. To confirm the effect of nitrate ions, the author 

injected sodium nitrate in-situ into the reaction of Zn(OH)2-decorated ZnTa2O6, as 

displayed in Figure 6(b), which shows that nitrate ions poisoned the CO production 

activity. 
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Table 5. Summarized performances of various Zn-based cocatalysts on ZnTa2O6 from 

SSR for the photocatalytic conversion of CO2 by H2O.a  

 
a Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M 

NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. 

 

Figure 6. (a) Formation rates of H2 (blue), O2 (green), and CO (red) and e−/h+ balance 

(black dot) in the photocatalytic conversion of CO2 by H2O over ZnTa2O6 fabricated by 
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SSR method with nitrate ions; (b) the influence of in-situ-injected nitrate ions on the 

Zn(OH)2-decorated ZnTa2O6. Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; 

reaction solution: 1 L of a 0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; 

light source: 400 W high-pressure Hg lamp. 

 

The Zn-based cocatalysts showed excellent universality for Ta- and Ga-based 

photocatalysts, such as ZnGa2O4 and NaTaO3, in promoting the evolution rate of CO in 

the photocatalytic conversion of CO2, as presented in Table 6. However, these cocatalysts 

had almost no positive influence on the CO production over the Nb-, Ti-, and Zr-based 

photocatalysts. Contrarily, the counter anions ((Ga2O4)2−, SiO3
2−, and OH−) in these Zn 

compounds had obvious effects on their catalytic stability. For Zn(OH)2-decorated 

NaTaO3 (Entry 13), the initial e−/h+ balance in the first 0.5 h was approximately 0.3, 

indicating that the Zn2+ ions were reduced into Zn0 during the reaction. As the reaction 

proceeded, the final e−/h+ balance was maintained at approximately 1.0; however, the 

selectivity toward CO evolution decreased to 58.9% from 87.7% (Figure 7(a)). The 

appearance of Zn0 was visibly confirmed by the color change of the Zn(OH)2-decorated 

NaTaO3 from white to grey before and after the reaction. The reduction of Zn2+ over the 

surface of NaTaO3 was suppressed when SiO3
2− was used as the counter anion. Figure 

7(b) shows that the e−/h+ balance was always close to 1.0 when ZnSiO3 was used as the 

cocatalyst on NaTaO3, and the selectivity toward CO evolution was maintained above 

90%. When GaO2− was the counter anion, the H2 evolution in the initial stages of the 

reactions was slightly increased for NaTaO3 and ZnGa2O4, and the selectivity toward CO 

evolution was 69.6% and 63.6%, respectively. The formation rates of H2 gradually 

decreased to 9.5 and 15.3 μmol h−1 with increased photoirradiation time, as displayed in 

Figures 8(a) and 8(b), and correspondingly, the selectivity toward CO evolution reached 

89.9% and 87.7%, respectively. 
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Table 6. Summarized performances of amorphous Zn(OH)2, ZnSiO3, and ZnGa2O4 

cocatalysts on various main photocatalysts for the photocatalytic conversion of CO2 by 

H2O.a  

 
a Photoirradiation time: 0.5 h; main photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M 

NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. 
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Figure 7. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) in the time course of (a) 10 mol% Zn(OH)2/NaTaO3 and (b) 10 

mol% ZnSiO3/NaTaO3 for the photocatalytic conversion of CO2 by H2O. Main 

photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M NaHCO3 aqueous solution; CO2 

flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 8. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) in the time course of (a) 10 mol% amorphous ZnGa2O4/NaTaO3 

and (b) 10 mol% amorphous ZnGa2O4/ZnGa2O4 for the photocatalytic conversion of CO2 

by H2O. Main photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M NaHCO3 aqueous 

solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 
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4. Conclusion 

The author mapped a series of non-metal cocatalysts and found that Si-, Mg-, Zn-, 

and Ga-based cocatalysts enhanced the evolution of CO over Ta- and Ga-based 

photocatalysts. Among them, Zn-based cocatalysts showed the best performance for the 

photocatalytic conversion of CO2 using H2O as an electron donor. The counter anions, 

such as (Ga2O4)2−, SiO3
2−, NO3

−, and PO4
3−, in the Zn-based compounds influenced their 

catalytic performance in the evolution of CO, both in terms of stability and activity. 

Conversely, Zn-based cocatalysts showed no effect on Nb- and Ti-based photocatalysts, 

and the author believes that the reason underlying this phenomenon should be 

investigated for an enhanced understanding of the mechanisms of the Zn-based 

cocatalysts. 
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Chapter 5 

Cadmium hydroxide universal cocatalyst for the selective evolution of CO during 

the photocatalytic conversion of CO2 using H2O as an electron donor 

 

Abstract 

In this study, cadmium hydroxide (Cd(OH)2) was utilized as an excellent cocatalyst 

for the selective evolution of CO in the photocatalytic conversion of CO2 using H2O as 

an electron donor. After modifying the ZnTa2O6 photocatalyst fabricated by an optimized 

solid-state reaction method with the Cd(OH)2 cocatalyst, the selectivity toward CO 

evolution relative to H2 exceeded 95%. The catalytic performance of Cd2+ species 

strongly depended on the type of counter anions that were able to effectively accept 

photogenerated electrons, such as nitrate ions. Furthermore, Cd(OH)2 was universally 

applicable for various photocatalysts, including Ga2O3, ZnGa2O4, NaTaO3, and Ta2O5. Its 

main role was to selectively suppress the backward reduction of evolved O2 gas at the 

catalytically active sites for CO formation.  
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1. Introduction 

Owing to the advances in science and technology throughout the human history, 

people have moved from the agricultural age to the industrial and informational ages over 

the past 200 years. However, this process has been accompanied by the significant 

consumption of fossil fuels, which emits large amounts of carbon dioxide (CO2) 1 causing 

serious problems for the mankind, such as the global warming 2 and shortage of energy 3. 

Although new energy sources, including nuclear energy 4 and wind power 5, have been 

developed as viable alternatives to fossil fuels, they considerably damage the environment 

5,6. Solar energy 7 represents the best option because it is sustainable and environmentally 

friendly. The photocatalytic conversion of CO2 8 using water (H2O) as an electron donor 

involves artificial photosynthesis, which utilizes solar energy to drive the chemical 

conversion of CO2 to useful compounds such as CO, CH4, and CH3OH. The successful 

photocatalytic conversion of CO2 by H2O must satisfy two criteria described by equations 

(1) and (2). Here, R is the formation rate of each product generated by the photocatalytic 

conversion of CO2 by H2O. 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2  (1) 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100%                (2) 

A balance close to 1.0 between the electrons consumed by the reduction of CO2 and holes 

consumed by the oxidation of H2O indicates that the electrons in this process originate 

from H2O rather than sacrificial reagents such as carbon impurities. Meanwhile, 

achieving high selectivity toward the formation of specific carbon compounds (such as 

CO) is also very important because the separation of gases is an expensive process. 

It is not easy to obtain high selectivity toward CO evolution for the photocatalytic 

conversion of CO2 by H2O because H2O splitting is a strong competitive reaction to the 

reduction of CO2, which requires a much lower redox potential. Kudo et al. found that Ag 

nanoparticles were able to produce more CO than H2 over BaLa4TiO15 8. Recently, their 
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research group has achieved higher selectivity (90%) and activity for CO evolution over 

alkaline earth metal-doped NaTaO3 9. Ag nanoparticles utilized as a cocatalyst for the 

selective photocatalytic conversion of CO2 by H2O were universally applicable for 

various photocatalysts, including ZnGa2O4 10, CaTiO3 11, SrNb2O6 11, Al-doped SrTiO3 12, 

and ZnTa2O6 (ZTO) 13. Other metal materials such as Cu 14, Zn 15 , and Au 16 treated by 

certain methods favored the selective formation of CO during the electrochemical 

reduction of CO2. However, they failed to achieve the same performance for the 

photocatalytic conversion of CO2 by H2O, as shown in the previous work 17. For a long 

time, researchers have not been able to reach high selectivity toward CO evolution 

without Ag nanoparticles used as a cocatalyst in the photocatalytic conversion of CO2 by 

H2O. 

The author believes that the mechanism of the selective CO2 reduction competing 

with water splitting involves a variety of comparable processes. This prevents researchers 

from elucidating it because the Ag cocatalyst alone cannot provide many comparable 

cases. Recently, Wang et al. has found that ZnO/ZTO 18 fabricated at high temperature 

exhibits a selectivity of approximately 80% toward CO evolution without using Ag 

nanoparticles as a cocatalyst during the photocatalytic conversion of CO2 by H2O. This 

discovery motivated the author to consider the fact that some non-metal cocatalysts also 

possessed high selectivity toward CO evolution. By exploring various nonmetal 

cocatalysts, it can be possible to determine the main factors affecting their CO2 

conversion selectivity. In the subsequent studies, the author found that the in situ addition 

of chromate ions to ZTO promoted CO formation over H2 evolution during the 

photocatalytic conversion of CO2 by H2O, which significantly increased the CO 

selectivity from 5 to 80% 19. Recently, the author reported the successful use of Zn(OH)2 

20 as a universal co-catalyst for the highly selective formation of CO over various Ta-

based and Ga-based photocatalysts. To the best knowledges of the author, it was the first 

study, in which the Zn(OH)2 cocatalyst was found to be universally applicable for the 

photocatalytic conversion of CO2 by H2O (similar to Ag nanoparticles). In this work, the 



124 
 

author utilized the Cd(OH)2 cocatalyst for the selective photocatalytic conversion of CO2 

by H2O on various photocatalysts, including NaTaO3, ZnGa2O6, Ta2O5, and ZTO. 

2. Experimental section 

2.1. Preparation of photocatalysts 

The reagents used in this study for the syntheses of photocatalysts are listed in Table 

1. ZTO was prepared by the solid-state reaction of ZnO with Ta2O5 at 1423 K for 36 h. 

The detailed synthesis conditions for the other photocatalysts are specified in Table 2. 

Cd(OH)2 was modified onto photocatalysts by precipitation method. 

Table 1. Reagents used in this work. 

 

Table 2. Synthesis conditions of photocatalysts used in this work. 

 

2.2. Characterization of photocatalysts 

X-ray diffraction (XRD) patterns of the photocatalysts were recorded using a Rigaku 
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Ultima IV powder diffractometer (Cu Kα, 40 kV, and 40 mA). The XRD patterns of 

synthesized photocatalysts are presented in Figure 1. 
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Figure 1. XRD patterns of (A) Synthesized ZnTa2O6 under controlled calcination 

temperature for 36 h. (a) reference from ICSD database, (b) 1273 K, (c) 1373 K and (d) 

1423 K. (B) Synthesized ZnTa2O6 with controlled calcination time at 1423 K. (a) 

reference from ICSD database, (b) 3 h, (c) 36 h and (d) 99 h. (C) Synthesized (a) β-Ga2O3, 

(b) α-Ga2O3 and (c) commercial Ga2O3. (D) SrTa2O6 (a) reference from ICSD data and 

(b) synthesized SrTa2O6. (E) NaTaO3 (a) reference from ICSD data and (b) synthesized 

NaTaO3. (F) ZnTa2O6 reference from ICSD data, (b) commercial Ta2O5 and (c) 

synthesized Ta2O5/ZnTa2O6. (G) ZnGa2O4 reference from ICSD data and (b) synthesized 

ZnGa2O4 at 1273 K for 12h. 

 

2.3. Reaction parameters 

The photocatalytic conversion of CO2 by H2O was conducted in an inner irradiation 

reactor equipped with a quartz jacket connected to a cooling system. The reaction 

temperature was varied between 298 and 303 K. A 400-W high-pressure mercury lamp 

(Sen Lights Corp.) served a light source. Before photoirradiation, the system was purged 

with CO2 to remove residual air. The products, including H2, O2, and CO, were detected 

using GC-8A (Shimadzu Corp) gas chromatographs equipped with TCD and FID 

detectors. 

3. Results and Discussion 

 

Figure 2. Formation rates of H2 (blue), O2 (green), and CO (red) gases and selectivities 



127 
 

toward CO evolution (black dots) determined for the photocatalytic conversion of CO2 

by H2O over ZTO modified by various amounts of Cd(OH)2. Photoirradiation time: 0.5 

h, ZTO amount: 0.5 g, reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution, CO2 

flow rate: 30 mL min−1, light source: 400-W high-pressure Hg lamp. 

 

Figure 1(A) shows the XRD pattern of the fabricated ZTO with a reference spectrum. 

The ZTO sample synthesized at 1423 K for 36 h consisted of the pure ZTO phase, 

indicating that the high calcination temperature completely removed TaO2−δ impurities as 

compared with the samples synthesized at 1273 K in a previous study 19. The bare ZTO 

sample produced H2 at a rate of 7.8 μmol h−1, while the formation rate of CO during the 

photocatalytic conversion of CO2 by H2O was only 0.75 μmol h−1 (Figure 2). By adding 

25 μmol of the Cd(OH)2 cocatalyst, the selectivity toward CO evolution was significantly 

increased from 8.7% to 96.3%; the formation rate of CO decreased to 59.8 μmol h−1; and 

the formation rate of H2 was reduced to 2.3 μmol h−1. After increasing the Cd(OH)2 

amount to 50 μmol, the CO formation rate slightly increased to 66.3 μmol h−1 while that 

of H2 decreased to 1.0 μmol h−1. The higher Cd(OH)2 amount of 100 μmol had a negative 

effect on the formation rate of CO (58.4 μmol h−1). The chemical states of Cd0, Cd+, and 

Cd2+ species could not be determined from their binding energies due to undistinguishable 

differences. As a result, it was difficult to directly identify the actual form of the active 

cadmium species. However, the author inferred that Cd2+ ions were not reduced and likely 

acted as the active species because the electron–hole balance (e−/h+) during the reaction 

remained very close to 1.0. From these results, it was concluded that Cd2+ exhibited 

excellent catalytic performance for the selective evolution of CO during the 

photocatalytic conversion of CO2 by H2O over ZTO. 
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Figure 3. Formation rates of H2 (blue), O2 (green), and CO (red) gases and selectivities 

toward CO evolution (black dots) determined for the photocatalytic conversion of CO2 

by H2O over ZTO with various Cd2+ species. Cd2+ amount: 50 μmol, NaNO3 amount: 30 

μmol, photoirradiation time: 0.5 h, ZTO amount: 0.5 g, reaction solution: 1.0 L of a 0.1 

M NaHCO3 aqueous solution, CO2 flow rate: 30 mL min−1, light source: 400-W high-

pressure Hg lamp. 

 

Figure 4. Formation rates of H2 (blue), O2 (green), and CO (red) gases and selectivities 

toward CO evolution (black dot) determined for the photocatalytic conversion of CO2 by 

H2O over ZTO. The optimal calcination (a) temperature and (b) time for ZTO fabrication 

are equal to 36 h and 1423 K, respectively. Cd(OH)2 amount: 50 μmol, photoirradiation 
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time: 0.5 h, ZTO amount: 0.5 g, reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution, CO2 flow rate: 30 mL min−1, light source: 400-W high-pressure Hg lamp. 

 

Table 3. Formation rates of H2, O2 and CO and e−/h+ balance in the photocatalytic 

conversion of CO2 by H2O over ZnTa2O6 fabricated by SSR method in the presence of 

NaNO3. 

 

 

Figure 3 shows that the catalytic performance of Cd2+ ions strongly depend on the 

composition of the counter anions. Only 0.3 μmol h−1 of CO was produced during the 

reaction conducted using the Cd(NO3)2 cocatalyst. Although the selectivity toward CO 

evolution increased from 8.7% to 27.5% due to the almost complete suppression of the 

H2 production (0.7 μmol h−1), Cd(NO3)2 was not a preferred cocatalyst. Meanwhile, O2 

gas was produced at a nonstoichiometric rate (17.5 μmol h−1) with respect to the amounts 

of CO and H2 gases (e−/h+: 0.03) in the presence of nitrate ions. This indicates that nitrate 

ions strongly occupied and poisoned the reductive sites for the evolution of CO on the 

photocatalyst surface. In the case of CdCl2, the photocatalyst could still produce CO as 

the main product (40.6 μmol h−1) with a selectivity of 97.9%. Moreover, a stoichiometric 
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amount of O2 evolved with respect to the amounts of CO and H2 (e−/h+ = 1.03), indicating 

that chloride ions did not provide electrons as a sacrificial reagent. The formation rate of 

CO was lower than that of Cd(OH)2 because chloride ions strongly adsorbed on Cd2+ 

species, which negatively affected the catalytic performance. To confirm the negative 

influence of nitrate ions, the author added a mixture of CdCl2 and NaNO3 to the reaction 

system. As expected, the formation rate of CO decreased to 23.1 μmol h−1. Note that a 

stoichiometric amount of O2 evolved in the presence of 30.0 μmol NaNO3 was still 

observed against the amounts of CO and H2 because the low concentration of nitrate ions 

was difficult to reduce due to the high overpotential of reduction (Table 3). This 

phenomenon confirmed that nitrate ions poisoned the reductive sites for CO evolution 

instead of reacting with photogenerated electrons during CO2 conversion. The addition of 

CdSO4 produced CO at a rate 43.1 μmol h−1 with a selectivity of 96.6%. The comparable 

results presented in Figure 3 imply that electron-inert counter anions (which cannot be 

reduced by photogenerated electrons) are critical to the high catalytic performance of 

Cd2+ ions for CO evolution. Figure 4 shows the formation rates of various products and 

selectivity values toward CO evolution obtained for the photocatalytic conversion of CO2 

by H2O over the Cd(OH)2-modified ZTO photocatalysts fabricated at various 

temperatures and calcination times. Figure 4(a) indicates that ZTO modified with 

Cd(OH)2 exhibits a CO formation rate of 66.3 μmol h−1 at a calcination temperature of 

1423 K, which was slightly higher than those obtained at 1273 K (55.3 μmol h−1) and 

1373 K (50.0 μmol h−1). However, the formation rates of CO remained almost the same 

(65.6–69.9 μmol h−1) for the ZTO samples fabricated at different calcination times and 

the same temperature of 1423 K (Figure 4(b)). By comparing the XRD patterns of the 

ZTO samples manufactured at different calcination times and temperatures, it was found 

that the TaO2－δ impurity phases with the characteristic peaks located at 26.6°, 34.7°, 38.0°, 

and 52.5° were formed at a low calcination temperature of 1273 K (Figure 1(A)). These 

impurity phases were not detected in the ZTO samples fabricated at 1423 K (Figure 1(B)) 

despite the short calcination time of 3 h. The impurities on the ZTO surface produced a 
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negative influence on the CO evolution activity. 

In this work, the author failed to obtain comparable results for the Cd(OH)2-modified 

ZTO samples fabricated under controlled conditions for the photocatalytic conversion of 

CO2 by H2O. Therefore, it was very difficult to determine the effect of the Cd(OH)2 

cocatalyst on the selective evolution of CO. To solve this problem, the author investigated 

a series of photocatalysts including Ga2O3, ZnGa2O4, and NaTaO3 combined with the 

Cd(OH)2 cocatalyst (Table 4). The addition of Cd(OH)2 to the commercial Ga2O3 catalyst 

(entries 1 and 2) did not suppress the evolution of H2 (125.0 vs. 130.7 μmol h−1), which 

was different from its effect on the homemade α-Ga2O3 and β-Ga2O3 catalysts (entries 3–

7). In particular, the influence of Cd(OH)2 on the CO evolution over commercial Ga2O3 

was much stronger (by 54 times, from 0.8 to 43.5 μmol h−1) than those over α- Ga2O3 and 

β-Ga2O3 (by 2.5 and 8.1 times, respectively). Note that α- Ga2O3 21 and β-Ga2O3 22 possess 

opposite zeta potentials. However, the formation rates of CO over the two samples 

modified with the same amount of Cd(OH)2 were very close, which indicated that zeta 

potential was not a critical parameter affecting the Cd(OH)2 catalytic activity. This 

conclusion was confirmed by varying the concentration of NaHCO3 used for the 

photocatalytic conversion of CO2 by H2O over β-Ga2O3 from 0.1 (pH = 6.80) to 1.0 (pH 

= 7.60) M. The obtained results revealed that the CO formation rate over β-Ga2O3 

modified with Cd(OH)2 did not depend on the pH value. Similarly, the evolution of CO 

over SrTa2O6 was also enhanced by Cd(OH)2 addition (from 5.5 to 15.3 μmol h−1); 

however, the evolution of H2 was effectively suppressed, which resulted in low selectivity. 

Meanwhile, ZnGa2O4 produced H2 at a relatively low rate of 28.2 μmol h−1 (entries 10 

and 11), and the formation rate of CO considerably increased from 19.1 to 56.2 μmol h−1 

by the presence of Cd(OH)2. As a result, the selectivity toward CO evolution over 

Cd(OH)2-modified ZnGa2O4 increased from 40.4% to 83.2%. Similar results were 

obtained for NaTaO3 (entries 13 and 14, from 0.6% to 91.3%), Ta2O5 (entries 15 and 16, 

from 2.6% to 67.0%), and Ta2O5/ZnTa2O6 (entries 17 and 18, from 46.0% to 91.5%). 

Bare ZnGa2O4 produced considerable amounts of CO and H2, and Cd(OH)2 
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noticeably enhanced its catalytic performance. Therefore, this catalyst was selected to 

elucidate the mechanism, by which Cd(OH)2 promoted the photocatalytic conversion of 

CO2 by H2O. Figure 5 shows that the formation rates of CO and H2 drastically decreased 

to 2.4 and 0.0 μmol h−1, respectively, after the introduction of O2 into the feed gases 

(cycles 1 and 2). This indicates that an O2 reduction reaction (ORR) occurred strongly at 

the catalytically active sites for CO and H2 evolution. Interestingly, the formation rate of 

CO was selectively recovered to 17.7 μmol h−1 after the in situ addition of 50 μmol CdSO4, 

whereas that of H2 remained at a low level of 1.8 μmol h−1. Furthermore, the amount of 

O2 was not recorded in cycles 2 and 3, which suggested that the active sites for CO 

evolution were selectively protected by the Cd2+ species adsorbed on the ZnGa2O4 surface. 

Thus, Cd(OH)2 mainly suppresses the ORR, which competes with the evolution of CO 

during the photocatalytic conversion of CO2 by H2O. In previous work 20, the author 

found that Zn(OH)2 acted as an effective cocatalyst for the selective evolution of CO in 

the photocatalytic conversion of CO2 by H2O, and that the dissolved Zn2+ species strongly 

influenced its performance. Therefore, the author added 50 μmol ZnSO4 to the reaction 

mixture in cycle 3. The obtained results revealed that the ORR could not be suppressed 

in the presence of ZnSO4 (Figure 6). However, it was also found that the dissolved Cd2+ 

ions almost did not affect the catalytic performance of Cd(OH)2 (Figure 7). Hence, the 

photocatalytic conversion mechanism of CO2 by H2O in the presence of Cd2+ was 

different from that of the reaction occurred in the presence of Zn2+. Initially, the author 

anticipated that the adsorption of Cd2+ on the photocatalyst surface would produce 

positive charges (see Scheme 1). As a result, an alkaline electrical double layer consisting 

of hydroxide, bicarbonate, and carbonate anions was generated to suppress the evolution 

of H2 during the photocatalytic conversion of CO2 by H2O (Table 4). 
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Table 4. Formation rates of H2, O2, and CO gases and selectivities toward CO evolution 

determined for the photocatalytic conversion of CO2 by H2O over various photocatalysts 

modified with the Cd(OH)2 cocatalyst. a  

 

a Cd(OH)2 amount: 50 μmol, photoirradiation time: 0.5 h; photocatalyst amount: 0.5 g; 

reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution, CO2 flow rate: 30 mL min−1, 

light source: 400-W high-pressure Hg lamp. 

 

Figure 5. Formation rates of H2 (blue), O2 (green), and CO (red) gases and selectivities 
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toward CO evolution (black dots) determined for the photocatalytic conversion of CO2 

by H2O over bare ZnGa2O4 under controlled reaction conditions. Cycle 1: 30 mL min−1 

CO2; cycle 2: 5 mL min−1 O2 and 25 mL min−1 CO2; cycle 3: 5 mL min−1 O2, 25 mL min−1 

CO2, and 50 μmol CdSO4. Photoirradiation time: 0.5 h for each cycle, ZnGa2O4 amount: 

0.5 g, reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution, light source: 400-W 

high-pressure Hg lamp. 

 
Figure 6. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) for the photocatalytic conversion of CO2 by H2O over bare 

ZnGa2O4 under controlled reaction conditions. Cycle 1: CO2 30 mL min−1; cycle 2: O2 5 

mL min−1, CO2 25 mL min−1; cycle 3: O2 5 mL min−1, CO2 25 mL min−1 and 50 μmol 

ZnSO4. Photoirradiation time: 0.5 h for each cycle; amount of ZnGa2O4: 0.5 g; reaction 

solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution; light source: 400 W high-pressure 

Hg lamp. 
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Figure 7. Formation rates of H2 (blue), O2 (green), and CO (red) and selectivity toward 

CO evolution (black dot) for the photocatalytic conversion of CO2 by H2O in Cycle 1: 0.5 

g Ta2O5/ZnTa2O6 and 100 μmol Cd(OH)2 and Cycle 2: the photocatalysts reacted in Cycle 

1 were collected by filtration and then used in Cycle 2 directly. Photoirradiation time: 0.5 

h for each cycle; CO2 30 mL min−1; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution; light source: 400 W high-pressure Hg lamp. 

 

Scheme 1. Proposed mechanism of the suppression of H2 evolution and enhancement of 

CO evolution by Cd2+ ions during the photocatalytic conversion of CO2 by H2O. 
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4. Conclusion 

In this study, Cd(OH)2 exhibited excellent catalytic performance during the selective 

photocatalytic conversion of CO2 into CO using H2O as an electron donor. By utilizing 

the ZnTa2O6 photocatalyst fabricated by a solid-state reaction, Cd(OH)2 produced CO at 

a rate of 66.3 μmol h−1 and selectivity of 98.4%. The performance of the Cd2+ co-catalyst 

was significantly affected by the type of the counter anions. In particular, reducible 

counter anions, such as nitrate ions, significantly decreased the catalytic activity of Cd2+, 

whereas hydroxide, chloride, and sulfate ions increased it. Furthermore, Cd2+ ions 

effectively protected the catalytically active sites, generating CO as a product of O2 

poisoning during the reaction. Finally, Cd(OH)2 was universally applicable for various 

photocatalysts, such as Ga2O3, NaTaO3, Ta2O5, and ZnGa2O4.  
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Part III 

Investigations on Ag cocatalyst for the photocatalytic 

conversion of CO2 using H2O as an electron donor 
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Chapter 6 

Tuning Ag-modified NaTaO3 to achieve high CO selectivity for the photocatalytic 

conversion of CO2 using H2O as the electron donor 

 

Abstract 

Ag-loaded NaTaO3 was used for the photocatalytic conversion of CO2 using H2O as 

the electron donor, and the effect of the nanoparticle size, Ag loading, and crystal structure 

on the photocatalytic activity and CO selectivity were investigated. The sizes of the Ag 

nanoparticles could be tuned by controlling the photodeposition time, and relatively larger 

Ag nanoparticles were found to show higher CO selectivity. During the photocatalytic 

reaction, the initially polycrystalline Ag nanoparticles became single crystalline owing to 

the dissolution and redeposition of Ag, and the change in morphology reduced the CO 

selectivity. To solve this problem, Ag-Cr dual cocatalysts having a core–shell structure 

was developed. Subsequently, the locations and sizes of the Ag nanoparticles on the 

surfaces of NaTaO3 were maintained during the reaction because of the protection of the 

chromium shell, thus providing stable and selective CO production via the photocatalytic 

conversion of CO2 by H2O. 
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1. Introduction 

Since the first industrial revolution, humans have been dependent on fossil fuels. 

Although renewable energy sources, such as wind 1 and hydro 2 power are now in use, 

fossil fuels are still the main energy source. However, CO2, a potent greenhouse gas, is 

emitted during the combustion of fossil fuels 3, and this has resulted in global warming 4. 

Therefore, the exploitation of solar energy as a replacement for fossil fuels using 

photovoltaic cells 5, for the photocatalytic conversion of biomass 6, for H2O splitting 7, 

and for CO2 conversion 8, has drawn attention. In particular, the photocatalytic conversion 

of CO2 using H2O as the electron donor is a promising pathway for the capture and reuse 

of CO2, thus storing solar energy and contributing to the fight against global warming. 

The products from the photocatalytic conversion of CO2 with H2O as the electron donor 

are H2 and organic molecules derived from CO2. Independent of the selectivity for the 

conversion of CO2 to different products (see Equation (1)), syngas 9, which consists of H2 

and CO, is always produced. In contrast, the production of other organic species, 

including CHOOH, CH3OH, and CH4, requires high overpotentials. The successful 

photocatalytic conversion of CO2 by H2O should satisfy the balance between the 

consumed photogenerated electrons and holes, as shown in Equation (2). The production 

of a stoichiometric amount of O2 in the reaction is an important indicator that the electrons 

used in the reaction originate from H2O rather than sacrificial reagents, such as carbon 

impurities, which are typically present.  

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8 RCH4 + 2RH2) × 100%     (1) 

e−/h+ = (2RHCOOH + 2 RCO + 4RHCHO + 6RCH3OH + 8 RCH4 + 2RH2)/4RO2    (2) 

CO is an important precursor in the production of a range of industrial reagents such 

as aldehydes, polycarbonates, and polyurethanes. Therefore, the production of CO with 

high selectivity in the photocatalytic conversion of CO2 using H2O as an electron donor 

is attractive. Ag-modified MLa4Ti4O15 (M = Ca, Sr, and Ba) 10, which was first reported 
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by Kudo et al., was the first photocatalyst to produce CO in quantities exceeding those of 

H2 for this reaction. Recently, Ag nanoparticles have been used as cocatalysts and have 

been found to show high selectivity toward the evolution of CO over other photocatalysts 

for CO2 reduction, such as CaTiO3 11, K2Ti6O13 12, SrNb2O6 13, and ZnGa2O4 14. Although 

many types of photocatalysts modified with Ag nanoparticles can satisfy Equation (2), 

few produce CO with high selectivity; examples of these photocatalysts include Ta2O5 

(18%) 15, NaTaO3(4%) 16, ZnTa2O6 (43.4%) 17, Ga2O3 (40%) 18, and Na2Ti6O13 (60%) 19. 

Further, basic metal oxides have been used to modify Ag-loaded photocatalysts for the 

photocatalytic conversion of CO2 using H2O as the electron donor, for example, 

NaTaO3:Sr(Ca) 16, SrO/Ta2O5 15, Al/SrTiO3 20, ZnO/ZnTa2O6 21, and ZnO/Ga2O3 22. In 

previous studies, Iguchi et al. compared the effects of various metal cocatalysts, including 

Ag, Pt, Au, Ni, Cu 17, and Pd 23 on the photocatalytic conversion of CO2 using H2O as the 

electron donor, and the results showed that only Ag nanoparticles resulted in high 

selectivity toward CO. In addition, Wang et al. observed that the conversion of CO2 and 

CO selectivity also depended on the amount and size of Ag nanoparticles, which can be 

easily controlled by adjusting the loading method (impregnation, photodeposition, or 

chemical reduction) used11,14. Hori et al. 24 found that the morphology of the Ag electrode 

had a significant effect on CO evolution in the electrochemical reduction of CO2. The 

partial current density for CO production over the Ag (110) facet was remarkably higher 

than those of the (111) and (100) facets, and Ishida et al. also observed this in previous 

work, in which it was found that Ag electrodes pretreated with O3 had higher activity and 

CO selectivity at the same applied voltages than those that had not received pretreatment 

25. Further, the importance of the structure of the metal cocatalyst used for the selective 

reduction of CO2 was also confirmed in a study of Au electrodes, which are rich in grain 

boundaries 26,27.  

The use of dual cocatalysts, such as Ag@M (M: Cr 28, Co 29, Mn 30, and Fe 31), has 

also been reported to promote the production of CO in the photocatalytic conversion of 

CO2 using H2O as an electron donor dramatically. However, although they are considered 
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to follow the same mechanism, the Ag@Co and Ag@Fe dual cocatalysts did not perform 

in the same way regarding the stability of CO production. In particular, the Ag@Co dual 

cocatalyst showed poor stability.  

Therefore, the author has found that the activity, CO selectivity, and stability of 

catalysts for the photocatalytic conversion of CO2 using H2O as an electron donor depend 

on many factors, such as the surface modification and morphology of the photocatalyst, 

size and microstructure of the metal cocatalyst, and presence of dual cocatalysts. In this 

work, the author tuned the size and number of Ag nanoparticles loaded on NaTaO3 by 

optimizing the photodeposition time and carried out surface modification with 

chromium(III) species and investigated the effects of these modifications of the selectivity 

and stability of CO evolution during the photocatalytic conversion of CO2 using H2O as 

the electron donor.  

2. Experimental section 

2.1. Synthesis of photocatalysts 

NaTaO3 (NTO) was synthesized using a solid-state reaction. Stoichiometric amounts 

of Ta2O5 and Na2CO3 were ground together well and calcined at 1423 K for 20 h in an 

aluminum crucible. Ag nanoparticles were loaded onto the photocatalysts via 

photodeposition. The photodeposition time and amount of Ag precursor were controlled 

to investigate their effects on photocatalyst performance. In addition, dual cocatalysts 

(Ag@M, M = Cr, Cu, Mo, Fe, or Mn) were obtained by the co-photodeposition of AgNO3 

and Na2CrO4, Cu(NO3)2, Na2MoO4, Fe(NO3)3, and KMnO4, respectively. 

2.2. Photocatalyst characterization  

The morphologies of the photocatalysts were observed using field-emission 

scanning electron microscopy (FE-SEM, SU-8220, Hitachi High-Technologies) at an 

accelerating voltage of 3.0–5.0 kV and emission current of 10 μA. The microstructures 

of the Ag nanoparticles were characterized by transmission electron microscopy (TEM, 

JEM-2100F, JEOL). The X-ray diffraction (XRD) patterns of the synthesized NaTaO3 

samples were obtained using a Rigaku Ultima IV powder diffractometer (Cu-Kα radiation, 
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40 kV, 40 mA). The absorption spectra of the Ag nanoparticles were recorded using a 

JASCO V-670 spectrometer. To determine the chemical states of the loaded Ag 

nanoparticles, X-ray photoelectron spectroscopy (XPS) measurements were conducted 

using an ESCA 3400 instrument (Shimadzu Corp.). Leached ions in solution were 

examined using inductively coupled plasma–optical emission spectrometry (ICP-OES, 

iCAP7400, Thermo Fisher Scientific, Inc.). 

2.3. Photocatalytic reaction procedure 

The reactions were conducted in an inner irradiation reactor with a quartz jacket 

which was connected to cooling water, and the temperature during the reactions was 

controlled between 298 and 303 K. A 400-W high-pressure mercury lamp (Sen Lights 

Corp.) was used as the light source. The products derived from H2O and CO2 were 

detected using gas chromatography (GC, GC-8A, Shimadzu Corp.) using a thermal 

conductivity detector (TCD) and flame ionization detector (FID), respectively. 

3. Results and discussion 

3.1. Morphology of NaTaO3 

The XRD pattern presented in Figure 1 shows that the pure NaTaO3 (NTO) phase 

was successfully obtained through the solid-state reaction method used in this work. The 

(100) and (110) facets were obtained after calcination, as confirmed by the SEM image 

of the synthesized NTO (Figure 2), which shows that the particles were nearly cubic in 

shape enclosed by the (100) and (110) facets. As a typical perovskite material, perfect 

NaTaO3 should have a cubic habit. The formation of the (110) facet indicates that defects 

were formed in the NTO during calcination. Undoubtedly, some sodium species 

evaporated during calcination because the Na2CO3 precursor has a low melting point. 

This means that the sodium component in the final product was not stoichiometric with 

the tantalum component. For comparison, Na-poor and Na-rich NTO samples were 

synthesized by tuning the ratio of Na+ to Ta5+ (0.9 and 1.1, respectively) in the precursors. 

Figure 3(a) shows that larger (110) facets were formed in the Na-poor NTO sample 

compared with the NTO fabricated from a stoichiometric amount of Na+ and Ta5+ 
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precursors. However, the formation of the (110) facet was almost completely inhibited 

when 10 mol% of excess sodium precursor was used to prepare Na-rich NTO (Figure 

3(b)). Based on the XRD patterns of the Na-poor and Na-rich NTO samples in Figure 4, 

it is clear that the intensity of the reflection arising from the (110) facet in the Na-rich 

NTO is much lower than that of the Na-poor NTO. Therefore, it is reasonable to conclude 

that the formation of the (110) facet in NTO is caused by the loss of sodium species during 

calcination. 

 

Figure 1. XRD pattern of (a) synthesized NaTaO3 and (b) the Inorganic Crystal Structure 

Database (ICSD) reference pattern (No. 88375). 
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Figure 2. SEM image of synthesized NaTaO3. 

 

Figure 3. SEM images of (a) Na-poor NTO and (b) Na-rich NTO. 
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Figure 4. XRD patterns of Na-poor NTO (black), Na-rich NTO (blue) and the reference 

(red). 

 

3.2. Photodeposition time for Ag nanoparticle loading 

Figure 5 shows SEM images of Ag nanoparticles on the surface of the NTO particles 

prepared by photodeposition for different periods. Large numbers of Ag nanoparticles 

were observed on the (100) facet when the photodeposition time was 0.5 h, as shown in 

Figure 5(a). However, the number of Ag particles decreased significantly when the 

photodeposition time was increased to 1 h, as shown in Figure 5(b), and the number of 

particles decreased further when the photodeposition time was increased to 3 and 5 h. In 

particular, there are very few Ag nanoparticles on the surface of NTO after 3 h of 

photodeposition (Figure 5(c)), and they are absent after photodeposition for 5 h (Figure 

5(d)), possibly as a result of the presence of very small-sized Ag nanoparticles. Strangely, 

a small number of Ag nanoparticles were observed again when the photodeposition time 

was increased to 7 and 12 h, as shown in Figures 5(e) and 5(f), indicating the growth of 

the nanoparticles after these times. Next, the author performed ICP-OES measurements 
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of the sample solutions after photodeposition to determine the Ag loading. Based on the 

analysis of the remaining reaction solution, almost 100% of the precursor Ag had been 

loaded onto the surface of NTO after 0.5 h photodeposition (Figure 6). Similarly, no Ag+ 

ions were found in solution after photodeposition for up to 12 h, indicating that the Ag 

nanoparticles initially photodeposited on the surface of NTO were not leached into the 

solution during longer photoirradiation periods. 

 

Figure 5. SEM images of Ag/NTO prepared at photodeposition times of (a) 0.5, (b) 1, (c) 

3, (d) 5, (e) 7, and (f) 12 h. Ag nanoparticles are highlighted with red circles. Ag loading: 

0.29 wt%. 
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Figure 6. ICP characterizations on the concentration of residual Ag+ in the loading 

solution after photodeposition. 

 

Figure 7 shows the UV-Vis diffuse reflectance spectra of the Ag/NTO photocatalysts 

prepared using different photodeposition times. Peaks originating from the surface 

plasmon resonance (SPR) were observed in the spectra of the Ag/NTO samples at 382 

and 465 nm. These two peaks were probably caused by the coupling of the resonance of 

adjacent Ag particles having heterogenous sizes 32. However, the peak intensities of the 

Ag nanoparticles decreased with increase in the photodeposition time from 1 to 7 h but 

increased slightly when the photodeposition time was prolonged to 12 h, again indicating 

that the size of the Ag nanoparticles increased. Next, the chemical states of the Ag 

nanoparticles were characterized using XPS. The peaks at 368 and 352 eV in the 3d Ag 

XPS (368 eV) and Auger electron spectra (352 eV) did not change, as shown in Figures 

8(a) and 8(b), which indicates that the chemical state of the nanoparticles was not affected 

by the photodeposition time. The Auger parameters revealed that all nanoparticles 

comprised Ag0 (720.0 eV), which is easily distinguished from Ag+ (718.5 eV) and Ag2+ 
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(718.9 eV).  

 

Figure 7. UV-Vis diffuse reflectance spectra of Ag/NTO prepared using different 

photodeposition times. Ag loading: 0.29 wt%. Inset shows an enlarged image of the SPR 

peaks arising from the Ag nanoparticles. K-M = Kubelka–Munk function.  

 

Figure 8. X-ray photoelectron spectra of Ag nanoparticles loaded on NTO by controlling 

the photodeposition time. (a) binding energy of Ag and (b) kinetic energy of auger 

electrons. 1 h (red), 5 h (black) and 12 h (blue). 
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Figure 9 shows the activity and selectivity of the prepared photocatalysts toward CO 

evolution during the photocatalytic conversion of CO2 using H2O as the electron donor. 

The rate of formation of O2, which indicates the total photocatalyst activity (see Equation 

(2)), increased gradually for the samples photodeposited for 1 to 5 h (36 to 57 μmol h−1) 

and then decreased in the samples photodeposited for periods up to 12 h (30 μmol h−1). 

The same trend was observed in overall water splitting over bare NTO (Figure 10); this 

trend arises because there is a trade-off relationship between Na+ leaching from the 

surface of NTO and the growth of the (110) facet over time. The author also observed an 

increase in the pH from 6.6 to 8.0 during the reaction, and there are two explanations for 

this: (1) protons could be strongly adsorbed on the surfaces of NTO or (2) protons could 

be exchanged for Na+ on the surfaces. Both scenarios would cause an increase in the pH 

because OH－ would be left in the bulk solution. By comparing the XRD patterns (Figure 

11) before and after the photocatalytic reaction, it was found that the intensity of the 

reflection corresponding to the (110) facet increased relative to that of the (100) facet 

after reaction, indicating that the (110) facets grew selectively. This can be confirmed by 

comparing the SEM images before and after the photocatalytic reaction (see Figures 12(a) 

and 12(b)). As shown in these images, the smooth (100) facet became rough owing to the 

formation of the (110) facet. Based on Figure 3, it is reasonable to conclude that the 

formation of the (110) facet during the water splitting reaction is caused by the leaching 

of Na+ ions from the (100) facet to the solution. Therefore, the author believes that the 

change in pH was caused by ion exchange between the Na+ ions in the NTO framework 

and the protons in the solution, which resulted in a high concentration of OH－ near the 

NTO surfaces under photoirradiation. Therefore, the author carried out Ag nanoparticle 

loading onto NTO under high pH (11.4) conditions (Figure 13) and found that larger Ag 

nanoparticles were formed. Therefore, the observed decrease in the size of the Ag 

particles with increasing photodeposition time should not be caused by the rapid increase 

in pH arising from ion exchange. As discussed, with increase in photodeposition time, the 

number of active sites on NTO increased and subsequently decreased as a result of the 
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trade-off between the formation of the (110) facet and leaching of Na+. The former 

enhances the separation of charge carriers between the (100) and (110) facets, whereas 

the latter inevitably creates more defects on the surfaces of NTO, which results in the 

increased recombination of photogenerated electrons and holes. Metal nanoparticles, such 

as Pt, have been reported to act as recombination centers for photogenerated electrons 

and holes when they exceed specific sizes 33,34. This means that photogenerated holes, as 

well as electrons, could be capable of migrating to the Ag nanoparticles under 

photoirradiation. The author believes that the reduction of Ag+ and oxidation of Ag0 

reaches dynamic equilibrium during photoirradiation, and Ag0 would be redeposited on 

the surfaces of NTO, thus resulting in changes to the number of active sites under 

photoirradiation, as well as changes to the size of the Ag nanoparticles. 

Interestingly, the CO selectivity of Ag/NTO was significantly influenced by the 

photodeposition time. Specifically, the large Ag nanoparticles (1 h) produced CO as the 

main product with an activity of 92 μmol h−1, and the CO selectivity reached 88%. For 

the sample photodeposited for 5 h, the CO formation rate decreased to 46 μmol h−1, and 

the H2 formation rate increased from 13 to 105 μmol h−1. Thus, the selectivity toward CO 

evolution shows a “V”-like trend, reaching 75% with a CO formation rate of 67 μmol h−1 

for the sample photodeposited for 12 h. Therefore, the CO selectivity is dependent on the 

size of the Ag nanoparticles, as shown in Figures 5 and 9. In addition, the chemical state 

of Ag0 was maintained both before and after the reaction (Figures 8 and 14).  
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Figure 9. Formation rates of H2 (blue), O2 (green), and CO (red) and CO selectivity (black 

dots) for the photocatalytic reaction over Ag/NTO prepared using different 

photodeposition times. Photocatalyst: 0.5 g; Ag loading: 0.29 wt%; photoirradiation time: 

1 h; reaction solution: 1 L of aqueous 0.1 M NaHCO3; CO2 flow rate: 30 mL min−1; light 

source: 400-W high-pressure Hg lamp. 

 

Figure 10. Formation rates of H2 (blue), O2 (green) and pH value of solution (black dot) 
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for overall water splitting over bare NTO. Photocatalyst: 0.5 g; reaction solution: 1 L pure 

H2O; Ar flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 11. XRD patterns of NTO before (blue) and after (red) overall water splitting. 

Black: reference from ICSD database (No. 88375). 

 

Figure 12. SEM images of NTO (a) before and (b) after overall water splitting. 
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Figure 13. SEM image of Ag-loaded NTO by photodeposition method at pH 11.4. 

 

Figure 14. X-ray photoelectron spectra of Ag nanoparticles loaded on NTO with various 

photodeposition time after the photocatalytic conversion of CO2 by H2O. (a) binding 

energy of Ag and (b) kinetic energy of auger electrons. 1 h (red), 5h (black) and 12 h 

(blue). 

 

3.3. Amount of Ag loaded on NTO 

The photodeposition time and Ag loading also affect the size of the Ag nanoparticles. 

Figure 15 shows SEM images of Ag/NTO particles prepared with different Ag loadings. 
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The Ag nanoparticles produced using 0.02, 0.05, and 0.10 wt% of the Ag precursor were 

too small to be observed, as shown in Figures 15(a–c), and the size of the Ag nanoparticles 

increased gradually with increase in Ag loading, as shown in Figures 15(d–f). However, 

the density of the Ag nanoparticle dispersion did not change significantly. This indicates 

that the successful reduction of Ag+ ions in the precursor solutions proceeded on the 

surfaces of the previously deposited small Ag nanoparticles, and these particles grew 

slowly. Crucially, if further growth had not occurred on the initially deposited seed 

particles, the density of Ag particles would have increased. Based on the Section 3.2 

discussion, the Ag nanoparticles of 0.29 wt% Ag/NTO should be capable of scavenging 

the photogenerated electrons completely from the surface of NTO because the density of 

Ag nanoparticles did not increase with an increase in the loading amount. Next, the author 

monitored the H2, O2, and CO formation rates for the photocatalytic reaction over 

Ag/NTO, as shown in Figure 16. The CO selectivity varied significantly with respect to 

Ag loading from 0.02 to 3.0 wt%. In addition, the formation rate of H2 was increased 

significantly with an increase of loading amount of Ag nanoparticles from 0.02 to 1.0 wt% 

during the reaction. Interestingly, the formation rate of H2 formation rate was not almost 

changed over 5 h of reaction in the case of the 3.0 wt% Ag/NTO. This unstable 

performance is not a result of changes in the surface properties of NTO during the 

photocatalytic reaction because bare NTO showed stable performance under the same 

conditions (Figure 17). Further, the CO formation rate decreased gradually for all samples, 

regardless of the Ag loading.  
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Figure 15. SEM images of Ag/NTO catalysts prepared with different Ag loadings: (a) 

0.02, (b) 0.05, (c) 0.1, (d) 0.6, (e) 1.0, and (f) 3.0 wt%. Photodeposition time: 1 h. 

 

Figure 16. Formation rates of H2 (blue), O2 (green), and CO (red) and CO selectivity 

(black dots) with respect to time during the photocatalytic reaction over Ag/NTO prepared 

with different Ag loadings: (a) 0.02, (b) 0.05, (c) 0.1, (d) 0.6, (e) 1.0, and (f) 3.0 wt%. 

Photocatalyst: 0.5 g; reaction solution: 1 L of aqueous 0.1 M NaHCO3; CO2 flow rate: 30 

mL min−1; light source: 400-W high-pressure Hg lamp. Photodeposition time for Ag 

loading: 1 h. 



159 
 

 

Figure 17. Formation rates of H2 (blue), O2 (green) and CO (red) and selectivity toward 

CO evolution (black dot) for the photocatalytic conversion of CO2 by H2O over bare NTO. 

Photocatalyst: 0.5 g; reaction solution: 1 L of a 0.1 M NaHCO3 aqueous solution; CO2 

flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 18 displays SEM images of Ag/NTO particles prepared with different Ag 

loadings after the photocatalytic reaction. For the sample prepared with a Ag loading of 

0.6 wt%, the size of the Ag nanoparticles decreased from 30 nm before reaction to 20 nm 

after reaction. The size-reduction phenomenon was even more significant for the catalyst 

prepared with a Ag loading of 0.29 wt%, for which the Ag nanoparticles disappeared after 

the reaction. In contrast, for the sample prepared with a Ag loading of 0.60 wt%, the 

particles after the reaction (Figure 18(b)) remained larger than those prepared with 0.29 

wt% Ag before the reaction (15 nm) (Figures 5(b)). This result reveals that the change in 

the CO formation rate was not caused by a decrease in the size of the Ag nanoparticles. 

Figure 19 shows the TEM images of the Ag/NTO catalyst prepared with a Ag loading of 

0.29 wt% before and after the reaction. The lattice fringes of the Ag nanoparticles before 

the reaction indicate a polycrystalline structure, showing growth in multiple directions, 
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as well as the presence of a large number of grain boundaries (Figure 19(a)). Interestingly, 

the Ag lattice planes became aligned after the reaction, indicating a transformation from 

a polycrystalline to single-crystalline structure, as shown in Figure 19(b). Thus, during 

the photocatalytic reaction, the number of grain boundaries in the Ag nanoparticles is 

reduced. It has been widely reported that the presence of grain boundaries enhances the 

selectivity toward CO evolution in the electrochemical reduction of CO2 27,35,36, 

suggesting that the observed reduction in the number of grain boundaries in the catalyst 

would result in a reduction in the CO selectivity with time. Therefore, the poor stability 

in CO selectivity during the photocatalytic reaction is considered to be caused by the loss 

of grain boundaries in the Ag nanoparticles. 

 

Figure 18. SEM images of catalyst particles after the photocatalytic reaction. Ag/NTO 

was prepared with different Ag loadings: (a) 0.29, (b) 0.60, (c) 1.00, and (d) 3.00 wt%. 
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Figure 19. TEM images of Ag/NTO (a) before and (b) after reaction. Amount of Ag: 0.29 

wt%. 

 

3.4. Effect of modification of the Ag nanoparticles 

Pang et al. previously reported that the addition of a shell of chromium hydroxide 

on Ag nanoparticles enhanced the CO selectivity of Ag-loaded Ga2O3 
23. Therefore, the 

author prepared a series of Ag@M (M = Cu, Mo, Fe, Mn, or Cr) dual cocatalysts on NTO 

for the photocatalytic conversion of CO2 using H2O as the electron donor. The 

performance of the dual cocatalysts for this reaction are summarized in Table 1. Only the 

Ag@Cr cocatalyst prepared by the co-photodeposition of AgNO3 and Na2CrO4 yielded a 

high CO selectivity (87.7% compared to 81.1% for the Ag/NTO catalyst). Next, XPS Ag 

3d and Cr 2p spectra (see Figures 20(a) and 20(b), respectively) were obtained, and these 

reveal that Ag and Cr were present as Ag0 and Cr3+, respectively, and the intensity ratio 

of Ag to Cr species was approximately 0.29. After Ar+-ion sputtering, peaks 

corresponding to Cr0 species were observed in the XPS profile, possibly as a result of the 

strong reducing power of the Ar+-ion sputtering process. However, the Ag-to-Cr ratio (for 

Cr, both Cr3+ and Cr0) increased to 0.61. Because the escape depth of the electrons excited 

by X-rays in XPS measurements is generally several nanometers, the author believes that 

the Ag0 species were covered by a shell of Cr3+ species and were exposed after sputtering. 

After the second cycle of Ar+ sputtering, the ratio of Ag-to-Cr peak intensities remained 

at 0.57, indicating that the shell of Cr species on Ag had been completely removed, and 
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the remaining Cr species were located on the surface of the NTO. Furthermore, the 

modification with Cr3+ species improved the photocatalytic stability of the Ag/NTO 

catalyst, as shown in Figure 21. Comparing Figures 16(c–e), it can be seen that the 

formation of H2 was suppressed, resulting in stable and high CO selectivity (80.0%). 

Unlike the Ag/NTO catalyst, for which the Ag nanoparticles were selectively deposited 

on the (100) facet of NTO on photoirradiation, the Ag@Cr dual cocatalysts showed no 

preference for any facet (Figure 22(a)), and the dual Ag@Cr cocatalyst particles were 

dispersed on both the (100) and (110) surfaces. As discussed Section 3.2, the Ag0 species 

loaded on the surfaces of NTO would be redeposited during photoirradiation because of 

the simultaneous Na+ leaching and growth of the (110) facets. This probably resulted in 

the polycrystalline-to-single crystalline transformation of the Ag nanoparticles, as 

discussed in Section 3.3, which reduced the CO selectivity during the photocatalytic 

reaction. In contrast, the position, number, and size of the dual Ag-Cr nanoparticles did 

not change significantly, as shown in Figure 22(b), suggesting that the Ag nanoparticle 

morphology was preserved as a result of the Cr3+ shell. Therefore, the NTO catalyst 

modified with Ag and Cr produced CO stably with high selectivity. 

 

Table 1. Formation rates of H2, O2, and CO and CO selectivity in the photocatalytic 

conversion of CO2 using H2O as an electron donor over Ag@M-loaded NTO. a  

 
a Photocatalyst:0.5 g; reaction solution:1 L of aqueous 0.1 M NaHCO3; CO2 flow rate: 30 

mL min−1; photoirradiation time: 1 h; light source: 400-W high-pressure Hg lamp. Ag-to-

M molar ratio: 1.00; Ag@M photodeposition time: 1 h. 
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Figure 20. XPS (a) Ag 3d and (b) Cr 2p spectra of Ag@Cr-loaded NTO. 

 

Figure 21. Formation rates of H2 (blue), O2 (green), and CO (red) and CO selectivity 

(black dots) during the photocatalytic conversion of CO2 by H2O over Ag@Cr loaded 

NTO prepared using different amounts of Ag: (a) 0.1, (b) 0.6, and (c) 1.0 wt%. The molar 

ratio of AgNO3 to Na2CrO4 was 1.00 in all cases. Reaction conditions: photodeposition 

time: 1 h; photocatalyst: 0.5 g; reaction solution: 1 L of aqueous 0.1 M NaHCO3; CO2 

flow rate: 30 mL min−1; light source: 400-W high-pressure Hg lamp. 
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Figure 22. SEM images of Ag@Cr loaded NTO (a) before and (b) after reaction. 

 

4. Conclusion 

Ag nanoparticles were loaded on a NaTaO3 photocatalyst, and their number and size 

were effectively tuned by varying the photodeposition time and amount of loaded Ag. In 

addition, surface modification using chromium species was also carried out. The author 

found that the size of the Ag nanoparticles was strongly affected by the photodeposition 

time, and the largest Ag nanoparticles resulted in the highest CO selectivity in the 

photocatalytic conversion of CO2 using H2O as an electron donor. However, the Ag-

loaded NaTaO3 catalyst showed poor stability in terms of CO selectivity at all Ag loading 

amounts. The author found that the Ag nanoparticles underwent a polycrystalline to single 

crystalline transition, and the consequent loss of grain boundaries, as well as the changes 

in the size of the Ag nanoparticles, were responsible for this loss of CO selectivity. The 

changes to the morphology of the Ag nanoparticles during the photocatalytic reaction 

could be prevented by covering them with a chromium (III) shell. Using this strategy, the 

CO selectivity was maintained. 
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Chapter 7 

High selectivity toward CO evolution for the photocatalytic conversion of CO2 by 

H2O as an electron donor over Ag-loaded β-Ga2O3 

 

Abstract 

A wide range of investigations on Ag-loaded Ga2O3 have exhibited poor selectivity 

toward the evolution of CO during the photocatalytic conversion of CO2 using H2O as an 

electron donor. Herein, the performances of Ag-loaded commercial Ga2O3 (composite of 

α- and β-Ga2O3), pure α-, and β-Ga2O3 were examined for this reaction. Ag-loaded β-

Ga2O3 exhibited high selectivity for CO evolution if the proper loading methods and Ag 

nanoparticle contents were controlled. Using the chemical reduction method with 

NaH2PO2, 2 wt% Ag nanoparticles on β-Ga2O3 produced CO with an activity of 201.3 

μmol h−1 and selectivity of 83.5%. However, 8 wt% Ag nanoparticles were required to 

achieve the same selectivity when prepared using the photodeposition method. Ag-loaded 

α-Ga2O3 exhibited low selectivity toward CO evolution regardless of the loading extent 

and preparation method. By varying the amount of Ag-loaded β-Ga2O3 for photocatalytic 

conversion using H2O, it was found that the selectivity toward CO evolution was largely 

dependent on the amounts of Ag-loaded β-Ga2O3 used for the photocatalytic conversion 

of CO2 using H2O. The reduction of O2 occupies the active sites for H2 evolution at high 

amounts of Ag-loaded β-Ga2O3, resulting in a high selectivity for CO evolution. 
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1. Introduction 

The emission of greenhouse gases 1, mainly carbon dioxide (CO2), has enhanced the 

effect of global warming 2 over the past 100 years. To address this challenge, various 

technologies for renewable energy 3 have been developed to replace fossil fuels. Among 

these alternative strategies, the utilization of solar energy 4 has attracted considerable 

attention owing to its sustainable and environmentally-friendly characteristics. This field 

can be divided into two branches from the perspective of energy conversion pathways: 

from solar to electricity directly, exemplified by silicon cells 5 and photovoltaic cells 6, 

and chemical pathways involving the conversion of biomass 7, water (H2O) splitting 8, 

and CO2 photoreduction 9. Recently, the photocatalytic conversion of CO2 using H2O as 

the electron donor has been achieved over many photocatalysts including Ag-loaded 

NaTaO3 10, CaTiO3 11, Ga2O3 12, and ZnGa2O4 13 among others. The successful 

photocatalytic conversion of CO2 by H2O should simultaneously satisfy a balance 

between photogenerated electrons and holes (Eq. (1)) and high selectivity (Eq. (2)). 

e−/h+ = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4 + 2RH2)/4RO2    (1) 

Selectivity = (2RHCOOH + 2RCO + 4RHCHO + 6RCH3OH + 8RCH4)/(2RHCOOH + 2 RCO + 

4RHCHO + 6RCH3OH + 8RCH4 + 2RH2) × 100%          (2) 

Many studies have revealed that bare Ga2O3 exhibits low selectivity toward the 

evolution of CO during the photocatalytic conversion of CO2 by H2O when only Ag 

nanoparticles are used as a cocatalyst. Kawaguchi et al. 14 compared the performances of 

commercial and homemade Ga2O3 modified with Ag nanoparticles for the photocatalytic 

conversion of CO2 using H2O. Their results showed that CO evolution selectivity failed 

to exceed 40%, regardless of loading method. Li et al. 15 achieved a selectivity of 65.3% 

for the formation of CO on Ni-doped β-Ga2O3 modified by Ag nanoparticles. However, 

the CO production activity was quite low. Previously 12,16–18, a similar level of selectivity 

toward the evolution of CO over Ag-loaded Ga2O3 (29.9–51.0%) for the photocatalytic 

conversion of CO2 by H2O was achieved by Teramura et al.. In contrast, modifications of 
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Zn species 19,20 as well as rare earth elements such as Pr and Ce 16,17 on Ga2O3 were shown 

to enhance the selectivity toward CO evolution (>80%) with Ag nanoparticles as the 

cocatalyst. In addition, a shell of Cr(OH)3 covering the surface of Ag-loaded Ga2O3 

promoted the selectivity for CO evolution (83%) during the photocatalytic conversion of 

CO2 by H2O 12. Given these phenomena, it is possible that the selectivity for CO evolution 

over Ag-loaded Ga2O3 during the photocatalytic conversion of CO2 by H2O is largely 

dependent on the surface properties of Ga2O3. Herein, the performances of Ag-loaded 

commercial Ga2O3 (containing α and β phases) and homemade pure α- and β-Ga2O3 were 

examined for the photocatalytic conversion of CO2 using H2O. High selectivity toward 

CO evolution was achieved over Ga2O3 even though only Ag nanoparticles were used as 

the cocatalyst by controlling the loading extent and methods of the Ag nanoparticles. In 

addition, the selectivity was significantly affected by the phases of Ga2O3.  

2. Experimental 

2.1. Photocatalyst preparation 

Commercial Ga2O3 (c-Ga2O3) was purchased from KOJUNDO CHEMICAL 

LABORARTORY Co., Ltd.. For the synthesis of α-Ga2O3, GaOOH was first fabricated 

by protonation of NaGaO2 by HCl. The obtained GaOOH was dried at 358 K and washed 

at 358 K for 1 h. After drying, the powder was calcined at 723 K for 3 h. The β-Ga2O3 

was obtained by calcinating commercial powder at 1423 K for 24 h in an aluminum 

crucible. The Ag nanoparticles were loaded into the above photocatalysts by various 

methods, including photodeposition, impregnation, and chemical reduction. The loading 

conditions are described in detail in Table 1. 

 

 

 

 

 

 



172 
 

Table 1. Synthesis conditions for photocatalysts used in this work. 

 

 

2.2. Photocatalyst characterization 

The structures of the obtained Ga2O3 used herein were determined using a Rigaku 

Ultima IV powder diffractometer (Cu Kα, 40 kV, and 40 mA). The morphologies of the 

photocatalysts were observed using a field-emission scanning electron microscope (FE-

SEM, SU-8220, Hitachi High-Technologies). UV-vis diffuse reflectance spectroscopy 

(UV-vis DRS) of the photocatalysts was performed using a JASCO V-670 spectrometer.  

2.3. Reaction procedure 

An inner irradiation reactor equipped with a quartz jacket was used for the 

photocatalytic conversion of CO2 using H2O. The reactor was connected to cooling water 

to maintain the temperature between 298 and 303 K during the reactions. The light source 

was a 400 W high pressure mercury lamp (Sen Lights Corp.). Before the reactions, the 

system was purged with CO2 to remove any residual air. The production of H2, O2, and 

CO was detected using GC-8A (Shimadzu Corp) gas chromatographs with TCD and FID 

detectors. 

3. Results and Discussion 

Figure 1(a) shows the XRD patterns of the Ga-containing samples fabricated herein. 

The structure of GaOOH was successfully obtained by the protonation of NaGaO2 by HCl. 

After calcination at 723 K, the GaOOH phase was converted to pure α-Ga2O3, as shown 
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in Figure 1(b). According to Figure 1(b), c-Ga2O3 consisted of α- and β-Ga2O3 

simultaneously, and pure β-Ga2O3 was obtained via calcination of c-Ga2O3 at 1423 K for 

24 h. However, the half-width of the crystalline phase in α-Ga2O3 was visibly larger than 

that in β-Ga2O3, implying that the crystalline size of α-Ga2O3 was much smaller than that 

of β-Ga2O3. 

 
Figure 1. XRD patterns of (a) synthesized GaOOH (black) and reference from ISCD 

database (red); (b) c-Ga2O3 (blue), α-Ga2O3 (black), and β-Ga2O3 (red). 

 

Figure 2. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

Ag/c-Ga2O3 (CR_P), Ag/c-Ga2O3 (CR_B), and Ag/c-Ga2O3 (CR_CP). Photoirradiation 

time: 0.5 h; Ag content: 2 wt%; photocatalyst loading: 0.25 g; reaction solution: 1.0 L of 

a 0.1 M NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W 
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high-pressure Hg lamp. 

 

Figure 2 shows the photocatalytic performance of Ag-loaded c-Ga2O3 fabricated via 

chemical reduction of NaH2PO2 (Ag/c-Ga2O3 (CR_P)), NaHBO4 (Ag/c-Ga2O3 (CR_B)), 

and a mixture of citric acid and NaH2PO2 (Ag/ c-Ga2O3 (CR_CP)) for the photocatalytic 

conversion of CO2 by H2O. A loading of 2 wt% Ag/c-Ga2O3 (CR_P) exhibited 62.5% 

selectivity toward CO evolution during the photocatalytic conversion of CO2 by H2O, 

wherein CO and H2 were formed at rates of 113.4 and 68.0 μmol h−1, respectively. 

Although the formation rate of CO was slightly higher for Ag/c-Ga2O3 (CR_B) (128.4 

μmol h−1) and Ag/c-Ga2O3 (CR_CP) (155.3 μmol h−1), the selectivity was similar (62.5% 

to 67.8%). 

 

Figure 3. UV-vis diffuse reflectance spectra of c-Ga2O3 with various Ag loadings by 

chemical reduction of NaH2PO2: (a) 1 wt%, (b) 2 wt%, (c) 3 wt%, and (4) 4 wt% Ag. 

Figure 3 shows the UV-vis diffuse reflectance spectra of c-Ga2O3 loaded with 

optimized amounts of Ag nanoparticles via chemical reduction with NaH2PO2. A clear 

surface plasmon resonance (SPR) absorption peak was observed at 420 nm for 1 wt% Ag 
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nanoparticle loading (Figure 3(a)). With increased loading to 2 wt% Ag, the absorption 

intensity was significantly enhanced, whereas the absorptive position remained 

unchanged, indicating that the Ag nanoparticle size was constant. A shoulder absorption 

peak appeared at 290 nm, which was attributed to the transverse plasmon absorption band 

of nonspherical Ag nanoparticles. Higher loading of Ag nanoparticles did not change the 

absorption positions but further enhanced the intensities of both the transverse and 

longitudinal absorption peaks. Figure 4 shows the SEM images of Ag-loaded c-Ga2O3 

samples corresponding to those in Figure 3. The Ag nanoparticle size was approximately 

10 nm at 1 wt% loading and the coverage ratio of Ag nanoparticles on the surface of c-

Ga2O3 was very low (Figure 4(a)). As the loading was increased to 2 wt% (Figure 4(b)), 

the near-elliptical Ag nanoparticles remained largely unchanged (approximately 10 nm), 

as supported by Figure 3. It was previously reported that the absorption bands of metal 

nanoparticles largely depend on their sizes 21,22. However, the coverage ratio of Ag 

nanoparticles on the surfaces of c-Ga2O3 at this loading visibly increased, resulting in a 

drastically enhanced absorption intensity. As shown in Figure 4(c) and 4(d), 3 and 4 wt% 

Ag/c-Ga2O3 contained similarly sized Ag nanoparticles as in the 2 wt% Ag/c-Ga2O3 

sample. This indicates that the chemical reduction by NaH2PO2 changed the coverage 

ratio on the surface of c-Ga2O3 while maintaining the Ag nanoparticle size.  
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Figure 4. SEM images of Ag/c-Ga2O3 (CR_P) at various loadings: (a) 1 wt%, (b) 2 wt%, 

(c) 3 wt%, and (d) 4 wt% Ag. 

 

Figure 5. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

Ag/c-Ga2O3 (CR_P) with various Ag cocatalyst loadings. Photoirradiation time: 0.5 h; 
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photocatalyst content: 0.25 g; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp.  

 

Figure 5 shows the catalytic performance of Ag/c-Ga2O3 (CR_P) with controlled Ag 

loading for the photocatalytic conversion of CO2 using H2O. Bare c-Ga2O3 produced H2 

with an activity of 207.9 μmol h−1, whereas CO was produced with an activity of just 0.3 

μmol h−1 for the photocatalytic conversion of CO2 by H2O. When c-Ga2O3 was modified 

with 1 wt% Ag nanoparticles, the formation rate of CO increased to 115.1 μmol h−1 and 

that of H2 was suppressed to 152.0 μmol h−1. The selectivity toward CO evolution was 

43%, similar to the results reported previously 12,14,17. Interestingly, the selectivity toward 

CO evolution drastically increased to 93.4% at 4 wt% Ag nanoparticles. To the best 

knowledges of the author, such a high selectivity toward CO evolution over bare Ga2O3 

has not been reported when only Ag nanoparticles are used as the cocatalyst (generally 

selectivities of <50% have been achieved 12,14,16–18). Following this trend, the formation 

rate of H2 was suppressed to 3.4 μmol h−1, whereas that of CO remained stable at 2 wt% 

then decreased to 48.4 μmol h−1 at 3 wt%. Based on Figures 3 and 4, the properties of the 

Ag nanoparticles loaded on c-Ga2O3, including their size and shape, remained unchanged 

with varying loadings. Thus, it could be concluded that the increased selectivity toward 

CO evolution was caused by the coverage ratio of Ag nanoparticles on the surfaces of c-

Ga2O3. It has been reported that the α- and β-Ga2O3 phases in c-Ga2O3 exhibit positive 23 

and negative 24 zeta potentials at pH values of the reactions in this work (about 6.8), 

respectively, whereas Ag nanoparticles exhibit negative zeta potential 25–27. Therefore, the 

Ag nanoparticles formed during chemical reduction are selectively captured by the α 

phase of Ga2O3 owing to the Coulomb force. With saturated coverage of Ag nanoparticles 

on the α phase, Ag nanoparticles were then deposited on the surface of β phase of Ga2O3, 

as depicted in Scheme 1. In other words, Ag-loaded β-Ga2O3 showed high selectivity 

toward CO evolution for the photocatalytic conversion of CO2 by H2O. 
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Scheme 1. The loading process of Ag nanoparticles on c-Ga2O3. 

 

Figure 6. Absorption spectra of (a) Ag/α-Ga2O3 (CR_P) and (b) Ag/β-Ga2O3 (CR_P) with 

2 wt% Ag.  

 

Figure 6 shows the UV-vis diffuse reflectance spectra of 2 wt% Ag-loaded α-Ga2O3 

and β-Ga2O3 obtained via chemical reduction with NaH2PO2. The α-Ga2O3 and β-Ga2O3 

showed absorption edges of 240 and 260 nm, respectively, corresponding to band gaps of 

5.17 28 and 4.77 eV 29, respectively. The Ag nanoparticles loaded in α-Ga2O3 exhibited an 

absorption band at 422 nm, whereas the peak was shifted to 410 nm for the Ag 

nanoparticles on β-Ga2O3. Figure 7 compares the photocatalytic performances of Ag/α-
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Ga2O3 (CR_P) and Ag/β-Ga2O3 (CR_P) with 2 wt% Ag nanoparticle loading, including 

the product formation rate and selectivity toward CO evolution. Ag/α-Ga2O3 (CR_P) 

produced CO (25.3 μmol h−1) with a selectivity of 33.4%. For Ag/β-Ga2O3 (CR_P), the 

CO formation rate reached 201.3 μmol h−1, whereas that of H2 was lowered to as much 

as 39.8 μmol h−1. The selectivity of 83.5% over Ag/β-Ga2O3 (CR_P) conformed to the 

phenomenon observed in Figure 5 and Scheme 1, and the β phase of Ga2O3 modified with 

Ag nanoparticles accounted for the high selectivity toward CO evolution. Figure 8 shows 

the photocatalytic performance of the optimized Ag-loaded α-Ga2O3 prepared via 

chemical reduction with NaH2PO2 for the photocatalytic conversion of CO2 by H2O. The 

H2 formation rate was suppressed from 50.2 to 31.0 μmol h−1 as the loading of Ag 

nanoparticles increased from 2 to 5 wt%, whereas the CO evolution was largely 

unaffected (25.3 vs. 23.5 μmol h−1). The H2 evolution was further inhibited to 14.4 μmol 

h−1 when the loading of Ag nanoparticles reached 8 wt%, resulting in enhanced selectivity 

toward CO evolution (61.9%). Although a stronger suppression of H2 evolution (12.4 

μmol h−1) was observed at higher Ag nanoparticle loading (10 wt%), the activity and 

selectivity for CO evolution also started to decline (16.4 μmol h−1, 57.0%, respectively). 

This implies that the low selectivity for CO evolution over Ag-loaded α-Ga2O3 is likely 

caused by the properties of α-Ga2O3 rather than the Ag nanoparticle loading. 

 

Figure 7. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 
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Ag/α-Ga2O3 (CR_P) and Ag/β-Ga2O3 (CR_P). Photoirradiation time: 0.5 h; photocatalyst 

content: 0.25 g; Ag loading: 2 wt%; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 8. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

Ag/α-Ga2O3 (CR_P) with controlled loading of Ag nanoparticles. Photoirradiation time: 

0.5 h; photocatalyst content: 0.25 g; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 9 shows the photocatalytic performance of 2 wt% Ag-loaded β-Ga2O3 loaded 

by various methods, including chemical reduction, impregnation (IMP), and 

photodeposition (PD). Ag/β-Ga2O3 (IMP) showed 70.9% selectivity toward CO evolution 

with an activity of 120.4 μmol h−1. In contrast, Ag/β-Ga2O3 (PD) produced CO with a 

selectivity of 47.4% over H2, even though the activity reached 163.1 μmol h−1. Figure 10 

shows the influence of the Ag loading on β-Ga2O3 through the photodeposition method 

on the photocatalytic conversion of CO2 using H2O. Similar to Ag/α-Ga2O3 (CR_P), the 

H2 formation rates were significantly suppressed (181.4 to 74.1 and 52.3 μmol h−1) over 

Ag/β-Ga2O3 (PD) when the Ag nanoparticle loadings were increased from 2 to 4 and 8 

wt%, respectively. Interestingly, the CO evolution activity was not significantly affected 
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with increased Ag nanoparticle loading (163.2, 191.1, and 187.6 μmol h−1 respectively). 

As a result, selectivity toward CO evolution was effectively increased from 47.4% to 

78.2%. 

 

Figure 9. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

Ag/β-Ga2O3 loaded through impregnation (IM), chemical reduction (NaH2PO2), and 

photodeposition (PD) methods. Photoirradiation time: 0.5 h; photocatalyst content: 0.25 

g; Ag loading: 2 wt%; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution; CO2 

flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 10. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 
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toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

Ag/β-Ga2O3 (PD) with controlled loading of Ag nanoparticles. Photoirradiation time: 0.5 

h; photocatalyst content: 0.25 g; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous 

solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

The origin of the high selectivity toward CO evolution over Ag-loaded β-Ga2O3 for 

the photocatalytic conversion of CO2 using H2O was also investigated. Figure 11 shows 

the dependence of Ag/β-Ga2O3 (CR_P) loading on selectivity toward CO evolution for 

the photocatalytic conversion of CO2 using H2O. 5 mg Ag/β-Ga2O3 (CR_P) produced H2 

and CO with activities of 11.4 and 7.3 μmol h−1 which could be normalized as 2280 and 

1460 μmol g−1 h−1, respectively. When the amount of catalyst was increased to 53 mg, 

CO evolution selectivity increased from 39.2% to 72.1% and the normalized activities for 

H2 and CO were 433.9 and 1124.5 μmol g−1 h−1, respectively. At a catalyst loading of 106 

mg, the H2 formation rate decreased to 266.0 μmol g−1 h−1, whereas 867.9 μmol g−1 h−1 

for CO, respectively. At 250 mg, the H2 formation rate dropped to 159.2 μmol g−1 h−1 but 

that of CO (805.2 μmol g−1 h−1) remained largely unchanged. The normalized activities 

imply that H2 evolution was drastically suppressed with increasing Ag/β-Ga2O3 (CR_P) 

loading, whereas CO was negligibly affected. Moreover, Figure 12 shows the dependence 

of the 8 wt% Ag/β-Ga2O3 (PD) photocatalyst loading on the CO evolution selectivity for 

the photocatalytic conversion of CO2 by H2O. The loading of 5 mg Ag/β-Ga2O3 (PD) 

produced H2 with an activity of 14.8 μmol h−1, greatly exceeding that of CO (3.3 μmol 

h−1). When the amount of photocatalyst was increased to 51 mg, the H2 and CO formation 

rates increased 38.5 and 51.9 μmol h−1, respectively. Correspondingly, the selectivity for 

CO evolution increased from 18.2% to 57.4%. Higher amounts of Ag/β-Ga2O3 (PD) (106 

and 250 mg) exhibited limited effects on the evolution of H2 (45.5 and 52.3 μmol h−1 

respectively), whereas the CO formation rates increased by 2.1 and 3.6 times (107.9 and 

187.6 μmol h−1), respectively. Consequently, the selectivity toward CO evolution 

increased to 78.2% at 250 mg. 
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Figure 11. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

different amounts of Ag/β-Ga2O3 (CR_P). Photoirradiation time: 0.5 h for each amount; 

Ag loading: 2 wt%; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution; CO2 

flow rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

Figure 12. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

different amounts of Ag/β-Ga2O3 (PD). Photoirradiation time: 0.5 h for each amount; Ag 

loading: 8 wt%; reaction solution: 1.0 L of a 0.1 M NaHCO3 aqueous solution; CO2 flow 
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rate: 30 mL min−1; light source: 400 W high-pressure Hg lamp. 

 

As shown in Figure 5, 0.25 g bare Ga2O3 failed to produce CO with high selectivity 

during the photocatalytic conversion of CO2 by H2O, indicating that Ag nanoparticles are 

essential for achieving high selectivity. However, the dependence of CO selectivity on the 

amount of Ag-loaded β-Ga2O3 implied that the Ag nanoparticles were not the sole 

contributor. Scheme 2 depicts the proposed mechanism by which Ag-loaded β-Ga2O3 

photocatalysts obtained from proper synthesis methods exhibit high selectivity toward 

CO evolution in the photocatalytic conversion of CO2 by H2O. Undoubtedly, higher 

amounts of photocatalysts increase the number of photocatalyst particles, which would 

correspond to increased O2 evolution from H2O. A high concentration of aqueous O2 and 

a large number of suspended photocatalyst particles would inevitably allow for sufficient 

contact between O2 and the particles. Because the redox potential of O2 is much lower 

than that of protons and the reduction of O2 consumes large amounts of protons, O2 would 

selectively poison the active sites for H2 evolution. Finally, O2 reduction at the sites of H2 

evolution and H2O oxidation at the sites of O2 evolution forms a dynamic loop, resulting 

selective suppression of H2 evolution relative to CO. However, the O2 and photocatalyst 

particles failed to sufficiently contact each other because of the low O2 and particle 

concentrations when the amount of photocatalyst was kept low levels such as 5.0 mg. As 

a result, the active sites for H2 evolution were not poisoned by O2 reduction. In this case, 

CO is produced with poor selectivity from the photocatalytic conversion of CO2 by H2O. 

In other words, the high selectivity for CO evolution was not caused by the Ag 

nanoparticles alone, but by the synergistic effects between the Ag nanoparticles and O2 

poisoning of the active sites for H2 evolution. 
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Scheme 2. Dependence of CO evolution selectivity on the amount of photocatalyst used 

in the photocatalytic conversion of CO2 by H2O. 

 

To confirm the proposed mechanism, the dependence of CO evolution selectivity on 

the amount of photocatalyst Ag/α-Ga2O3 (CR_P) (2 wt%) and Ag/β-Ga2O3 (PD) (2 wt%) 

was examined, as presented in Figure 13. From Figure 13(a), 11 mg of Ag/α-Ga2O3 (CR_P) 

prepared via chemical reduction method produced CO with an activity of 13.9 μmol h−1 

and selectivity of 39.8%. The selectivity toward CO during the photocatalytic conversion 

of CO2 by H2O was not promoted (33.5%), producing CO and H2 at 25.3 and 50.2 μmol 

h−1, respectively, even when 250 mg of Ag/α-Ga2O3 (CR_P) was used. This indicates that 

the evolution of H2 over Ag/α-Ga2O3 (CR_P) was not selectively suppressed with 

increasing amounts of photocatalysts. A similar trend was also observed for Ag/β-Ga2O3 

(PD), as shown in Figure 13(b), where 5.6 mg Ag/β-Ga2O3 (PD) showed a selectivity of 

23.9% toward CO evolution and CO and H2 formation rates were 6.6 and 21.1 μmol h−1, 

respectively. The selectivity increased to 50.4% with formation rates of 68.0 and 67.0 

μmol h−1 for CO and H2, respectively, when 101 mg of photocatalyst was used. However, 

the selectivity (47.4%) for CO evolution did not further increase with higher photocatalyst 

loadings (250 mg), even though the formation rates of CO (163.1 μmol h−1) and H2 (181.4 
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μmol h−1) significantly increased.  

 

Figure 13. Formation rates of H2 (blue), O2 (green), and CO (red) as well as selectivity 

toward CO evolution (black dots) for the photocatalytic conversion of CO2 by H2O over 

different amounts of (a) Ag/α-Ga2O3 (CR_P) and (b) Ag/β-Ga2O3 (PD). Photoirradiation 

time: 0.5 h for each amount; Ag loading: 2 wt%; reaction solution: 1.0 L of a 0.1 M 

NaHCO3 aqueous solution; CO2 flow rate: 30 mL min−1; light source: 400 W high-

pressure Hg lamp. 

4. Conclusion 

Herein, the amounts and loading methods of Ag nanoparticles, including chemical 

reduction, photodeposition, and impregnation, were optimized on commercial Ga2O3 

(composite of α-Ga2O3 and β-Ga2O3) as well as pure α-Ga2O3 and β-Ga2O3 photocatalysts 

for the photocatalytic conversion of CO2 using H2O as the electron donor. High selectivity 

towards CO evolution was achieved for this reaction when the proper catalyst amounts 

and loading methods were controlled using β-Ga2O3 as a starting material. After 

optimizing the amount of Ag-loaded β-Ga2O3 catalyst, the high CO evolution selectivity 

was determined to largely depend on the amount of the photocatalyst present. A large 

amount of Ag-loaded β-Ga2O3 enhanced active site poisoning for the evolution of H2 via 

O2 reduction, indirectly promoting selectivity toward CO evolution. 
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Summary 

In this thesis, the author has discussed the development of effective cocatalysts for 

the photocatalytic conversion of CO2 using H2O as the electron donor. Focusing on the 

CO evolution selectivity and activity over Ta- and Ga-based photocatalysts, cocatalysts 

including the chromates ions, Zn(Cd)-based non-metal compounds and Ag nanoparticles 

have been studied. A general conclusion of this thesis is described as follows. 

Chapter 1. The formation rate and selectivity of CO evolution for the photocatalytic 

conversion of CO2 by H2O as an electron donor over ZnTa2O6 was improved by the in 

situ addition of trace amounts of chromate ions. The selectivity toward CO evolution was 

achieved at 80% and the formation rate of CO (6.0 μmol h−1; 0.1 g) was maintained well 

in comparison with Ag cocatalyst which was widely used. The ZnTa2O6 photocatalysts 

fabricated in this study contained two types of active surfaces with stoichiometric and Zn-

excessive Zn:Ta ratios, respectively. The active sites of the synthesized ZnTa2O6 shifted 

from stoichiometric to Zn-excessive surfaces during the in-situ photodeposition of 

chromates. 

Chapter 2. The effect of the in situ addition of chromate ions on the evolution of H2 

during the photocatalytic conversion of CO2 in the presence of H2O over a series of Ta- 

and Ga-based photocatalysts were investigated. The in situ addition of chromate ions 

suppressed the evolution of H2 when the photocatalyst surfaces were highly protonated. 

It was because chromate ions adsorbed on the surface of the photocatalysts acted as 

recombination centers for photogenerated electrons and holes. In contrast, the in situ 

addition of chromate ions was found to enhance the evolution of H2 during reactions when 

the concentration of H+ was low near the photocatalyst surface. It was because the 

chromate-adsorbed Cr(OH)3 shell on the surface acted as a corrosion inhibitor, 

suppressing the backward reduction of the produced O2 into H2O. 

Chapter 3. Zn(OH)2 was found to be a promising cocatalyst for the photoreduction 

of CO2 using H2O as the electron donor. Zn(OH)2 showed excellent activity and 
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selectivity toward CO evolution over a series of Ta- and Ga-based photocatalysts. 

Dissolved Zn ions and ZnO-rich surfaces were found to be critical factors for CO 

evolution. To the best knowledges of the author, Zn(OH)2 is the only candidate cocatalyst 

identified to date that performs as well as Ag. 

Chapter 4. A series of non-metal cocatalysts were mapped. It was found that Si-, Mg-, 

Zn-, and Ga-based cocatalysts enhanced the evolution of CO over Ta- and Ga-based 

photocatalysts. Among them, Zn-based cocatalysts showed the best performance for the 

photocatalytic conversion of CO2 using H2O as an electron donor. The counter anions, 

such as (Ga2O4)2−, SiO3
2−, NO3

−, and PO4
3−, in the Zn-based compounds influenced their 

catalytic performance in the evolution of CO, both in terms of stability and activity. 

Conversely, Zn-based cocatalysts showed no effect on Nb- and Ti-based photocatalysts. 

Chapter 5. Cd(OH)2 exhibited excellent catalytic performance during the selective 

photocatalytic conversion of CO2 into CO using H2O as an electron donor on various 

photocatalysts, such as Ga2O3, NaTaO3, Ta2O5, and ZnGa2O4. The performance of the 

Cd2+ co-catalyst was significantly affected by the type of the counter anions. It is 

considered that Cd2+ ions effectively protected the catalytically active sites, generating 

CO as a product of O2 poisoning during the reaction.  

Chapter 6. The Ag-loaded NaTaO3 photocatalyst was used for the photocatalytic 

conversion of CO2 using H2O as an electron donor. The size of the Ag nanoparticles was 

tuned by the photodeposition time, and large Ag nanoparticles resulted in high CO 

selectivity. The Ag-loaded NaTaO3 catalyst showed poor stability in terms of CO 

selectivity at all Ag loading amounts. It was because the Ag nanoparticles underwent a 

polycrystalline to single crystalline transition. The changes to the morphology of the Ag 

nanoparticles during the photocatalytic reaction could be prevented by covering them 

with a chromium (III) shell. Using this strategy, the CO selectivity was maintained. 

Chapter 7. The amounts and loading methods of Ag nanoparticles, including 

chemical reduction, photodeposition, and impregnation, were optimized on commercial 

Ga2O3 (composite of α-Ga2O3 and β-Ga2O3) as well as pure α-Ga2O3 and β-Ga2O3 
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photocatalysts for the photocatalytic conversion of CO2 using H2O as the electron donor. 

High selectivity towards CO evolution was achieved for this reaction when the proper 

catalyst amounts and loading methods were controlled on β-Ga2O3. The high CO 

evolution selectivity was determined to largely depend on the amount of the photocatalyst 

present. A large amount of Ag-loaded β-Ga2O3 enhanced active site poisoning for the 

evolution of H2 via O2 reduction, indirectly promoting selectivity toward CO evolution. 
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