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Abstract 

Due to the increasing worldwide demand for fossil fuels and the accompanying 

excessive emissions of greenhouse gas carbon dioxide, finding a highly efficient, 

selective and economical approach toward carbon dioxide conversion becomes a great 

challenge in realizing an artificial system for sustainable carbon cycle. The approach of 

photoelectrochemical (PEC) CO2 reduction is believed to be one of the most promising 

candidates for the future-oriented generation of CO2 recycling technique, since the 

profound Honda-Fujishima effect has been discovered by the early 1970s. However, so 

far most of the PEC CO2 reductions mainly focused on the cathodic half reaction for the 

directly CO2 reduction over p-type semiconductor electrodes, such as poisonous 

phosphides and arsenides. The high overpotentials and limited options of photocathode 

candidates significantly restrict the research of PEC CO2 conversion. Furthermore, there 

are still not enough reports about overall PEC CO2 conversion. In this respect, the main 

strategy of this thesis is to study overall PEC CO2 conversion process by constructing a 

PEC device with metal cathode and n-type semiconductor photoanode. Both of the 

cathodic and anodic sides were studied, respectively, and finally a PEC device was 

constructed by integrating these designed electrodes for obtaining a highly efficient, 

selective and low energy consumption CO2 conversion. 

Chapter 1 gave a general introduction of the PEC CO2 reduction, the interrelated 

photocatalytic CO2 reduction and electrochemical CO2 reduction process as well as the 

design strategy of PEC construction for the study in this thesis.  

In chapter 2, a photocatalytic reduction of CO2 over wide band-gap semiconductor 

NaTaO3 was investigated as a preliminary study for the following PEC CO2 reduction. 

Various noble metal cocatalysts were loaded on NaTaO3 to investigate their function in 

determining the activity and selectivity of photocatalytic CO2 conversion. This study 
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demonstrated that the photocatalytic activities over oxides semiconductor are greatly 

restricted by the unstable water oxidation. On the other hand, noble metal cocatalysts 

significantly determined the product selectivity. The accumulation mechanism of 

peroxides intermediates was confirmed during the water oxidation process. Introducing 

electron donor H2 could effectively overcome this drawback to obtain a stable reactivity. 

Ru and Pt were found effective as cocatalysts on hydrogen activation, stabilization and 

utilization in the presence of electron donor during the gaseous photocatalytic CO2 

reduction process. They exhibited superior activities for the selective reduction of CO2 

to CH4 (51.8 μmol h
-1

 g
-1

) and CO (139.1 μmol h
-1

 g
-1

), respectively.  

In chapter 3, novel mesoporous palladium-copper bimetallic electrocatalysts were 

studied for achieving an efficient and selective CO2 reusable performance. It was 

reserved as the cathodic material within the PEC device. This was the first research by 

introducing mesoporous alloys as the electrocatalysts for the selective reduction of CO2 

to CO. The optimal ratio was obtained at Pd7Cu3, with Faradic efficiency (FE) for CO 

exceeding 80% at -0.8 V vs. RHE. The mesoporous nanostructures could provide 

roughened surfaces with abundant active sites and could promote selective conversion 

of CO2 to CO. DFT calculations demonstrated that Pd atoms served as the reactive 

centers, while Cu could effectively altered the electronic structure and the adsorption 

ability of its neighbor Pd within the alloys due to the geometric and electronic effects.  

Chapter 4 investigated the water oxidation half reaction over photoanode for the 

overall PEC CO2 conversion. Hierarchical carbon nanotube (CNT) and Co3O4 decorated 

ZnO nanowire (NW) arrays composites were fabricated for the half reaction of water 

oxidation. The ZnO NWs served as the main photo-absorber. CNTs, as cocatalysts, 

promoted the separation and transfer of photogenerated electrons. Co3O4 synergistically 

transferred the holes and against photo-corrosion of ZnO, so that facilitated the water 

oxidation. It exhibits a photocurrent density (1.9 mA cm
-2

 at 0.6 V vs. Ag/AgCl, 2.7 
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times larger than pristine ZnO NWs), improved incident photon to current conversion 

efficiency (52.5% at 340 nm, 5.1 times higher than pristine ZnO NWs) under AM 1.5G 

simulated sunlight. The heterogeneous ternary architecture with certain functional 

components was found as an effective approach for fabricating photoanodes. 

Finally in chapter 5, an overall PEC CO2 conversion was investigated by 

integrating the mesoporous Pd-Cu cathode and ZnO-based NWs composite photoanode. 

This was the first research attempt about overall PEC CO2 conversion by assembling 

designed metal cathode and semiconductor photoanode with specific nanostructure. It 

was found that the overall PEC CO2 conversion activity was an integrated performance 

and was determined by both of the cathodic and anodic side. The maximum FECO of the 

PEC CO2 conversion is ca. 75% at bias -1.2 V, with incident photon to current 

conversion efficiency value of 16% at 340 nm. The metal cathode directly determined 

the CO2 conversion activity depending on the density of active sites. The photoanode 

dominated the solar utilization efficiency of the overall PEC CO2 conversion process. 

In summary, this thesis revealed that integrating metal cathode electrocatalysts and 

n-type photoanode semiconductors provides a promising approach for overall PEC CO2 

conversion. The designed specific nanostructures of both the cathodic and anodic 

materials played important role on the performance of PEC CO2 conversion. The 

mesoporous bimetallic nanostructures in cathodic side could harvest the specific active 

sites for selective conversion of CO2 to CO, which benefited the stabilization of 

intermediates COOH* as well as the alteration of adsorption abilities of CO2 and CO. 

The newly constructed ternary architecture in the photoanode side possessed dual 

functional cocatalysts, which individually facilitated the transfer of photogenerated 

charges and accelerated the reaction rates of water oxidation. Moreover, this study 

opened up a perspective strategy towards obtaining efficient, selective and low energy 

consumption PEC CO2 conversion in the future research. 
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Chapter 1 Introduction 

1.1 General introduction 

Since the Industrial Revolution was the transition to new manufacturing processes 

in the past two centuries, the standard of living for the general population began to 

increase consistently with the fast development of technologies and the rapid growth of 

economies. Fossil fuels, as the primary energy resources, did great contribution to this 

qualitative leap. However, due to the increasing worldwide demand for fossil fuels and 

the accompanying excessive emissions of greenhouse gas carbon dioxide, energy 

shortage and global warming present to be two main crises for the sustainable develop 

of human society in the 21
st
 century. 

Fig. 1.1 Atmospheric CO2 concentrations from 650,000 years ago to near present.
1
 

According to statistics from BP,
2
 if production was to continue at the rate in 2014, 

reserves-to-production (R/P) ratio of oil was only sufficient to meet 52.5 years of global 

production. In the case of natural gas and coal, the time was 54.1 years and 110 years, 

respectively. Therefore, it is imperative to find new energy sources to substitute the 

https://en.wikipedia.org/wiki/Standard_of_living
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traditional fossil energy. On the other hand, human activity has increased the amount of 

greenhouse gases in the atmosphere, especially the excessive emission of carbon 

dioxide from burning fossil fuels as shown in Fig. 1.1. Global warming and climate 

change thus rise to be a serious risk as a result. According to the Intergovernmental 

Panel on Climate Change (IPCC) report, the global surface temperature is likely to raise 

a further 0.3 to 1.7 °C for their lowest emissions scenario using stringent mitigation and 

2.6 to 4.8 °C for their highest during the 21st century.
3
 Thus, reducing the amount of 

CO2 in the atmosphere comes to an urgent crisis that hanging over human's head. 

Fig. 1.2 Carbon cycle 2.0 diagram.
4
 

Artificial CO2 chemical recycling, as an urgent research topic 

at the turn of the century, plays an essential role in removing CO2 from the atmosphere 

and provides a new energy source simultaneously through efficient CO2 reduction as 

shown in Fig. 1.2. Currently, the utilization of CO2 as chemical feedstock is still limited 

to a few processes: synthesis of urea (for nitrogen fertilizers and plastics), salicylic acid 

(a pharmaceutical ingredient), and polycarbonates (for plastics).
5
 But this actual use 

only corresponds to a few percentage of the CO2 conversion to chemicals at present 

https://en.wikipedia.org/wiki/Intergovernmental_Panel_on_Climate_Change
https://en.wikipedia.org/wiki/Intergovernmental_Panel_on_Climate_Change
https://en.wikipedia.org/wiki/Representative_Concentration_Pathways
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stage. To date, various CO2 reusable approaches, such as thermocatalysis, photocatalysis, 

electrocatalysis, photoelectrocatalysis reduction of CO2, etc., have been dedicatedly 

studied for decades for the CO2 conversion to more useful chemicals and fuels as well 

as to achieve highly efficient and “clean” CO2 conversion. Among these strategies, 

thermochemical CO2 reduction is well-studied for both scientific and industrial 

importance, in which noble metals, such as Pt, Pd, Ru, Ni, etc., are employed as the 

dominant catalysts materials.
6
 However, this approach often requires operating 

temperatures of several hundred degrees or even beyond 1000 C°, which is an 

unneglectable drawback of this approach due to its large amount of energy 

consumption.
7, 8

  

To face a future-oriented aspect, the challenge in the research of CO2 reduction is to 

develop a highly efficient and low energy consumption strategy with excellent product 

selectivity. In this respect, the approach of photoelectrochemical (PEC) CO2 reduction is 

believed to be one of the most promising candidates for the future-oriented generation 

of CO2 recycling technique, since the profound Honda-Fujishima effect has been 

discovered by employing a semiconductor electrode in an electrochemical cell for 

photolysis of water at the early 1970s.
9
 It opened up a viable way to directly utilize solar 

lights as the main energy source to drive the catalytic process and thus significantly 

reduce the extra energy consumption by introducing semiconductor photocatalysts as 

the catalysts materials. So far, the Honda-Fujishima effect has evolved into 

photocatalysis and photoelectrochenistry and attracted a great deal of research efforts 

for environmental remediation and alternative clean energy supplies for decades.  

Photocatalysis reduction of CO2 appears to be a promising candidate due to its 

property of free external energy cost besides solar lights.
10

 Ideally, CO2 could react with 

H2O to produce carbon products and oxygen simultaneously at the photocatalysts 

surface.
11

 However, the low productivity and poor selectivity still limit the study of 
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photocatalytic CO2 reduction as well as its further application. Electrochemical 

reduction of CO2 is another attractive “clean” method for its high-density renewable 

energy storage, incentive ability for CO2 capture and superior product selectivity.
12, 13

 

Noble metals could be directly employed as electrode materials, and it provides a much 

convenient way to study the relations between metal electrodes and activities and thus 

facilities the study of CO2 reduction mechanism. Moreover, the study reserve of 

electrochemical CO2 reduction could also guide the design of PEC CO2 reduction 

device as well as the combination options between semiconductor electrodes and 

electrocatalysts.  

Photoelectrochemical (PEC) CO2 reduction has been developed and researched as 

an promising approach to obtain an efficient CO2 reduction and reduce the 

corresponding energy demand, for it possess both the advantages of photocatalytic and 

electrocatalytic CO2 reduction.
14

 Since the first report about PEC CO2 reduction over 

p-type gallium phosphide,
15

 several phosphides and arsenides semiconductors have 

been fabricated as photocathodes for CO2 conversion.
14

 However, most of the PEC CO2 

reductions mainly focused on the cathodic half reaction, so far, for the directly CO2 

reduction over the semiconductor electrodes and there are still limited reports about the 

overall PEC CO2 conversion. The anodic half reaction for water oxidation is also a vital 

part for the overall PEC CO2 conversion process. Thus, there are still great challenges in 

realizing efficient overall PEC CO2 conversion as well as the corresponding designing 

of PEC device to face a future-oriented CO2 conversion demand. 

1.2 Photocatalytic CO2 reduction 

Photocatalytic reduction of CO2, an artificial photosynthesis, is based on the 

simulation of natural photosynthesis in green plants using solar light as the energy 
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source. It combines a half-reaction of CO2 reduction and a matched oxidative 

half-reaction such as water oxidation, to achieve a carbon neutral cycle.
10

 Generally, 

CO2 reduction is a chain reaction with the product varying from CO (2e
-
) to CH4 (8e

-
). 

Although the reduction potential of CH4/CO2 is about -0.24 V vs. NHE which seems to 

be an attainable level to many photocatalysts, CO2 reduction has to go through a tough 

uphill process and its intermediates’ redox potentials are much more negative. In 

particular, the potential for the first electron transfer reduction of CO2 to ·CO2
-
 is -1.9 V 

vs. NHE. The thermodynamic potentials for various CO2 reduction products are 

following equations (pH 7 in aqueous solution versus NHE).
16, 17

  

CO2 + e
-
 → ·CO2

-
                         E

◦
 = −1.90 V 

  CO2 + 2H
+
 + 2e

-
 → CO + H2O              E

◦
 = −0.53 V  

CO2 + 2H
+
 + 2e

-
 → HCOOH           E

◦
 = −0.61 V  

CO2 + 4H
+
 + 4e

-
 → C + 2H2O               E

◦
 = −0.20 V  

CO2 + 4H
+
 + 4e

-
 → HCHO + H2O            E

◦
 = −0.48 V 

CO2 + 6H
+
 + 6e

-
 → CH3OH + H2O           E

◦
 = −0.38 V  

CO2 + 8H
+
 + 8e

-
 → CH4 + 2H2O             E

◦
 = −0.24 V  

In addition to the thermodynamic aspects, the kinetic challenges of the CO2 

conversion should also be considered seriously. Although the multiple protons coupled 

electron transfer (PCET) steps are more favorable in thermodynamic considerations, 

they have only been demonstrated very low efficiencies to produce multiple-electron 

products such as methane or methanol. Whereas, a great deal of success has been 

achieved in the reduction of CO2 to CO and formic acid. This should be associated with 

their own activation energies and kinetic barriers of these individual PCET steps.
14

 So 

far, there are generally two kinds of photocatalytic CO2 reduction: transition-metal 

complex based CO2 reduction and semiconductor based CO2 reduction. 
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1.2.1 Metal complex based CO2 reduction 

Transition-metal compounds are at the forefront of potential catalyst research, 

because these catalysts can promote multiple and accessible redox states with superior 

multiple-electron transfer (MET) reactivity. Moreover, the formal reduction potentials 

can be systematically altered through ligand modification for a better matched potential 

of CO2 reduction. A great deal transition-metal compounds have been studied and it 

commonly could be divided into two types due to the effects of complexes.  

In type-I photocatalysis, a molecular light absorber and a transition metal catalyst 

work in concert.
18

 The mechanism of the type-I photocatalysis for reduction of CO2 

consists of a photosensitizer (P), typically ruthenium(II) trisbipyridine, [Ru(bpy)3]
2+

, 

capable of absorbing radiation in the ultraviolet or visible region and of the generation 

of an excited state (P*). The excited state is reductively quenched by a sacrificial donor 

(D), typically trimethylamine (TEA) or triethanolamine (TEOA), generating a singly 

reduced photosensitizer (P
-
) and oxidized donor (D·

+
), (i.e., Et3N·

+
 or (HOC2H4)3N·

+
). 

The choice of photosensitizer must be such that P
-
 is able to transfer an electron 

efficiently to the catalyst species (cat) to generate the reduced catalyst species (cat
-
). 

The total reaction process are shown in the following equations and illustrated in Fig. 

1.3. 

P + hν → P* 

P* + D → P
-
 + D·

+
 

P
-
 + cat → P + cat

-
 

cat
-
 + CO2 → cat + products 
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Fig. 1.3 Proposed Mechanistic Steps in the Reduction of CO2 by Metal 

Tetraaza-macrocyclesa.
18

 

Fig. 1.4 Proposed Mechanistic Steps in the Reduction of CO2 by Metal Porphyrin 

Derivatives (M = Fe or Co) via a Type II Mechanism.
18

 

Type II catalysis occurs when one single compound acts as both the light absorber 

and the catalyst.
18

 The photocatalyst, Pcat, is reduced by excited-state reductive 

quenching as described for Type I catalysis. Similar to the reactivity discussed with type 

I photocatalysts, oxidized amine donors undergo subsequent reactivity to produce, D·, 
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which can reduce a second Type II compound. The reduced compound, Pcat
-
, is an 

active state of the catalyst and directly interacts with CO2 as shown in Fig. 1.4. 

Although the two-type photocatalysts described above primarily produced CO 

formic acid as CO2 reduction products, it is worth noting that the product formation was 

shown to be dependent on the presence of water and the identity of the sacrificial 

electron donor.
19

 However, looking forward to a more practical utility, some additional 

issues must be considered.
14

 Firstly, since most of the photocatalysts presently studied 

are metal complexes employing rare and expensive transition metals, it is especially 

important to raise the catalytic rate and long-term stability to make this process 

economically feasible. Thus, more work must be carried out to try earth-abundant 

elements that could support large-scale undertakings such as solar fuel production. In 

addition, another drawback is the use of a sacrificial donor to supply the electrons for 

the reduction process. Ideally, water would be the source of both the electrons and 

hydrogen atoms for CO2 reduction catalysis in an artificial photosynthetic process. Thus, 

further investigations are still needed to achieve an efficient CO2 reduction process. 

1.2.2 Semiconductor based CO2 reduction 

Ever since the profound Honda-Fujishima effect has been discovered by the early 

1970s, semiconductor photocatalysis has received much attention as a potential solution 

to the worldwide energy shortage due to its promising ability in directly converting 

solar energy into chemical fuels.
9
 In general, a semiconductor photocatalytic cycle 

comprises three steps as shown in Fig. 1.5: first, illumination induces a transition of 

electrons from the valence-band (VB) to the conduction-band (CB), leaving an equal 

number of vacant sites (holes); second, the excited electrons and holes migrate to the 

surface; third, they react with absorbed electron donors (D) and electron acceptors (A), 

respectively.
20
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Fig. 1.5 Schematic illustration of basic mechanism of a semiconductor photocatalytic 

process.
20

 

In particular, photoreduction of CO2 appears to be a highly fascinating process in 

lessening the requirement of fossil fuels and climate accommodations by atmospheric 

CO2 balance. Since 1979, a pioneering research was reported about the photocatalytic 

reduction of CO2 to formaldehyde and methanol,
21

 a great many efforts have been 

dedicated to the study of the semiconductor photocatalysts for CO2 reduction. However, 

to date, only a limited number of materials, such as ZnGa2O4,
22

 Zn2GeO4,
11, 23, 24

 

NaNbO3,
25-27

 TiO2,
28-30

 etc., have exhibited photocatalytic activities in CO2 reduction 

with various reducing outcomes, which is restricted by the relations between the CB 

energy potential and the redox potential of products. Consequently, it enforces that the 

semiconductors must possess a negative enough conduction band (CB) to provide 

enough energy of the photogenerated electrons to overcome the activation barrier and 

fulfill the multiple-electron reaction during the CO2 reduction process. That is the 

reason why most of the effective materials are wide band-gap semiconductors, as shown 
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in Fig. 1.6.  

Fig. 1.6 Conduction band, valence band potentials, and band gap energies of various 

semiconductor photocatalysts relative to the redox potentials at pH 7 of compounds 

involved in CO2 reduction.
10

 

In previous researches, water was generally employed in reducing CO2 as an active 

hydrogen source. Ideally, it is believed that CO2 could react with H2O to simultaneously 

output carbon products and O2 through two respective half reactions with 

photogenerated electrons and holes in a photocatalytic process as shown in Fig. 1.7. 

However, O2 could hardly be detected over most of the oxide semiconductors. It is 

usually accompanied by a decay of reactivity of CO2 reduction reaction, because of 

some peroxide intermediates could form and accumulate on the oxide semiconductor 

surface during the oxygen photoevolution reaction from water.
31

 These peroxides would 

hinder the holes to oxidize the water and increase the recombination of the 

photogenerated electrons and holes, and consequently suppress the release of O2. The 

unstable production rate has significantly limited the development and the practical 

application of CO2 photoreduction. Electron donors were employed into the 

photocatalytic CO2 reduction process over semiconductors as a solution of this unstable 

activity. A recently attempt showed that the photocatalytic activity and stability can be 
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significantly enhanced by replacing water with N2H4·H2O as electron donor.
32

 H2 gas 

has also been confirmed that it can effectively facilitate the CO2 reaction with water.
33, 34

 

It opens a promising strategy to promote the photocatalytic efficiency and stability by 

using electron donor.
28

 

Fig. 1.7 Schematic illustration of a semiconductor photocatalytic process of CO2 

reduction with H2O.
11

 

On the other hand, cocatalysts are commonly considered effective and broadly used 

in facilitating photocatalytic activities of semiconductors by (i) promoting the charge 

separation, (ii) improving the photostability, and (iii) lowering the activation energy of 

the catalytic reaction.
35

 In particular, metal cocatalysts were well-investigated in the 

water reduction half reaction of water splitting, because most of the semiconductors 

cannot give high H2 evolution activities without cocatalysts even in the presence of 

sacrificial reagents. One major reason might be the facile recombination of 

electron-hole pairs before migrating to the surface for reactions. Another reason is that 

the surface reaction is too slow to efficiently consume the charges. Thus, in order to 

“take” the electrons out to the surface, metal cocatalysts, such as Pt, are utilized as the 

cocatalysts. Noble metals not only serve as electron sinks, but also provides effective 
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proton reductions sites, hence dramatically facilitate proton reduction reaction. Similarly, 

metal cocatalysts also play an important role in the photocatalytic CO2 reduction 

process,
36

 and thus should be paid more attention to the relation between the metal 

cocatalysts and their corresponding activity and product selectivity. Moreover, the study 

of photocatalytic reduction of CO2 over semiconductors could also reserve as a 

preliminary study for guiding the following research of PEC CO2 reduction, such as the 

mechanism of CO2 reduction, suitable reaction potential and reaction environment, the 

materials options and so on. 

1.3 Electrocatalytic CO2 reduction 

Fig. 1.8 A summary of research trend in the electrochemical CO2 reduction.
37

 

The electrochemical reduction of CO2 has attracted great attention due to its several 

advantages: (1) the catalytic process can be controlled by electrode potentials and 

reaction temperature; (2) the supporting electrolytes can be fully recycled and thus the 

overall chemical consumption can be minimized to simply water or wastewater; (3) the 
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electricity employed to drive the electrocatalytic process can be obtained from clean 

energy resources, such as solar, wind, hydroelectric, geothermal, tidal, and 

thermoelectric processes; (4) the electrochemical reaction systems are compact, modular, 

on-demand, and easy for scale-up applications.
38, 39

 Since the early 1960s, a great deal 

electrochemical approaches for the reduction of CO2 have been investigated as 

summarized in Fig. 1.8.
37, 40

 However, challenges still remain for the further 

investigation of CO2 electroreduction, such as the slow kinetics and the high energy 

consumption. 

1.3.1 Relations between metals catalysts and their products 

Fig. 1.9 Periodic Table showing CO2 reduction products at ambient operating 

conditions.
37

 

The selectivity should be considered seriously in order to obtain desired products 

during the electrochemical CO2 reduction and usually electrochemical CO2 reduction is 

cited for its superior selectivity with high Faradaic efficiency (FE). Hori et al. reported 
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that the CO2 reduction reaction yields CO, HCOOH, CH4 and other hydrocarbon 

products, in which the selectivity is highly depended on the nature of the metallic 

electrode.
41, 42

 Azuma et al. have summarized the relations between metal catalysts and 

their corresponding products as shown in Fig. 1.9.
43

 The sp metals (e.g., Zn, Cd, Hg, In, 

Tl, Sn, Pb, and Bi) mainly generate formate in aqueous conditions. However, CO and 

hydrocarbons are the main products with d metals (e.g., Pd, Pt, Cu, Ag, and Au). The sp 

group metals have been applied more commonly with high current efficiency for the 

production of formic acid due to their excellent ability to suppress the competing 

hydrogen evolution reaction (HER).
44, 45

  

Fig. 1.10 Density of adsorption sites (yellow, light orange, dark orange, or red symbols 

for (111), (001), edge, or corner on-top sites, respectively) on closed-shell cuboctahedral 

Au clusters vs the cluster diameter.
46

 

Recently, d metals and their corresponding alloys have also attracted great 

attentions for the selective reduction of CO2 to CO and hydrocarbons. Gold-based 
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nanostructured electrocatatlysts demonstrated attractively high selectivity in converting 

CO2 to CO, with Faradaic efficiency (FE) exceeding 90%.
46-48

 Recent advances in the 

synthesis of nanoscale Au electrocatatlysts revealed that the increased reaction kinetics 

depend on the controlled surface area and surface morphology. It was contributed to the 

increased stabilization of the reduced CO2 adsorbate and the weakened CO binding on 

the nanoscale Au surface.
46

 In particular, active sites play a dominant role of the 

selective reduction of CO2 to CO. It has been reported that the overpotential of CO2 

reduction or the partial current of CO formation on Au NPs at a given potential is 

controlled by the density of catalytically active edges, which is determined by NP size 

and surface structure. The calculated ΔG diagram suggests that Au surfaces exhibit low 

HER activity due to the metal’s nobility,
49

 while edge sites favor CO formation and 

corner sites are active for H2 evolution as shown in Fig. 1.10. 

On the other hand, copper-based nanoscale electrocatalysts exhibited outstanding 

selectivity for the reduction of CO2 to hydrocarbon products. The hydrocarbons 

methane (CH4) and ethylene (C2H4) are the dominant products at sufficiently negative 

potentials, while at less negative potentials, hydrogen (H2), formic acid (HCOOH) and 

carbon monoxide (CO) appear to be major products.
50

 Electrochemical methanation of 

CO2 on copper electrocatalysts is one of the most attractive pathways. Because the 

methanation reaction involves eight electron-transfer steps at 0.17 V versus reversible 

hydrogen electrode (RHE) which can easily form a wide range of byproducts during the 

reaction, the process exhibits poor selectivity for any single product, forming a mixture 

of methane, ethylene, hydrogen, carbon monoxide, and formic acid.
42, 51

 The highest 

Faradaic efficiencies for methane reported to date are 64% on a (210) copper single 

crystal,
52

 73% on an electrodeposited copper electrode,
53

 and 80% on a dispersible 

nanoscale copper nanoparticles.
54

 Although copper has been shown to be unique in 

producing hydrocarbons from CO2, more study is still needed to overcome the high 
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overpotential of the CO2 reduction on copper-based electrocatalysts. 

Alloy materials have recently drawn great attention in reducing the overpotential of 

electrocatalytic CO2 reduction and cutting down the amount of noble metals.
55-57

 It is 

believed that by alloying, due to the electronic effect and geometric effect, the binding 

strength of intermediates could be effectively tuned to accelerate the reaction rate of 

CO2 reduction on the catalyst surface. The geometric effect is related to the atomic 

arrangement at the active site and so that determines the catalytic activity.
58

 The 

electronic effect significantly affects the binding strength of intermediates by adjusting 

the electronic structure of the catalysts.
57

 Thus, it shows a promising candidate strategy 

for the research of the selective reduction of CO2. 

1.3.2 Reaction conditions 

The operating reaction conditions, such as type of media, reaction temperature, 

pressure, and concentrations of electrolytes, significantly influence the electrochemical 

reduction of CO2, which could determine the selectivity as well as the type of products. 

For example, according to Hori et al.’s reports, the different concentration of 

electrolytes result in different product distributions of EtOH, PrnOH, CH4, and C2H4 

with the concentrations from 0.03 M to 1.5 M KHCO3.
59

 The solution pH also plays a 

key role in the obtained product distributions as well as the product selectivity.
60, 61

 In 

addition, it has been found that a higher pressure of CO2 gas tends to increase the 

solubility and the amount of gas that reaches the surface of the electrodes for the 

reduction process, thus give a higher product formation faradaic efficiency.
62

 

Furthermore, the type of electrolyte solution is also one of the most challenging 

parts in the research of electrochemical reduction of CO2. Since the solubility of CO2 

gas is very low in the aqueous phase (0.033m in water), while an increased solubility 

can be obtained in a non-aqueous media.
37

 Ionic liquids are commonly used as an 
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alternative potential media for CO2 dissolution and capture.
63

 Although the ionic liquids 

and non-aqueous electrolytes demonstrate very high faradaic efficiency in reducing CO2, 

the real effect of the electrolyte and active components of the electrolyte are still 

unclear.
64

 Therefore, the study in non-aqueous media makes much more sense about the 

reaction process and mechanism of the selective electrochemical reduction of CO2. 

1.4 Photoelectrochemical CO2 reduction 

Research in the field of photoelectrochemical (PEC) reduction of CO2 has grown 

rapidly in the last few decades due to the increasing amount of CO2 in the atmosphere 

and the steady growth in global fuel demand. PEC CO2 reduction is believed to be a 

promising approach, since it possesses both the advantages of photocatalytic and 

electrocatalytic CO2 reduction. The great challenges presented to PEC CO2 reduction 

require appropriate catalysts and energy input to realize a highly efficient, selective and 

low energy consumption device that minimizes the electric energy demand and utilizes 

the solar energy as the greatest extent during the aqueous CO2 conversion. Thus, it 

poses several fundamental challenges in chemical catalysis, electrochemistry, 

photochemistry, and semiconductor physics and engineering.
14

 

1.4.1 Basic theory of photoelectrochemistry 

The foundation of modern photoelectrochemistry was laid down by the work of 

Brattain and Garret deriving from a mere support of photography
65

 and Gerischer 

subsequently carried out the first detailed electrochemical and photoelectrochemical 

studies of the semiconductor–electrolyte interface.
66

 Then the research on PEC cells 

went through a rapid development since the oil crisis in 1973, which stimulated a 

worldwide demand for alternative new energy sources.
67
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Fig. 1.11 Principle of operation of photoelectrochemical cells based on n-type 

semiconductors. a) Regenerative-type cell producing electric current from sunlight; b) a 

cell that generates a chemical fuel, hydrogen, through the photo-cleavage of water.
67

 

The Investigations of PEC cells could be separate into two types as shown in Fig. 

1.11. The first type is the regenerative cell. It converts light to electric power without 

any net chemical change behind (Fig. 1.11a). The photogenerated electron–hole pairs 

are separated by the electric field present in the space-charge layer. Then the electrons 

transfer though the bulk semiconductor and the external circuit to the counter side. On 

the other hand, the holes are driven to the surface to oxidize a redox relay molecule (R): 

h
+
 + R → O. The oxidized form O is finally reduced back to R at the counter side and 

thus accomplishes a recycle process. The research on regenerative cells were mainly 

focused on electron-doped (n-type) II/VI or III/V semiconductors using electrolytes 

based on sulphide/polysulphide, vanadium(II)/vanadium(III) or I2/I
-
 redox couples.

68
 

The second type is photosynthetic cells which operate on a similar principle with the 

first type but go through two respective redox systems (Fig. 1.11b): one carries out an 

oxidation reaction using holes at the surface of photoanode and the other reacting with 

the electrons through a reduction reaction in the photocathode side. The type two PEC 

cells were well-studied in the past decades for water splitting, CO2 reduction, hydrogen 
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sulfide splitting, etc., in which PEC water splitting has drawn most of the attentions.  

Fig. 1.12 Energy diagrams of PEC water splitting a) photoanode, b) photocathode, and c) 

photoanode and photocathode in tandem configuration.
69

 

Fig. 1.12 illustrates thermodynamics of PEC water splitting as an example of the 

basic reaction mechanism of PEC cells. When a semiconductor electrode is immersed 

into an electrolyte solution, electron transfer takes place between the semiconductor and 

the electrolyte solution so that the Fermi level is equilibrated with the redox potential of 

electrolyte solution.
70

 The Fermi level equilibrium leads to a band bending, since the 

density of electrons in a semiconductor is finite and the Fermi level of the 

semiconductor is more negative (positive) than the reduction potential of the electrolyte 

solution.
69

 The electric field induced by the space charge layer plays an important role 

in charge separation.
70

 In the case of n-type semiconductor photoelectrodes, which 

usually act as photoanodes, the photogenerated holes accumulate at the surface of the 

semiconductor and then enroll in the oxidation reactions. Meanwhile, the 

photogenerated electrons are transferred to a counter electrode via an external circuit, 

and consumed in the reduction reactions (Fig. 1.12a). The top of the valence band must 

be more positive than the oxygen evolution potential so that the water oxidation reaction 
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could be carried out. On the other hand, a p-type semiconductor serves as a 

photocathode for hydrogen evolution and thus it requires the conduction band edge is 

more negative than the hydrogen evolution potential (Fig. 1.12b). Consequently, PEC 

reactions on photoelectrodes are driven by photoexcited minority carriers in both cases. 

The potential of electrons on the counter electrode is identical to the Fermi level of the 

photoelectrode under illumination. Usually, an external bias is applied between the 

photoelectrode and counter electrode to compensate for the potential deficiency. So that 

the desired reactions on a counter electrode can be proceeded, even if the Fermi level of 

the photoelectrode is positioned at an undesirable potential.
69

 Furthermore, a 

photoanode and a photocathode can be integrated together to carry out overall water 

splitting (Fig. 1.12c) instead of using a single photoelectrode and a counter electrode. 

The maximum photocurrent and the working potential of the photoelectrodes are 

theoretically determined by the intersection of the steady current-potential curves of the 

respective photoelectrodes in the total PEC water splitting configuration.
71

 

1.4.2 Previous studies of PEC CO2 reduction 

Halmann et al. reported one of the earliest study of PEC CO2 reduction by using 

p-type GaP as photocathode in 1978.
15

 From then on, many research groups focused 

their researches on the PEC CO2 reduction at different kinds of photocathodes. Similar 

to the electrochemical reduction of CO2, the reaction conditions also exhibited 

significantly influence on the activity and selectivity PEC CO2 reduction. Among 

various semiconductors, Si, InP, GaP, GaAs, GaAs, etc. attracted most of the research 

focuses due to their superior activities. The main product for the PEC CO2 reduction in 

most nonaqueous solvents on p-Si,
72-74

 p-InP,
72, 73, 75

 p-GaAs,
72, 73, 75

 and p-GaP
72

 in 

various nonaqueous solvents was CO with varying FE. Both p- and n-type GaAs have 

been used for direct PEC reduction of CO2 and exhibited their outstanding ability in 



Chapter 1 

24 

 

converting CO2 to methanol.
76

 Bocarsly et al. have also reported a selective reduction to 

methanol on p-GaP photocathode.
77

 (111) p
+
/p-Si has exhibited a selective reduction of 

CO2 to formate in an aqueous Na2SO4 electrolyte solution.
78, 79

 Yoneyama et al. reported 

the reduction of CO2 on (111) surface p-CdTe and (100) surface p-InP with various 

electrolytes at -1.2 V versus SCE.
80

 InP was found to be more selective for proton 

reduction (FE ≥ 60%) than CdTe (FE ≥ 38%). When tetraalkylammonium electrolytes 

were used, proton reduction to H2 decreased on both CdTe (FE ≥ 10%) and InP (FE ≥ 

25%), in which the selectivity for CO decreased and HCOOH raised at higher negative 

potentials. 

Although these attempts demonstrated some attractive activities, the high 

overpotentials were still required to obtain these results. In addition, phosphides and 

arsenides are rank poisonous, which would lead a high risk and raise the cost during the 

manufacturing process. Alternatively, Centi et al. reported another approach for the PEC 

reduction of CO2 to fuel by integrating a photoanode for water dissociation with an 

electrocatalyst for CO2 reduction.
81, 82

 It shows strong analogies to PEM fuels cells and 

can take effective advantages of the large technological developments made on these 

systems. In this regard, it provides more options to utilize noble metals in PEC CO2 

reduction, in which noble metals could not only serve as cocatalysts of photoelectrodes, 

but also could be employed as the cathodic materials directly. Thus, it opens up a 

promising strategy towards the study of PEC CO2 reduction in the future. 

1.5 Research motivation and thesis organization 

Due to the increasing worldwide demand for fossil fuels and the accompanying 

excessive emissions of greenhouse gas carbon dioxide, finding a highly efficient, 

selective and economical approach toward carbon dioxide conversion becomes a great 
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challenge in realizing an artificial system for sustainable carbon cycle. The approach of 

photoelectrochemical (PEC) CO2 reduction is a promising candidate for the 

future-oriented generation of CO2 recycling technique. However, so far most of the PEC 

CO2 reductions mainly focused on the cathodic half reaction for the directly CO2 

reduction over semiconductor electrodes, such as poisonous phosphides and arsenides. 

The high overpotentials and limited options of photocathode candidates significantly 

restrict the research of PEC CO2 conversion. Furthermore, there are still not enough 

reports about overall PEC CO2 conversion.  

In this thesis, the main strategy is to construct a PEC device by integrating both the 

designed cathode and anode for obtaining a highly efficient, selective and low energy 

consumption overall PEC CO2 conversion. Firstly, a photocatalytic reduction of CO2 

over wide band-gap semiconductor NaTaO3 was studied as a preliminary research for 

the following PEC CO2 reduction. Various noble metal cocatalysts were loaded on 

NaTaO3 to investigate their function in determining the activity and selectivity of 

photocatalytic CO2 conversion. Concerning about the straitened circumstances of 

realizing an overall CO2 conversion in one single semiconductor photocatalyst, 

electrocatalytic CO2 reduction was studied as following step to achieve an efficient and 

selective CO2 reusable performance and also reserved as the cathode materials for the 

PEC CO2 reduction in the following study. Novel mesoporous palladium-copper 

bimetallic alloys were prepared for the selective reduction of CO2 to CO by using 

metals as catalysts directly, after referring the relations between metal electrocatalysts 

and their corresponding products. PEC CO2 reduction was studied to obtain a highly 

efficient, selective and low energy consumption CO2 reduction by constructing a PEC 

device and separating the two half reactions of CO2 conversion into two different 

electrode reactions. A ZnO-based NWs composite was fabricated and selected as 

photoanode for the half reaction of water oxidation within the PEC device. Finally, an 
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overall PEC CO2 conversion was investigated by integrating the mesoporous Pd-Cu 

cathode and ZnO-based NWs arrays photoanode for the selective reduction of CO2 to 

CO. Solar light was utilized as an alternative energy source to minimize the electric 

energy demand during the aqueous CO2 conversion in our designed PEC device. The 

effects of both of the cathodic and anodic materials on the overall PEC CO2 conversion 

performance were studied. The dissertation is divided into six chapters as follows: 

Chapter 1 Introduction 

Chapter 1 gave a general introduction of the PEC CO2 reduction, the interrelated 

photocatalytic CO2 reduction and electrochemical CO2 reduction process as well as the 

design strategy of PEC construction for the study in this thesis. 

Chapter 2 Effect of Noble Metal Cocatalysts on Photocatalytic CO2 Reduction over 

NaTaO3 Nanoparticles 

NaTaO3 was chosen as the target material for the photocatalytic CO2 reduction, due 

to its significantly negative conduction band and proper band gap to provide energetic 

electrons to carry out the CO2 reduction. Various noble metals (Pt, Au, Cu, Pd, Ru) were 

loaded on NaTaO3 as cocatalysts to study the effect of metal cocatalysts on the activity 

and selectivity. An electron donor (H2) was introduced into the CO2 reduction process 

with water to improve the stability of the CO2 reduction and to better present the 

function of metal cocatalysts.  

Chapter 3 Mesoporous Palladium-copper Bimetallic Electrodes for Selective 

Electrocatalytic Reduction of Aqueous CO2 to CO 

Novel mesoporous palladium-copper bimetallic electrocatalysts were fabricated for 

the selective reduction of CO2 to CO. Pd and Cu were selected as the alloy components 
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when concerning about the cost of catalysts and the relations between metal 

electrocatalysts and their corresponding products. A mesoporous nanostructure was 

introduced to roughen the catalysts surface and increase the active sites, while the 

compositional ratios between Pd and Cu were finely controlled for the selective 

conversion of CO2 to CO. DFT calculations were carried out to examine the reactive 

centers within the active sites and absorption/desorption ability of CO2, COOH* 

intermediates and CO. 

Chapter 4 Design of Hierarchical Nanowire Arrays Photoanodes Based on Carbon 

Nanotubes and Co3O4 Decorated ZnO Composite for the Oxidation Half Reaction 

of Photoelectrochemical CO2 Conversion  

The half reaction of water oxidation is a very important reaction and to some extent 

can decide the total activity of CO2 reduction, according to the previous study of 

photocatalytic reaction of CO2. Thus, a hierarchical carbon nanotube (CNT) and Co3O4 

decorated ZnO nanowire (NW) arrays composite was fabricated as photoanode for the 

water oxidation reaction via a facile stepwise synthesis strategy. ZnO NWs was chosen 

as the main photoresponse material due to its tunable alignment and morphology as well 

as the prospective electronic and optical properties. Co3O4 bears the responsibility of 

efficient O2 evolution and long durability against chemical- and photo-corrosion, while 

CNTs possess unique electrical and optical properties in photovoltaic, thus were 

selected as the cocatalysts of ZnO to obtain a highly enhanced activity for PEC water 

oxidation. 

Chapter 5 Design of Photoelectrochemical Device for the Selective Conversion of 

CO2 to CO Using Mesoporous Palladium-Copper Bimetallic Cathode and 

Hierarchical ZnO-Based Nanowire Arrays Photoanode 
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In the last chapter, an attempt study for a highly efficient, selective and low energy 

consumption PEC CO2 reaction was carried out in a two-electrode cell system. The PEC 

device was constructed with a metal cathode and n-type semiconductor photoanode. The 

previous studied mesoporous palladium-copper alloy was employed as cathode for 

selective reduction of CO2 to CO. And ternary hierarchical ZnO-based NWs arrays 

composite was used as photoanode for the other half reaction of water oxidation. The 

overall PEC CO2 conversion activity was an integrated performance and it was 

determined by both of the cathodic and anodic materials.  

Chapter 6 General Conclusion and Future Prospects 

This chapter makes an overall summary and conclusions of the results in this 

dissertation work. The prospects for further study and future plan were also presented in 

this chapter. 
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Chapter 2 Effect of Noble Metal Cocatalysts on Photocatalytic 

CO2 Reduction over NaTaO3 Nanoparticles 

2.1 Introduction 

Semiconductor photocatalysis appears to be a promising CO2 reusable 

approach, since the Honda-Fujishima effect has been discovered by the early 

1970s.
1, 2

 Generally, a photocatalytic CO2 reduction over semiconductors can 

only utilize solar lights as energy source to convert CO2 to usable fuels without 

applying any other energy. In the previous investigation of semiconductor 

photocatalytic CO2 reduction, only a limited number of wide band-gap 

semiconductors have exhibited photocatalytic activities with various reducing 

outcomes.
3
 The semiconductors must possess a negative enough conduction band 

(CB) to provide enough energy of the photogenerated electrons to overcome the 

activation barrier and to promote the multiple-electron reaction during the CO2 

reduction process.
4, 5

  

NaTaO3 has been reported by Kudo et al. as one of the best pure water 

splitting photocatalysts.
6-8

 It possesses a significantly negative CB and wide band 

gap and thus should be a promising photocatalyst in CO2 reduction, although 

there are few reports about it. In addition to the band structure, the reactivity of 

the two half reaction significantly affect the overall performance of photocatalytic 

CO2 reduction with water. Since the noble metal cocatalysts could determine the 

activity and selectivity of the half reaction of CO2 reduction,
9, 10

 while a smooth 

holes consumption within the half reaction of water oxidation have an extreme 

influence on the stability of the total reaction.
11
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In this chapter, NaTaO3 was selected as the photocatalyst to carry out the 

CO2 reduction as a preliminary research for the following PEC CO2 reduction. An 

electron donor (H2 gas) was introduced to the reaction system to verify the 

peroxide intermediates mechanism during the water oxidation reaction and to 

enhance the activity as well as the stability of the CO2 reduction. On the other 

hand, the effect of different noble metal cocatalysts (Pt, Au, Cu, Pd, Ru) for CO2 

photoreduction was studied with and without the electron donor, respectively.  

2.2 Experimental methods 

2.2.1 Photocatalysts preparation 

The NaTaO3 was synthesized via a typical furfural alcohol derived 

polymerization−oxidation (FAPO) process.
12-14

 First, 1.61 g of (C2H5O)5Ta and 

0.29 g of C2H5ONa were added into 15 mL of 2-methoxyethanol and stirred at 

room temperature to form a clear colloid. After that, 2.0 g of P-123 (Mw = 5800) 

dissolved in 30 mL of furfuryl alcohol was added. Next, the mixture was stirred 

for 60 min and then heated to 95°C with a rate of 1°C·min
-1

 and maintained at 

this temperature for 120 h in air to form a black solid polymer. Finally, the black 

solid was oxidized in air at 500°C for 10 h, and a white powder product was 

obtained.  

The loading process was performed by a photocatalytic reduction method. 

0.5wt % of Pt, Au, Cu, Pd and Ru co-catalysts were photodeposited on the 

NaTaO3 catalyst by adding a calculated amount of H2PtCl6, HAuCl4, Cu(NO3)2, 

Pd(O2CCH3)2 and RuCl3 solution into the reaction solution, respectively. The 

NaTaO3 powder (0.2 g) was dispersed by using a magnetic stirrer in CH3OH 

aqueous solution (230 mL of distilled water + 50 mL of CH3OH) in a Pyrex cell 
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with a side window. The reactant solution was irradiated by a 300 W 

UV-enhanced Xe lamp (λ > 200nm) for 4 h. The H2 evolution was measured with 

an online gas chromatograph (GC-8A, Shimadzu) with a thermal conductivity 

detector (TCD) according to the standard curve. After H2 evolution achieving a 

stable linear growth, the resulting NaTaO3 photocatalyst with cocatalysts was 

collected after heating and drying in air overnight. The powder was then dried in 

vacuum at 300 °C for 3 h to remove organic compounds adsorbed on the surface 

of the catalyst. The obtained samples with different cocatalysts loaded were 

further tested for the photoactivity of CO2 reduction. 

2.2.2 Sample characterization 

The crystal structure of NaTaO3 powder was determined with an X-ray 

diffractometer (X'Pert Powder, PANalytical B.V., Netherlands) with Cu-Kα 

radiation. Scanning electron microscopy images were recorded with a HITACHI 

S-4800 field emission scanning electron microscopy. Transmission electron 

microscopy images were recorded with a field emission transmission electron 

microscope (2100F, JEOL Co., Japan) operated at 200 kV. The diffuse reflection 

spectra were measured with an integrating sphere equipped UV–visible recording 

spectrophotometer (UV-2600, Shimadzu Co., Japan) using BaSO4 as reference 

and the optical absorptions were converted from the reflection spectra according 

to Kubelka-Munk equation. The specific surface areas were determined with a 

surface-area analyzer (BEL Sorp-II mini, BEL Japan Co., Japan) by the 

Brunauer–Emmett–Teller (BET) method. X-ray Photoelectron Spectroscopy 

(XPS) experiments were performed in type Theta probe (ULVAC-PHI, Japan) 
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using monochromatized Al Kα at 1.4×0.1 mm 100 W(20 kV, 5 mA) and the 

peak positions were internally referenced to the C 1s peak at 285.0 eV. 

2.2.3 CO2 photoreduction 

The CO2 photoreduction experiments were carried out in a gas-closed 

circulation system. The NaTaO3 powder as well as 0.5 wt% cocatalysts loaded 

samples (0.07 g) were located in a Pyrex reaction cell equipped with an upside 

window, respectively. In the case of using H2O as the reducing agent, 3 mL of 

distilled water was added into the gas-closed reaction system. Then, the whole 

system was evacuated and filled with 80 kPa of pure CO2 gas. In the case of 

using H2 gas electron donors, 3 mL of distilled water was also added into the 

gas-closed reaction system firstly, and then the whole system was evacuated. 

Finally, the filled atmosphere was change to 40 kPa of pure CO2 gas and 40 kPa 

of pure H2 gas. The light source was a 300 W UV-enhanced Xe lamp (λ > 

200nm) without filter. The CO, CO2 and organic products were sampled and 

measured with a gas chromatograph (GC-14B, Shimadzu) equipped with a flame 

ionization detector (FID) according to the standard curves. The GC column is 

Porapak Q-methanizer for CO and CO2 measurement (CH=1), PEG1000 for 

organic products measurement (CH=2).  The H2 evolution was measured with 

an online gas chromatograph (GC-8A, Shimadzu) with a TCD detector according 

to the standard curve. The GC column is 5A molecular sieve.  
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2.3 Results and discussions 

2.3.1 Characteristics of NaTaO3 samples 

Fig. 2.1 XRD pattern of the as-prepared NaTaO3 sample. 

The crystallographic phases of the NaTaO3 samples were examined by X-ray 

diffraction (XRD) as shown in Fig. 2.1. The NaTaO3 prepared through the FAPO 

route crystallized in a monoclinic system with the space group of P2/m, which 

could be well indexed to the JCPDS database card (JCPDS-01-074-2477). The 

morphology of the as-prepared sample was characterized by scanning electron 

microscope (SEM) and transmission electron microscopy (TEM) as shown in Fig. 

2.2. According to both of the SEM image (Fig. 2.2a) and TEM image (Fig. 2.2b), 

the NaTaO3 crystallite grew into cuboid particles, in which this morphology 

should be attributed to the effect of P123 and the furfural alcohol 

polymerization.
13

 The average size of the NaTaO3 sample is about 20 ~ 30 nm. 
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Furthermore, two sets of monoclinic fringes with lattice spacing of 0.390 nm and 

0.275 nm can be observed from the HRTEM image in the insert of Fig. 2.2b, 

corresponding to the (100) and (011) planes of monoclinic NaTaO3, respectively. 

This result is in agreement with the XRD pattern and further confirms the 

successful preparation of monoclinic NaTaO3.
15

 

Fig. 2.2 a) SEM image of NaTaO3 sample; b) TEM image of NaTaO3 sample, the 

insert shows HRTEM image. 

UV-visible absorption spectrum of the NaTaO3 nanoparticles is shown in Fig. 

2.3, with an intense absorption with steep edge in the UV region. The band gap 

(Eg) of NaTaO3 was determined by the following equation
15

 

(αhν)
n
 = A(hν − Eg) 

in which α, ν, A, and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap, respectively. The value of index n depends 

on the property of materials, in which n = 2 for the direct band-gap materials and 

n = 1/2 for the indirect band-gap martials. In the case of NaTaO3, the index is 1/2 

according to the previous report
6
 and the band gap is determined to be 4.2 eV as 

shown in the inset of Fig. 2.3.  
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Fig. 2.3 UV-vis absorption spectrum of NaTaO3 sample and the inset is the 

corresponding (αhν)
1/2

 ~ hν curve. 

2.3.2 The photocatalytic CO2 reduction with H2O 

The photocatalytic properties of the as-prepared NaTaO3 were estimated by 

photoreduction of gaseous phase CO2 under the irradiation of a 300 W 

UV-enhanced Xe lamp. Fig. 2.4a and Fig. 2.4b exhibit the results of CO2 

reduction over different noble metal (Pt, Au, Cu, Pd, Ru) loaded NaTaO3 using 

water as the reducing agent. All the samples showed certain abilities, where CH4 

and CO presented to be the two main carbon products with CO appears more 

dominant. The total productivities were listed in Table 2.1. The loaded noble 

metal cocatalysts mainly benefited H2 evolution in this reaction condition 

(CO2+H2O), because H2 evolution is a highly preferred competing reaction. 

Moreover, the CO2 reduction reactions exhibited not linear growth of the 

products evolution for both of the desired carbon products. The bent curves 

indicate an unstable reactivity of CO2 reduction reaction for all the samples, 
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which also often puzzles the study of photocatalytic CO2 reduction over oxide 

semiconductors using water as the reducing agent.
3, 16

 

Fig. 2.4 Gaseous product generation over 0.5 wt% co-catalysts loaded NaTaO3 in 

H2O and CO2 atmosphere: a) CH4, b) CO. 
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Table 2.1 Productivities of the series of NaTaO3 using water as the reducing agent. 

Materials 

CH4 productivity /  

μmol g
-1

h
-1

 

CO productivity /  

μmol g
-1

h
-1

 

H2 productivity /  

μmol g
-1

h
-1

 

CO2+H2O CO2+H2O CO2+H2O 

NaTaO3 1.39 6.49 1.36 

Pt-NaTaO3 0.70 5.95 80.23 

Cu-NaTaO3 1.07 4.95 38.94 

Au-NaTaO3 1.43 7.43 53.10 

Pd-NaTaO3 1.73 7.56 76.43 

Ru-NaTaO3 0.11 0.07 6.82 

 

Fig. 2.5 In situ FTIR spectra of NaTaO3 during the CO2 reduction process. 

It is noticeable that O2 could also not be detected as the product of water 

oxidation. Thus, an obstructive O2 release process should be the main reason for 
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the above phenomena. It has been reported that some peroxide intermediates 

would be formed at the oxide semiconductor surface during the oxygen 

photoevolution reaction from water.
11

 In situ FTIR spectra were examined to 

confirm the existence of these peroxide intermediates during the photocatalytic 

CO2 reduction process over NaTaO3 as shown in Fig. 2.5.  

Fig. 2.6 Schematic model of peroxide intermediates formation and accumulation 

at the surface of NaTaO3. 

By referring the method reported in the literature, NaTaO3 film was firstly 

exposed to a 30% H2O2 aqueous solution to position the peak of peroxide 

intermediates. Two new peaks emerged at 834 cm
-1

 and 883 cm
-1

 (dot line) and 

could be considered as the peaks of peroxide intermediates and H2O2, 

respectively. Then the CO2 reduction was investigated by in situ FTIR spectra 

with capsuling the NaTaO3 samples with CO2 gas and H2O within a sealed 

sample compartment. As the dash line shown, during the CO2 reduction process, 
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the peroxide intermediates were confirmed to form and accumulate with the time 

at the surface of NaTaO3. The schematic model in Fig. 2.6 could describe this 

process. These accumulated peroxide intermediates significantly hindered the 

photogenerated holes to oxidize water. Thus, the recombination of electrons and 

holes increased, and so that reflects on a decreased photocatalytic activity. 

2.3.3 The photocatalytic CO2 reduction with H2O in the presence of 

electron donor H2 

Table 2.2 Productivities of the series of NaTaO3 with and without the electron 

donor H2. 

Materials 

CH4 productivity /  

μmol g-1h-1 

CO productivity /  

μmol g-1h-1 

H2 productivity / 

 μmol g-1h-1 

CO2+H2O CO2+H2O+H2 CO2+H2O CO2+H2O+H2 CO2+H2O CO2+H2O+H2 

NaTaO3 1.39 2.07 6.49 10.10 1.36 N/A 

Pt-NaTaO3 0.70 1.13 5.95 139.1 80.23 N/A 

Cu-NaTaO3 1.07 3.71 4.95 16.23 38.94 N/A 

Au-NaTaO3 1.43 2.44 7.43 14.47 53.10 N/A 

Pd-NaTaO3 1.73 8.61 7.56 9.71 76.43 N/A 

Ru-NaTaO3 0.11 51.8 0.07 2.16 6.82 N/A 
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In order to eliminate the hamper of peroxide intermediates and realize a 

stable reduction of CO2, an electron donor (H2 gas) was introduced to the reaction 

system to release the peroxides. All the samples exhibit obvious promotions of 

the catalytic activity compared with the counterparts only using H2O as the 

reducing agent to react with CO2 as summarized in Table 2.2. Fig. 2.7a and 2.7b 

show the results of CO2 reduction with different noble metal loaded NaTaO3 

samples in the presence of H2O, CO2 and H2. Almost linear curves indicate that 

enhanced stabilities and activities of the CO2 reduction are obtained over the 

catalysts. The CO2 reduction was also investigated by the in situ FTIR spectra in 

the presence of electron donor H2. As the solid lines in Fig. 2.5 shown, there is 

almost no accumulation of the peroxides in the presence of electron donor H2. 

Thus, it can be concluded that the peroxide intermediates are effectively reduced 

by H2 and so that a stable reduction of CO2 are observed.  

An isotope experiment within a D2O, CO2 and H2 atmosphere was carried out 

to distinguish the hydrogen source between water (D2O) and H2 of the produced 

methane. As shown in Fig. 2.8, CD4 is the dominant methane products initially, 

which illustrates clearly that the hydrogen in methane comes from water (D2O). 

With the reaction proceeded after several hours, some CD3H and CD2H2 can be 

observed among the methane products (Fig. 2.8b). It can be deduced that the 

protium atoms should mainly derive from the normal water (H2O) reduced from 

peroxides at NaTaO3 surface by H2. Thus, it is confirmed that the direct hydrogen 

source of the CO2 reduction is still water, but not the H2 gas introduced as the 

electron donor. H2 promotes the CO2 reduction reaction by a successful 

conversion of peroxide intermediates (O2*) into water rather than directly reduces 

CO2 to CH4 as the schematic model shows in Fig. 2.9. This is because that the 

requisite active hydrogen to react with CO2 in a photocatalytic process should be 
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atomic hydrogen rather than molecular hydrogen. The hydrogenation reaction 

between molecular hydrogen and CO2 must climb over an energy barrier to push 

forward,
17, 18

 where the requirement could not be met in this work. The atomic 

hydrogen is activated from other hydrogen sources (water in this work), although 

there are hydrogen molecules in the system.
19

 

Fig. 2.7 Gaseous product generation over 0.5 wt% co-catalysts loaded NaTaO3 in CO2, 

H2O and H2 atmosphere: a) CH4, b) CO. 
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Initial period (a): CO2 +D2O → CD4 + O2* 

H2 + O2* → H2O 

After several hours (b): CO2 + D2O + H2O → CD3H + CD2H2 + O2* 

O2*: peroxide intermediates 

Fig. 2.8 Original data of GC-MS spectra of photocatalytic CO2 reduction products over 

Ru-NaTaO3 under H2 atmosphere in the present of D2O: (a) Sampling at the initial 

period of the reaction, (b) sampling several hours after the reaction start. 
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Fig. 2.9 Schematic model of a proposed reaction process over Ru-NaTaO3 in CO2, 

H2O and H2 atmosphere. 

Fig. 2.10 Productivity with and without H2 over Ru-NaTaO3 and Pt-NaTaO3. 

In the point view of cocatalyst, except for Ru and Pt, other cocatalysts did not 

exhibit a pronounced activity enhancement and selectivities of CO2 reduction due 
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to their natural properties as shown in Table 2.2. Ru-NaTaO3 (CH4 51.8 μmol h
-1

 

g
-1

) and Pt-NaTaO3 (CO 139.1 μmol h
-1

 g
-1

) exhibited the best activities and 

products selectivity over the series (Fig. 2.7a and Fig. 2.7b). The CH4 or CO 

versus total carbon products (CH4 + CO) ratio is about 0.96 for Ru-NaTaO3 and 

0.99 for Pt-NaTaO3 as shown in Fig. 2.10. These results accord well with the 

results in the literatures.
18, 20, 21

 It is mainly attributed to the excellent abilities of 

Ru and Pt in hydrogen activation, stabilization and utilization, since these two 

metals are commonly used materials for hydrogen storage
22, 23

 and fuel cells.
24, 25

 

Since converting CO2 to CH4 is a multiple-step and multiple-electron reaction, 

there must be an inexhaustible supply of active hydrogen (H*) to CO2.
4, 5

 CO 

molecules possess dominant adsorption ability than H2O at Pt surface.
26

 After 

CO2 molecules have been reduced to CO, the supply of active hydrogen decrease 

gradually until the Pt surface was fully occupied by CO and finally poisoned by 

them.
26, 27

 Thus, the CO2 reduction over Pt predominantly carries out a 2e
-
 

reaction and CO become the main product. Conversely, water molecules are more 

adsorptive at Ru surface,
26

 and Ru has a relative high overpotential in H2 

evolution
28

 to depress the H* recombining to H2. Thus, active hydrogens could be 

constantly provided to CO2 to carry out 8e
-
 reaction.  

In addition, the state of Ru is also very important to the activity. Different 

from other noble metals, Ru is very easy to be oxidized during the drying process. 

Moreover, this oxidation might be even enhanced when only using water as the 

reductant due to the formation of Ru(OH)ads.
25, 26

 Thus, the real state of the 

cocatalysts should be a mixture of Ru and RuO2 or RuOx as the XRD patterns 

shown in Fig. 2.11. The partially oxidized RuOx not only hinder the electron 

transfer from NaTaO3 to Ru, but also weaken the hydrogen activation on metal 

Ru. So that it lead to a very poor activity as shown in the previous part (Fig. 2.4). 
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However, after introducing the electron donor H2, RuOx could be reduced and 

transformed to metal Ru again. As the XPS spectra shown in Fig. 2.12, Ru oxides 

in the as-prepared Ru-NaTaO3 were reduced to metal Ru. The corresponding 

TEM image (Fig. 2.13) also indicates the successful transformation to metal Ru. 

Thus, a stable CO2 reduction can be ensured over Ru-NaTaO3. 

Fig. 2.11 XRD patterns of Ru-NaTaO3 samples. Black line: as-prepared 

Ru-NaTaO3, Red line: Ru-NaTaO3 after a CO2 reduction under H2 atmosphere.  

□ RuO2, ◆ Ru. 10 wt% Ru-NaTaO3 was adopted for better observation of the 

responds of RuO2 and Ru. 
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Fig. 2.12 XPS spectra of Ru-NaTaO3 before and after the CO2 reduction in the 

presence of electron donor H2. 

Fig. 2.13 TEM images of a) as-prepared Ru-NaTaO3, b) Ru-NaTaO3 after CO2 

reduction in H2 atmosphere. 
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Fig. 2.14 CH4 evolution comparison of Ru-NaTaO3 with and without H2O in 

presence of electron donor H2. 

The CO2 reduction over Ru-NaTaO3 without specifically adding the distilled 

water into the reaction system was compared with the water-using sample as 

shown in Fig. 2.14. The activity deceased obviously without water, but there is 

still a little amount of CH4 could be detected. It is could be considered that these 

CH4 was comes from the water remained in the system as well as the gas 

atmosphere, because it is very different to make an extreme anhydrous condition 

in our reaction system. Long-playing experiments were carried out to examine the 

stabilities of these two samples, respectively (Fig. 2.15). Ru-NaTaO3 keeps a 

linear growth of CH4 evolution even overnight, whereas Pt-NaTaO3 exhibits a 

decay of CO evolution after several hours due to the poisoning of Pt by the 

produced CO.
26, 27

 Further experiments were also carried out to confirm the light 

dependent photocatalytic activity (Fig. 2.16). Both Ru-NaTaO3 and Pt-NaTaO3 

expressed obviously feedbacks, i.e., the reactions exhibit very poor activities 

under visible light irradiation and there were hardly increases of the products 
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until the L42 filter was removed. Thus, it could be definitely concluded that CO2 

was photocatalytically reduced over Ru-NaTaO3 and Pt-NaTaO3, as NaTaO3 is a 

wide band-gap semiconductor (4.2 eV). An isotope experiment was carried out 

over Ru-NaTaO3 for further investigation using 
13

CO2. The GC-MS spectrum 

exactly confirmed that the organic product 
13

CH4 was reduced from 
13

CO2 as 

shown in Fig. 2.17. 

Fig. 2.15 An overnight prolonging text in the presence of electron donor H2: a) 

CH4 evolution over Ru-NaTaO3, b) CO evolution over Pt-NaTaO3. 
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Fig. 2.16 UV-light responds text by inserting a cutoff 420 nm filter (L42) under 

the irradiation of a 300W UV-enhanced Xe lamp within H2 atmosphere: a) CH4 

evolution over Ru-NaTaO3, b) CO evolution over Pt-NaTaO3. 
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Fig. 2.17 Original data of GC-MS spectra of photocatalytic CO2 reduction products 

over Ru-NaTaO3 under H2 atmosphere in the present of 
13

CO2. 
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In addition, Ru loaded SrTiO3 and TiO2 also exhibit stable photocatalytic 

activities of converting CO2 to CH4 in the presence of electron donor H2 as 

summarized in Table 2.3 and Fig. 2.18. The activity differences among NaTaO3, 

SrTiO3 and TiO2 are mainly attributed to their different CB levels (Fig. 2.18 and 

Fig. 2.19). NaTaO3 possess the most negative CB energy level, thus it could 

provide the most energetic photogenerated electrons to overcome the activation 

barrier and fulfill the 8e
-
 reaction during the CO2 reduction process. Moreover, 

these results demonstrate that electron donor could also be extended to other 

semiconductors to realize a stable photoreduction of CO2.  

Table 2.3 Comparison of the band gaps, BET surface areas and productivities 

among NaTaO3, SrTiO3 and TiO2. 

Materials Band gap / eVa VB / Vb CB / Vc 

Surface area  

/ m2 g-1 d 

CH4 productivity 

/ μmol g-1h-1 e  

Normalized productivity 

/ μmol h-1 m-2 f 

NaTaO3 4.2 2.7 -1.5 29.2 51.8 1.72 

SrTiO3 3.7 2.6 -1.1 14.4 5.4 0.38 

TiO2 3.5 3.0 -0.5 302.2 29.2 0.10 

a
The band gap were obtained from UV-vis absorption spectra and the corresponding (αhν)

1/2
– hν 

curves as shown in Fig.1c and Fig. S8. 
b
The valence band positions were obtained from valence 

band XPS as shown in Fig. S7. 
c
The conduction band positions were calculated from the data of 

band gap (Eg) and valence band by using the equation CB = VB - Eg. 
d
The surface area were 

determined by the Brunauer–Emmett–Teller (BET) method. 
e
The apparent productivity within 8 

hours. 
f
Calculated from dividing the apparent productivity by BET surface area. 
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Fig. 2.18 a) CH4 evolution comparison of Ru loaded NaTaO3, commercial SrTiO3 

(Nano-sized, Wako Pure Chemical Industries, Japan) and TiO2 (ST01, 

ISHIHARA SANGYO KAISHA, Japan) under the irradiation of a 300W 

UV-enhanced Xe lamp within H2 atmosphere. b) Valence band XPS of NaTaO3, 

SrTiO3 and TiO2. c) Schematic model of energy levels of NaTaO3, SrTiO3 and 

TiO2 under UV irradiation.  
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Fig. 2.18 a) UV-vis absorption spectra comparison of NaTaO3, SrTiO3 and TiO2; 

b) the corresponding band gap obtained from (αhν)
1/2

– hν curves: (b) SrTiO3, (c) 

TiO2. 

2.4 Conclusions 

In conclusion, this study demonstrated that the phototcatalytic activities of 

NaTaO3 are greatly affected by noble metal cocatalysts and the reaction 

atmosphere. By introducing electron donor H2 into the system, a stable reactivity 

has been obtained over the series of NaTaO3 due to an effective release of the 

peroxides intermediates of water oxidation. Ru-NaTaO3 (CH4 51.8 μmol h
-1

 g
-1

) 

and Pt-NaTaO3 (CO 139.1 μmol h
-1

 g
-1

) exhibited the best products selectivity in 
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the presence of the electron donor. Besides, Ru demonstrated an efficient and 

stable photocatalytic activity in converting CO2 to CH4 beyond 24 hours. These 

results and discussion reveal that as co-catalysts, Ru possesses an efficient ability 

to promote the photogenerated charge separation as well as the hydrogen 

activation, stabilization and utilization in the presence of electron donor in 

photocatalytic reduction CO2 to CH4. 

Moreover, according to this chapter’s study, it can be concluded that it is still 

very difficult for realizing an overall CO2 conversion in one single semiconductor 

photocatalyst. For one thing, the water oxidation half reaction can hardly be 

carried out without electron donors. On the other hand, the exact reaction process 

of the reduction half reaction is still unclear, because the gaseous reaction 

environment makes it very different to study the mechanism as well as to obtain 

an efficient CO2 conversion. In this regard, photoelectrochemistry provides a 

facile approach to study the CO2 reduction process, in which the reduction 

process can be easily investigated at the fixed potential region.   
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Chapter 3 Mesoporous Palladium-Copper Bimetallic 

Electrodes for Selective Electrocatalytic Reduction of Aqueous 

CO2 to CO 

3.1 Introduction 

Electrocatalytic reduction of CO2 is a promising method for its high-density 

renewable energy storage and the incentive ability for CO2 capture among 

various CO2 reusable approaches.
1, 2

 Significantly, electrochemical CO2 reduction 

possess much higher energy conversion efficiency, better product selectivity and 

much clearer mechanism than the photocatalytic CO2 reduction process.
3
 It 

provides a convenient approach to study the kinetic reaction process of CO2 

reduction. And consequently could guide the research and fabrication of not only 

electrocatalysts but also photocatalysts (cocatalysts).   

In the point view of CO2 reduction product, CO is a desirable product of CO2 

reduction, because it could serve as a very important raw material in chemical 

industry to produce chemicals and synthetic fuels through the well-known 

Fischer–Tropsch process.
4
 So far, gold-based nanostructured electrocatatlysts 

demonstrated attractively high selectivity in converting aqueous CO2 to CO, with 

Faradaic efficiency (FE) exceeding 90%.
5-7

 However, the high cost of Au as 

noble metal and the complicated process for fabricating Au to the extremely 

specific nanostructure have significantly impeded the large scale manufacture as 

well as the subsequent commercial application of the gold-based electrocatatlysts. 

Moreover, although some non-precious metals also demonstrated very high FE in 
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reducing CO2 to CO in ionic liquids or non-aqueous electrolytes,
8, 9

 the real effect 

and active components of these electrolyte are still nebulous.
10

 Aqueous 

electrolyte is more conducive to precisely assess the catalytic ability of metal 

catalysts. Therefore, it is important to pay more attention to lessening the use of 

noble metals in the design of electrocatatlysts and finding a facile synthesis 

process for the selective reduction of CO2 to CO in aqueous electrolyte. 

Alloying is one of the most impactful candidate approaches to reduce the 

materials cost.
11, 12

 It is believed that by alloying, due to the electronic effect and 

geometric effect, the binding strength of intermediates could be effectively tuned 

to accelerate the reaction rate of CO2 reduction on the catalyst surface.
11

 

According to Azuma et al.’s summary about the relations between metal catalysts 

and corresponding products,
13

 CO and hydrocarbons are the primary products 

over d metals (e.g., Pd, Pt, Cu and Au).
14

 Thus, alloying palladium with 

inexpensive copper should be a promising strategy for the selective reduction of 

aqueous CO2 to CO. Based on the metal price from London Metal Exchange 

(LME), at least 40% of the materials cost can be reduced when comparing with 

the gold catalysts.      

Well-defined mesoporous metal catalysts are commonly cited for superior 

performance on electrocatalytic activity because of their high porosity, large area 

per unit volume, and excellent activity-structure relationship.
15, 16

 The 

physicochemical characteristics of Pd and Cu also benefit the alloy synthesis to a 

functional architecture, such as mesoporous nanostructure, with more roughened 

surface and active sites than nanoparticles. It has been confirmed by both of the 

experimental results and DFT calculations that active sites play a dominant role 

for the selectivity of CO2 reduction on Au nanoparticles.
6
 The density of 
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catalytically active sites is largely dependent on the particle size and surface 

structure and it is deduced that a roughened surface facilitates the selective 

reduction of CO2.
7, 17

  

In this chapter, novel mesoporous palladium-copper bimetallic 

electrocatalysts with a high density of mesopores were designed and fabricated 

via a facile electrodeposition approach for selective reduction of aqueous CO2 to 

CO. Various ratios of mesoporous Pd-Cu electrodes have been prepared by finely 

controlling the stoichiometric ratio of electrolyte solution. The mesoporous 

nanostructure was expected to harvest the active sites for the selective reduction 

of aqueous CO2 to CO. The binding strength of intermediates was proposed to be 

adjusted by forming palladium-copper alloys. To the best of our knowledge, this 

is the first paradigm of mesoporous alloy electrocatalysts for the selective 

reduction of CO2 to CO. 

3.2 Experimental methods 

3.2.1 Preparation of mesoporous Pd-Cu electrocatalysts 

To fabricate mesoporous Pd-Cu electrodes, a constant potential 

electrodeposition was carried out at -0.2 V by using an electrochemical machine 

(CHI 660D electrochemical analyzer, CH Instrument, U.S.) with a standard 

three-electrode cell system, including an Ag/AgCl (saturated KCl) electrode as a 

reference electrode, a platinum wire as a counter electrode. Glassy Carbon (GC) 

substrate (diameter = 3 mm, BAS Inc.) was employed as the working electrode 

for the measurements of electrocatalytic reduction of CO2, while ITO substrate 

(deposition area: ca. 1 cm
2
) was used as working electrode for sample 
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characterizations. The electrolyte solution contained PdCl2 and Cu(NO3)2 with 

Brij 58 (C16H33(OCH2CH2)20OH, 1.0 wt%) as the surfactant. The total 

concentration of metal precursors was 10 mM. The molar ratios of Pd to Cu 

species were gradually changed (Pd
2+

/Cu
2+

 =10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 3:7 and 

0:10, respectively) for the preparation of mesoporous Pd-Cu electrodes with 

different compositions. After electrodeposition for 600 s, as-prepared films were 

soaked in ethanol for 24 h to extract the surfactants, then thoroughly rinsed with 

de-ionized water, and dried in air. PtxCu10-x (x varies from 9 to 1) were used as 

abbreviations for the samples prepared from different precursor solutions and 

pure Pd and Cu were abbreviated as “Pd” and “Cu”, respectively. Nanoparticle 

counterpart Pd7Cu3 was prepared by the same electrodeposition method without 

surfactant Brij 58. Nanoparticle Pd7Cu3 and mesoporous Pd7Cu3 were abbreviated 

as N-Pd7Cu3 and M-Pd7Cu3, respectively. 

3.2.2 Electrochemical measurements  

The electrocatalytic reduction of CO2 was measured on a CHI 660D 

electrochemical workstation in aqueous 0.1 M KHCO3 solution (pH ≈ 6.8). The 

electrolyte solution was purged by Ar gas and saturated with CO2 successively 

before the measurement. The experiments were performed in a gas-tight two 

compartment H-cell separated by a Nafion117 film. Platinum and Ag/AgCl (in 

saturated KCl) electrode were selected as the counter electrode and reference 

electrode, respectively. All of the applied potentials were recorded against 

Ag/AgCl (saturated KCl) reference electrode and then converted to reversible 

hydrogen electrode (RHE). The CO and other carbon products were sampled and 

measured with a gas chromatograph (GC-14B, Shimadzu) equipped with a flame 
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ionization detector (FID) according to the standard curves. The GC column is 

Porapak Q-methanizer for CO and CO2 measurement, PEG1000 for organic 

products measurement.  The product of H2 was measured with a gas 

chromatograph (GC-8A, Shimadzu) with a TCD detector according to the 

standard curve. The GC column is 5A molecular sieve. The Faradaic efficiency 

(FE) can be calculated from FE = znF / jt, where z (reaction electron number) = 2 

for CO and H2, n is the GC detected product molar number (mol cm
-2

), F is the 

Faradaic constant (C mol
-1

), j is the photocurrent (A cm
-2

) and t is the reaction 

time (s). 

3.2.3 Sample characterization 

 Scanning electron microscopy (SEM) was conducted with a HITACHI 

S-4800 field emission scanning electron microscopy. Transmission electron 

microscopy (TEM) and High-resolution TEM (HRTEM) images were recorded 

with a field emission transmission electron microscope (2100F, JEOL Co., Japan) 

operated at 200 kV, combined with energy dispersive X-ray spectroscopy (EDX) 

for the determination of metal composition. The compositional ratios of the 

mesoporous alloys were analyzed by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Agilent 720-ES, Agilent Technologies, United States). 

X-ray diffraction (XRD) patterns were recorded on an Intelligent XRD system 

(SmartLab, Rigaku Corporation, Japan). Low-angle X-ray diffraction (XRD) 

patterns were acquired by a Rigaku NANOViewer (Cu Kα) operated at 40 kV 

and 30 mA. The specific surface areas were determined with Belsorp 28 

apparatus (Bel Japan Inc., Japan) by the Brunauer-Emmett-Teller (BET) method. 

X-ray Photoelectron Spectroscopy (XPS) experiments were performed in type 
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Theta probe (ULVAC-PHI, Japan) using monochromatized Al Kα at 1.4×0.1 

mm 100 W(20 kV, 5 mA) and the peak positions were internally referenced to the 

C 1s peak at 285.0 eV. 

3.2.4 Computational section 

 All of structure relaxation and electronic structure calculations were 

performed within the Kohn-Sham density functional theory (DFT) framework as 

implemented in the Vienna ab initio simulation package (VASP). The projector 

augmented wave (PAW) method and the semilocal Perdew-Burke-Ernzerhof 

exchange-correlation functional revised for solids (PBEsol) were adopted in 

present calculations. A 900 eV kinetic energy cutoff was used in the relaxations 

and electronic structure calculations of bulk metals, and a 600 eV cutoff energy 

was employed for surfaces. K-points for bulk relaxation and surface relaxation 

are respectively 9×9×9 and 3×3×1.  

Fig. 3.1 Crystal structures of different metals: (a) Pd, (b) Cu and (c) Pd-Cu. 
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Table 3.1 Experimental and calculated lattice constants of Pd, Cu and Pd-Cu. 

Metal Space group 

a=b=c (Å) 

Experimental Calculated (PBEsol) 

Pd FM-3M 3.891 3.872 

Cu FM-3M 3.615 3.570 

Pd-Cu PM-3M 3.987 3.963 

The structures and lattice parameters of Pd, Cu and Pd-Cu used in present 

study are shown and listed in Fig. 3.1 and Table 3.1. The lattice constants 

obtained from DFT calculations are very consistent with experimental values. 

Different crystalline structures were adopted for constructing the slab models for 

DFT calculations (Space group FM-3M for Pd, Cu; PM-3M for Pd-Cu alloy). 

These different slab models were employed for obtaining stable 111 facet models 

of Pd, Cu and Pd-Cu alloy during the DFT calculations. Based on the relaxed 

bulk structures, the slab models of Pd (111), Cu (111), Pd- and Cu-terminated 

Pd-Cu (111) were built. Among them, Cu (111) and Pd (111) are respectively 

composed of 96 Cu atoms and 96 Pd atoms. Pd-terminated Pd-Cu (111) surface 

possesses 63 Pd atoms and 54 Cu atoms, whereas Cu-terminated Pd-Cu (111) 

surface has 63 Cu atoms and 54 Pd atoms. All slab models are separated from 

z-direction neighbours by a 20 Å vacuum thickness. To get a quantitative 
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measurement of the charge transfer between Pd and Cu atoms in Pd-Cu alloy, 

Bader charge analysis was performed and the results for surfaces.  

To study the influence of charge transfer between Pd and Cu atoms on the 

adsorption and desorption of CO2, COOH* and CO, the adsorption energies of X 

(X stands for CO2, COOH* and CO) molecule on different kinds of surface were 

calculated using following equation: 

Eads(X) = Etot(X/surface)-Etot(X)-Etot(surface) 

Where Etot(X/surface) is the total energy of optimized X molecule adsorption 

configuration at different surface, Etot(X) is the total energy of an isolated X 

molecule, and Etot(surface) is the total energy of surface model.  

In order to understand the experimentally observed trends for the 

electroreuction of CO2 to CO, the following reaction mechanism was adapted to 

calculate the free energy: 

* + CO2(g) + 2H
+
(aq) + 2e

-
 ↔ COOH* + H

+
(aq) + e

-
 

COOH* + H
+
(aq) + e

-
 ↔ CO* + H2O(l) 

CO* + H2O(l) ↔ * + CO + H2O(l) 

Here, the asterisk (*) denotes a site on the surface. 
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3.3 Results and discussions 

3.3.1 Characteristics of mesoporous Pd-Cu bimetallic electrocatalysts 

Fig. 3.2 Top-surface SEM images of mesoporous Pd-Cu electrocatalysts with different 

ratios: a) Pd, b) Pd9Cu1, c) Pd8Cu3, d) Pd7Cu3, e) Pd6Cu4, f) Pd5Cu5, g) Pd3Cu7 and h) 

Cu. 
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The top-surface morphologies of the Pd-Cu alloy electrocatalysts with various 

molar ratios were characterized by scanning electron microscope (SEM) as shown in 

Fig. 3.2. The morphologies exhibit obvious differences depending on the Pd and Cu 

compositions. Pure Pd (Fig. 3.2a) shows a nanorod-like surface structure with large 

disordered pores. With alloying Pd with Cu, the surface structures change to 

cauliflower-like surfaces gradually (Fig. 3.2b-3.2g). Highly dispersed mesopores with 

uniform sizes could be clearly confirmed in each bimetallic electrocatalysts. Pure Cu 

(Fig. 3.2h), whereas, tend to form nanoparticles, due to the difficult preparation of 

copper into porous in this synthetic condition.
18

  

Fig. 3.3 Top-surface relationship between the product and precursor 

compositions examined by ICP-OES. 

The exact compositional ratios of the alloys were characterized by 

inductively coupled plasma optical emission spectrometry (ICP-OES) as shown 

in Fig. 3.3. The content of both palladium and copper in the products was linearly 

varied with the corresponding metallic precursors and accorded well with the 

stoichiometric ratios in the starting electrolyte solutions. In order to further 
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confirm the formation of mesoporous architecture, low-angle X-ray diffraction 

(XRD) measurements were carried out as shown in Fig. 3.4. Broad peaks are 

confirmed in the 2θ range around 1.0°. The d-spacing of the peaks is calculated to 

be ~8 nm which corresponds to the pore-to-pore distance. Considering the pore 

wall thickness (1~2 nm), the average pore size can be estimated to be 

approximately 6~7 nm, which coincides with the ideal pore size prepared by Brij 

58 micelles through constant potential deposition.
19, 20

 

Fig. 3.4 Low-angle XRD patterns of mesoporous Pd-Cu electrocatalysts with 

different ratios. 

The detailed nanostructure of mesoporous electrocatalysts was further 

investigated by high-resolution TEM (HR-TEM) over Pd7Cu3 electrocatalyst as 

an example. Fig. 3.5a shows the TEM image and provides a parallel 

cauliflower-like mesoporous structure as the SEM results exhibited. The 

HR-TEM image in Fig. 3.5b shows a lattice fringes correspond to the crystal 
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plane (111) (d = 2.22 Å), which is between the characteristics of face centred 

cubic Pd (d = 2.24 Å) and Cu (d = 2.09 Å) crystal phase in the (111) plane, 

indicating the successful preparation of palladium-copper bimetallic alloys.
21, 22

  

The corresponding EDX mapping analysis in Fig. 3.6 confirms that palladium 

and copper are homogeneously distributed within the mesoporous bimetallic 

alloys.  

Fig. 3.5 a) TEM image, b) HR-TEM image of mesoporous Pd7Cu3 

electrocatalyst. 

Fig. 3.6 EDX mapping of mesoporous Pd7Cu3 electrocatalyst. 
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Fig. 3.7 XRD patterns of mesoporous Pd-Cu electrocatalysts with different ratios. 

The XRD patterns of the mesoporous palladium-copper electrocatalysts are 

shown in Fig. 3.7. The (111) peak of each alloy sample can be observed between 

Pd (111) peak and Cu (111) peak. It shifts to higher angles gradually when 

increasing the Cu amount alloyed with Pd. It thus can be considered as another 

evidence of the successful preparation of palladium-copper bimetallic alloys. 

3.3.2 The effectiveness of mesoporous nanostructure on the selectivity 

of CO2 reduction 

The electrocatalytic performances of the series of mesoporous Pd-Cu bimetallic 

alloys were investigated in a gas-tight two compartment H-cell separated by a Nafion 

film. The electrolyte solution containing 0.1 M aqueous KHCO3 was purged by Ar gas 

and saturated with CO2 successively before the measurement. Fig. 3.8 shows the overall 

current densities of the mesoporous Pd-Cu bimetallic alloys in the potential region from 

-0.7 V to -1.2 V vs. RHE. All the metal electrocatalysts show much higher activities 
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than the GC substrate where mesoporous Pd7Cu3 exhibits the largest total current 

density among the series. However, hydrogen evolution reaction (HER) is a very 

aggressive competing reaction to the selective reaction of CO2 to CO, in which usually 

the overall current density also contains HER current. Fig. 3.9 shows the Faradaic 

efficiencies (FEs) for CO at different applied potentials. The optimal composition 

appears at Pd7Cu3, in which the FE for CO exceeds 80% at -0.8 V vs. RHE. Kanan et al. 

have reported a selective electrochemical reduction of CO2 to formate on palladium 

nanoparticles.
23

 While the products over reduced oxidized copper electrodes varied 

from 2-electron products CO, HCO2H to multi-electron products C2 hydrocarbons.
24

 

The products variation in our report can be contributed to the formation of Pd-Cu alloy, 

in which the electronic structures of electrocatalysts were adjusted gradually with the 

composition ratios. Moreover, the selectivity variation between 2-electron products 

from formate to CO can be also ascribed to the roughened surface. It is deduced that the 

mesoporous architecture benefit the selective reduction of CO2 to CO by providing 

abundant active site. 

Fig. 3.8 Total current density plots of mesoporous Pd-Cu electrocatalysts. 



Chapter 3 

76 

 

Fig. 3.9 Faradaic efficiency for CO of mesoporous Pd-Cu electrocatalysts. 

Fig. 3.10 a) Current densities and b) Faradaic efficiencies for CO of mesoporous Pd7Cu3 

alloy with error bars. 

Error bars were added to the current densities of mesoporous Pd7Cu3 by averaging 

the data of different samples as shown in Fig. 3.10. The inset in Fig. 3.10a shows the 

error bars at low current density potentials (-0.7 ~ -0.9 V vs. RHE). All the current 

densities at different potentials do not exhibit very large errors. At the optimal potential, 

-0.8 V vs. RHE, for the highest FE for CO, the current density varies within the region 

of -0.84 mA cm
2
 to -0.93 mA cm

2
. The corresponding FEs for CO on mesoporous 



Chapter 3 

77 

 

Pd7Cu3 are shown in Fig. 3.10b. The FEs at all the applied potentials also do not show 

very large errors. At -0.8 V vs. RHE, the FE varies within the region of ca. 77% to ca. 

84% and a FECO of 80% was reported in my thesis. These data suggest that the 

electrocatalytic performance of the mesoporous alloy sample is not an incident result 

and can be reproduced within modest error region. The current density at the optimal 

potential, -0.8 V vs. RHE, is still very low compared with some previous reports. More 

studies will be focused on not only reducing the overpotentials, but also obtaining high 

FECO at larger current densities in the future study. Thus we can collect more actual 

output of CO to consider about further application. Error bars of the current densities of 

other ratios Pd-Cu alloys are shown in Fig.3.11. The currents decrease with increasing 

the Cu amount alloyed with Pd and all the error bars also keep within modest regions. 

Fig. 3.11 Current densities of other ratios Pd-Cu alloys with error bars. 
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Fig. 3.12 Top-surface SEM images of a) and b) N-Pd7Cu3 prepared without surfactant; c) 

and d) M-Pd7Cu3 prepared with surfactant.  

Thus, to evaluate the effectiveness of mesoporous nanostructure on the 

selectivity of CO2 reduction, nanoparticle counterpart Pd7Cu3 was prepared by 

the same electrodeposition method without surfactant Brij 58. The morphology 

comparison of the nanoparticle Pd7Cu3 (N-Pd7Cu3) and mesoporous Pd7Cu3 (M- 

Pd7Cu3) are shown in Fig. 3.12. Without Brij 58, the alloy electrocatalyst tend to 

form a bulk nanoparticle structure, which is accumulated by numerous tiny 

nanoparticles.  
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Fig. 3.13 Comparison of total current density between mesoporous Pd7Cu3 

electrocatalyst (M-Pd7Cu3) and nanoparticle Pd7Cu3 electrocatalyst (N-Pd7Cu3). 

Fig. 3.14 Faradaic efficiency for CO of M-Pd7Cu3 and N-Pd7Cu3. 
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Fig. 3.13 exhibits the total current density difference between M-Pd7Cu3 and 

N-Pd7Cu3. M-Pd7Cu3 shows obviously much larger current density than the 

nanoparticle counterpart. Their corresponding FEs for CO are contrasted in Fig. 

3.14. N-Pd7Cu3 demonstrate much smaller FE for CO at all the applied potential 

region, especially at lower potentials. In addition, the FECO over N-Pd7Cu3 

increases with the applied potential, whereas M-Pd7Cu3 exhibits nonlinear 

relationship of FECO with the bias. The highest FECO over M-Pd7Cu3 is obtained 

at lower potential -0.8 V vs. RHE, and the FECO deceases with raising the applied 

bias. It can be deduced that M-Pd7Cu3 and N-Pd7Cu3 go through different 

mechanism during the CO2 reduction process and M-Pd7Cu3 possesses much 

lower overpotential. It has been reported that active sites dominate the selectivity 

of CO2 reduction by adjusting the reaction mechanism and the rate-determining 

step.
6, 12

 Edge sites are believed as the most desirable active sites for the selective 

reduction of CO2 to CO by facilitating the stabilization of the reduction 

intermediates (such as COOH*) and the formation of CO.
6
 And by roughening 

the surface, active sites (in particular edge sites) could be effectively multiplied.
17

  

Fig. 3.15 Nitrogen adsorption-desorption isotherm of a) mesoporous Pd7Cu3 and 

b) nanoparticle Pd7Cu3. 
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The specific surface areas of M-Pd7Cu3 and N-Pd7Cu3 were determined by 

the Brunauer-Emmett-Teller (BET) method as shown in Fig. 3.15. M-Pd7Cu3 

gives a much larger surface area (17.6 m
2
 g

-1
) than N-Pd7Cu3 (9.6 m

2
 g

-1
), which 

is attributed to its superior porous structure. The relative small specific surface 

area of mesoporous Pd7Cu3 can be ascribed to the high density of metal samples. 

Usually the specific surface area of semiconductor materials can be characterized 

over 100 m
2
 g

-1
, while the values of metal samples are much lower than 

semiconductors due to density differences. Our detected specific surface area of 

mesoporous Pd7Cu3 (17.6 m
2
 g

-1
) exhibited similar value to the previous reported 

mesoporous Pt (14 ~ 22 m
2
 g

-1
).

25-27
 In addition, the disordered mesopores with 

divergent structure might be the other reason for the low specific surface area. 

The surface area and pore size decrease gradually from the surface to the inner 

side of the mesoporous particles.  

Fig. 3.16 Cyclic voltammograms of mesoporous Pd7Cu3 and nanoparticle Pd7Cu3 

in 0.1 M CO2 saturated KHCO3 solution at a scan rate of 100 mV s
-1

 from 0.6 V 

to -2.0 V. 
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To confirm these enlarged surface area contributes to the active sites, cyclic 

voltammetry were performed in a CO2 saturated KHCO3 solution as shown in Fig. 

3.16. The cathodic current of M-Pd7Cu3 starts at more positive potential and a 

peak of CO2 reduction can be observed at -0.7 V vs. RHE. Moreover, M-Pd7Cu3 

shows larger peak and current density at the potential region of CO2 reduction, 

which should be due to the presence of more active sites within the specific 

mesoporous architecture. Thus, it can be deduced that mesoporous nanostructure 

benefits the CO2 reduction by providing more active sites than the nanoparticle 

counterpart. Moreover, the surface composition of M-Pd7Cu3 and N-Pd7Cu3 was 

examined by XPS as shown in Fig. 3.17. The surface composition Pd:Cu was 

determined as 54:46 and 30:70 for M-Pd7Cu3 and N-Pd7Cu3, respectively. Both 

the Pd:Cu ratios are lower than the stoichiometric concentration Pd7Cu3 in the 

starting electrolytes. The surface composition of M-Pd7Cu3 is also lower than the 

ICP-OES result (Fig. 3.3). It can be deduced that the total compositional ratio 

within the mesoporous Pd-Cu alloy accords well with the stoichiometric 

concentration in the starting electrolytes, while the surface composition is 

different from the total alloy compositional ratio. This difference can be ascribed 

to the deposition potential gap (EPd = 0.951V, ECu = 0.342 V) between Pd and Cu 

as well as the long deposition time (600 s) of our preparation process. Pd was 

more primarily reduced than Cu during the initial period of deposition process. 

With Pd concentration decreasing gradually in the electrolyte solution, more Cu 

became to be deposited and thus exhibited lower Pd:Cu ratio than the 

stoichiometric concentration 7:3 at the surface. The SEM images (Fig. 3.2) shows 

that the mesoporous morphology highly depend on the Pd:Cu ratio. It exhibits 

perfect mesoporous surface when Pd is the dominant component, which can be 
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deduced that the surfactant Brij 58 preferably interacts with Pd. So that Brij 58 

could balance the deposition rate gap between Pd and Cu. Thus, the surface 

composition of M-PdCu (54:46) shows high Pd:Cu ratio than N-PdCu (30:70). 

This result also accord with the DFT calculations in the following part.  

Fig. 3.17 XPS spectra of PdCu bimetallic electrocatalysts a) with and b) without 

surfactant. 
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3.3.3 The effectiveness of compositional ratio on the selectivity of CO2 

reduction 

The experimental data of CO selectivity over the series of mesoporous PdCu 

bimetallic electrocatalysts also exhibit strong dependence on the compositional ratios. 

Fig. 3.18 shows the Faradaic efficiencies (FEs) for the two main products CO and H2 at 

the applied potential region from -0.7 V to -1.2 V vs. RHE. Pure Pd exhibits similar FEs 

for CO and H2 at almost all the applied potential region (FEs ≈ 30% ~ 40%) as shown in 

Fig. 3.18a, while pure Cu demonstrates much higher H2 evolution FE than the FE for 

CO as exhibited in Fig. 3.18h. With alloying Pd with Cu gradually, the trends in FEs for 

CO and H2 vary greatly for all the mesoporous bimetallic electrocatalysts. CO becomes 

the dominant product when the mesoporous bimetallic alloy contains more Pd than Cu 

(Fig. 3.18b-3.18f). As the Cu ratio increases to a majority component, the FEs for CO 

deceases dramatically. H2 turns into the major product and also a small amount of 

methane can be detected as a product as shown in Fig. 3.18g. It is clear that the 

compositional ratio of the mesoporous bimetallic alloy significantly alters the 

electrocatalytic activity of the selective reduction of CO2 to CO. Fig. 3.19 exhibits a 

volcano relation of the CO productivity with the Pd-Cu ratio at -0.8 V vs. RHE. The 

optimal composition appears at Pd7Cu3, in which the FE for CO exceeds 80% at -0.8 V 

vs. RHE. 
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Fig. 3.18 Faradaic efficiencies of the series of mesoporous paladium-copper bimetallic 

electrocatalysts for the two main products of CO and H2: a) pure Pd, b) Pd9Cu1, c) 

Pd8Cu2, d) Pd7Cu3, e) Pd6Cu4, f) Pd5Cu5, g) Pd3Cu7 and h) pure Cu. 
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Fig. 3.19 Faradaic efficiency comparison of mesoporous Pd-Cu electrocatalysts with 

different ratio at -0.8 V vs. RHE. 

Alloy materials are extremely cited for their uniquely geometric and electronic 

effects in enhancing electrocatalytic activities.
11

 The geometric effect is believed in 

relating to the atomic arrangement at the active site and so that determines the catalytic 

activity.
28

 On the other hand, the electronic effect significantly affects the binding 

strength of intermediates by adjusting the electronic structure of the catalysts. The 

binding strength for intermediates COOH* and CO is largely at the discretion of the 

d-band lying, which is relative to the Fermi level and due to the occupancy of 

anti-bonding states.
29

 XPS spectra in Fig. 3.20 could illustrate the interaction between 

Pd and Cu as evidence. Both of the Pd 3d and Cu 2p peaks shift with the ratio changes, 

which can be ascribed to the electron transfer between Pd and Cu atoms during the 

formation of bimetallic alloys.
30
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Fig. 3.20 XPS spectra of mesoporous PdCu bimetallic electrocatalysts: a) Pd 3d b) Cu 

2p. The dash line (…) marks the peak position of monometallic Pd and Cu. 

Fig. 3.21 Optimized geometries and adsorption energies of CO2, COOH* intermediate 

and CO on the Pd (111) facet. 
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Fig. 3.22 Optimized geometries and adsorption energies of CO2, COOH* intermediate 

and CO on the Pd-terminated PdCu (111) facet. 

DFT calculations were performed to reveal the effect of Pd-Cu alloy on altering the 

adsorption properties of the reactant target CO2, the intermediates COOH* and the 

desirable product CO. The well-defined structure of Pd-Cu was adopted to simulate the 

adsorption energy change on Pd atoms and Cu atoms after forming the Pd-Cu alloy.
31

 

Fig. 3.21 and Fig. 3.22 exhibit the models of CO2, COOH* and CO adsorption on Pd 

(111) and Pd-terminated Pd-Cu (111) facets, and their corresponding adsorption 

energies. More negative adsorption energy means much stronger adsorption ability on 

the electrocatalysts surface as summarized in Table 3.2. For the reactant target CO2, the 

adsorption energy changes from -0.065 eV on Pd (111) surface to -0.421 eV on 

Pd-terminated Pd-Cu (111) surface, which indicates a much strong adsorption capacity 

of Pd-terminated alloy. In the case of COOH* intermediate, strong exothermic 

adsorptions were observed with negative adsorption energies of -2.838 eV and -3.075 

eV on Pd (111) and Pd-terminated Pd-Cu (111) surfaces, respectively. The stability of 

COOH* intermediates rises obviously within Pd-terminated alloy, which could possibly 
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restrain the trend to release HOOCH.
12

 Cooperating with the CO facilitative 

mesoporous nanostructure, the production of formic acid can be effectively suppressed.  

Table 3.2 Calculated adsorption energies for CO2, COOH* intermediate and CO on Pd 

(111), Pd-terminated Pd-Cu (111), Cu (111) and Cu-terminated Pd-Cu (111) facet. 

 

 
CO

2
 / eV COOH* / eV CO / eV 

Pd (111) -0.065 -2.838 -2.560 

Pd-terminated  

Pd-Cu (111) 
-0.421 -3.075 -1.960 

Cu (111) -0.037 -2.280 -1.270 

Cu-terminated  

Pd-Cu (111) 
-2.202 -2.470 -1.840 

Fig. 3.23 The difference charge density of CO adsorption configuration on a) Pd (111), 

b) Cu (111), c) Pd- and d) Cu-terminated Pd-Cu (111) surfaces. Herein, yellow and cyan 

colors indicate charge increase and decrease, respectively. 
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Moreover, consistent with the previous reports,
32, 33

 by alloying Pd with Cu, the CO 

adsorption energy raises from -2.560 eV on Pd (111) to -1.960 eV on Pd-terminated 

Pd-Cu (111), which shows the CO desorption ability increases significantly (Fig. 3.23). 

This suggests that Cu atoms could alter the binding strength for CO of their adjacent Pd 

atoms, and thus facilitate the product CO release from Pd atoms. The free energy 

diagram could also contribute to this conclusion as shown in Fig. 3.24. It reveals that 

the presence of Cu improves the CO2 and COOH* stabilities on Pd notably and 

promotes the desorption of CO as well, which thus benefit to the selective reduction of 

CO2 to CO and suppress the competing reaction favorably.
12

  

Fig. 3.24 Free energy diagram of CO2, COOH* intermediate, CO on Pd (111) and 

Pd-terminated Pd-Cu (111) facet  
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Fig. 3.25 Optimized geometries and adsorption energies of CO2, COOH* intermediate 

and CO on the Cu (111) facet. 

Fig. 3.26 Optimized geometries and adsorption energies of CO2, COOH* intermediate 

and CO on the Cu-terminated PdCu (111) facet. 
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Fig. 3.27 Free energy diagram of CO2, COOH* intermediate, CO on Cu (111) and 

Cu-terminated Pd-Cu (111) facet. 

The models of CO2, COOH* and CO adsorption on Cu (111) facet as well as on the 

Cu-terminated Pd-Cu (111) facet are shown in Fig. 3.25 and Fig. 3.26, respectively. The 

adsorption energies of CO2, COOH* also decease obviously on the Cu atoms within 

Pd-Cu alloy (111) facet as summarized in Table 3.2. However, the CO release ability on 

Cu atoms declines as well. The corresponding free energy diagram also exhibit the same 

trend as shown in Fig. 3.27. This suggests that Cu atoms are not the appropriate reactive 

centers for the selective CO2 reduction to CO, but probably could absorb CO to the 

further multi-electron reductions.
34

 It consequently could explain the appearance of 

methane in the products when Cu presents the majority component in the Pd-Cu alloys.  
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Fig. 3.28 Projected d-states in Pd-Cu, pure Pd and pure Cu: a) projected d-states of Pd 

in pure Pd and Pd-Cu; b) projected d-states in pure Cu and Pd-Cu. The positions of 

d-band centers are illustrated.  
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Fig. 3.29 Calculated Bader charge difference referenced to elemental phase of each 

metal for the Pd- (a) and Cu-terminated (b) Pd-Cu (111) surfaces. |e|: elementary charge 

Comparison of the projected density of states (pDOS) of pure metals (Cu and Pd) 

and of Pd-Cu alloy shows that the electronic structures of Cu and Pd were changed by 

the alloying. It was found that the d-band centers of Cu and Pd in Pd-Cu alloy are 

higher than those in pure metals as shown in Fig. 3.28, which explains stronger 

adsorption of CO2 and COOH* on Pd-terminated Pd-Cu (111),
35

 while the weaker 

adsorption of CO on Pd-terminated Pd-Cu (111) is attributed to the geometrical 

restriction in the formation of C-Pd bonds on the surface (Fig. 3.23). Bader charge 

calculation shows that Pd atoms possess negative charge while Cu atoms have positive 

charge with respect to those of elemental phase of each metal as illustrated in Fig. 

3.29.
36

 Thus it indicates an electron transfer from Cu to Pd in Pd-Cu alloy due to the 

different electronegativity. The average electron transfer from Cu to Pd is calculated as 

0.24 |e| in the bulk alloy. 
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Fig. 3.30 a) Calculated Crystal orbital overlap populations (COOP) for Pd-Cu alloy, b) 

Energy level diagram for Pd-Cu interaction. 

Crystal orbital overlap populations (COOP) was calculated to reveal the orbital 

configuration of Pd-Cu alloy as shown in Fig. 3.30. The COOP is a 

density-of-states-weighted overlap population between two orbital centers, and its 

positive and negative regions represent bonding and antibonding interactions, 

respectively. Fig. 3.30a shows the orbital-decomposed COOP analysis for Pd-Cu 

interaction. It reveals that the Pd-Cu interaction is dominantly composed of 

Cu(4s)-Pd(4d) and Cu(3d)-Pd(4d) interactions. The COOP analysis allows us to 

construct the corresponding energy level diagrams for the Cu-Pd interaction as shown in 

Fig. 3.30b. It shows that Cu(4s) electron takes a majority of the electrons transferred 

from Cu to Pd and Cu(3d) electron contributes to minority part. 
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Fig. 3.31 Schematic model of the CO2 reduction process over mesoporous Pd7Cu3. 

Thus, combining the calculation results of adsorption energy, free energy and 

surface electrons transfer in Pd-Cu alloy, it can be deduced that the reactive centers for 

the selective CO2 reduction to CO within the Pd-Cu alloys are on the Pd atoms as the 

schematic model illustrated in Fig. 3.31. In addition, although Cu atoms do not serve as 

reactive centers, they could still contribute to the activity enhancement by altering the 

electronic structure of their neighboring Pd and adjusting the atomic arrangement at the 

active sites. Accordingly, the electronic effect and geometric effect synergistically result 

in a volcano-like CO productivity, which correlated with the compositional ratio in the 

mesoporous Pd-Cu bimetallic electrocatalysts. The optimal ratio (Pd7Cu3) is obtained 

when Pd is the dominant component. 
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3.4 Conclusions 

In conclusion, this study shows that a series of mesoporous palladium-copper 

bimetallic electrocatalysts with a superior activity and high FE were fabricated via a 

facile electrodeposition method for the selective reduction of CO2 to CO. The optimal 

ratio is obtained at Pd7Cu3, with FECO exceeding 80% at -0.8 V vs. RHE. DFT 

calculations suggest that the highly selective CO formation is due to the geometric and 

electronic effects within the palladium-copper bimetallic alloys. Pd atoms serve as the 

reactive centers with an enhanced CO2, COOH* adsorption ability and CO desorption 

ability in the presence of Cu. Cu atoms only contribute to the activity by altering the 

electronic structure of their neighbor Pd and adjusting the atomic arrangement at the 

active sites. Moreover, the mesoporous nanostructure could provide more active sites 

for the selective reduction of CO2 to CO by effectively roughening the surface and 

enlarging the active surface area.  
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Chapter 4 Design of Hierarchical Nanowire Arrays 

Photoanodes Based on Carbon Nanotubes and Co3O4 

Decorated ZnO Composite for the Oxidation Half Reaction of 

Photoelectrochemical CO2 Conversion 

4.1 Introduction 

Photoelectrochemical (PEC) reduction of CO2 appears as a promising way to 

capture and store the solar energy as well as to produce renewable fuels by 

simulating the natural photocatalysis process.
1, 2

 Between the two half reactions 

of PEC CO2 reduction, water oxidation reaction possess a specific status. Because 

it is not only the anodic reaction of liquid phase conversion of CO2, but also 

would dominate the total activities.
3, 4

 In this regard, it is still a challenging target 

for preparation photoanodes using cost-effective semiconductor materials with 

high energy conversion efficiency. 

Semiconductor nanowires (NWs) have been studied extensively for over two 

decades for their promising electronic, photonic, thermal, electrochemical and 

mechanical properties.
5, 6

 It is possible to achieve a large-scale implementation of 

solar-to-fuel energy conversion by taking the advantages of nanowire materials, 

such as large surface area, reduced electrochemical overpotential, enhanced light 

absorption and improved charge collection. In particular, ZnO nanowires with 

tuneable alignment and morphology have been attracting great deal of attention 

due to their prospective electronic and optical properties. Additionally, the typical 

electron mobility in ZnO is 10~100 times higher than that in TiO2, so the 

electrical resistance is much lower and the electron-transfer efficiency is higher 
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than TiO2.
7-10

 Despite great efforts have been reported for the synthesis and 

application of ZnO NWs arrays, there is still some drawbacks accompanied by 

ZnO photocatalyts, such as the photocorrosion induced by photogenerated holes 

and the slow interfacial kinetics for water oxidation.
11, 12

 Thus, it is highly 

desirable to improve the photogenerated charges separation and accelerate the 

reaction rates of water oxidation.  

The integration of photo-absorbing substrate with effective charge conductor 

materials appears a favourable way to overcome these disadvantages and enhance 

the efficiency of PEC water oxidation. The hierarchical nanostructure would 

benefit the PEC water oxidation by reducing the external power consumption, 

depressing the photogenerated charge recombination and facilitating the interface 

charge transfer.
13-15

 Co3O4 bears the responsibility of efficient O2 evolution and 

long durability against chemical- and photo-corrosion, and has been widely 

employed as low cost catalyst or cocatalyst for robust water oxidation in 

electrochemical and PEC water splitting.
16-19

 Besides, Carbon nanotubes (CNTs) 

possess unique electrical and optical properties that make them an ideal candidate 

for charge separation, transport, and collection in photovoltaics due to their 

conspicuous merits in improving the photoconversion efficiency.
20-22

  

In this chapter, a facile design and fabrication of hierarchical nanowire arrays 

photoanodes based on CNTs and Co3O4 decorated ZnO was synthesised via a 

stepwise preparation process including chemical soaking and electrosynthesis 

method. Different amount of CNTs and Co3O4 have been loaded on ZnO NWs 

arrays substrate by finely controlling the concentration of CNTs aqueous 

solutions as well as the electrodeposition time inside the cobalt precursor 

electrolyte. Detailed studied of the hierarchical CNTs-ZnO-Co3O4 composites 

http://dict.cn/chemical%20soaking
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were performed to investigate the activity of PEC water oxidation as 

photoanodes.  

4.2 Experimental methods 

4.2.1 Photoanodes preparation 

(I) Fabrication of ZnO NWs. ZnO NWs were prepared by a facile 

hydrothermal synthesis process by referring to the previous report.
10

 Briefly, 100 

mL of a 0.06 M solution of zinc acetate in absolute ethanol was prepared with 

ultrasonic agitation as seeds solution. The seeds solution was spin-coated on the 

pre-treated FTO substrates, and then annealed at 350 °C for 30 min to yield a 

layer of ZnO seeds. The seeded substrates were suspended vertically in a Teflon 

vessel, and then sealed in an autoclave and heated to 110 °C for 24 h for 

nanowire growth. The concentration of the reagent solution varies from 0.04 M to 

0.07 M zinc nitrate and hexamethylenetetramine (HMT) aqueous solution to 

optimize the preparation condition. Finally, the nanowire substrate was removed 

from the autoclave, washed thoroughly with distilled water, dried in air and 

annealed at 300 °C for 3h in air.  

(II) Fabrication of CNTs-ZnO NWs. The binary CNTs-ZnO Nws were 

obtained by soaking the as-prepared ZnO NWs in CNTs aqueous solution 

(concentration of 0.25 mg mL
-1

, 0.50 mg mL
-1

 and 1.00 mg mL
-1

). CNTs powders 

(Multi-walled, 40~70 nm, Wako) were treated with 3:1 H2SO4/HNO3 mixture for 

functionalization and better dispersion in water before use.
23

 The ZnO/FTO 

substrates were immersed in the CNTs aqueous solution for 30s, died in air and 

annealed at 300 °C for 3h in air.  
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(III) Fabrication of CNTs-ZnO-Co3O4 NWs. The as-obtained CNTs-ZnO/FTO 

substrates were subsequently used as the working electrode and placed in an 

electrochemical cell which was assembled in a three-electrode configuration, by 

using platinum as the counter electrode and Ag/AgCl as the reference electrode. 

The electrodeposition of cobalt precursors were carried out by galvanostatic 

deposition at a current density of 1 mA cm
-2

 in 0.15 M Co(NO3)2 aqueous 

solution. Finally, the resulting nanowire arrays were withdrawn, rinsed with 

distilled water and annealed at 300 °C for 3h in air. Fig. 4.1 shows the schemaic 

model of the synthesis process. Co3O4-ZnO NWs were synthesized as the same 

way without decorating the CNTs. 

Fig. 4.1 Schemaic illustration of the synthesis route of the hierarchical CNTs and 

Co3O4 decorated ZnO NWs arrays. 
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4.2.2 Sample characterization 

The crystal structure of ZnO NWs was determined with an X-ray 

diffractometer (X'Pert Powder, PANalytical B.V., Netherlands) with Cu-Kα 

radiation. Scanning electron microscopy images were recorded with a HITACHI 

S-4800 field emission scanning electron microscopy. Transmission electron 

microscopy images were recorded with a field emission transmission electron 

microscope (2100F, JEOL Co., Japan) operated at 200 kV, combined with energy 

dispersive X-ray spectroscopy (EDX) for the determination of metal composition. 

The diffuse reflection spectra were measured with an integrating sphere equipped 

UV–visible recording spectrophotometer (UV-2600, Shimadzu Co., Japan) using 

BaSO4 as reference and the optical absorptions were converted from the 

reflection spectra according to Kubelka-Munk equation. Photoelectron 

Spectroscopy (XPS) experiments were performed in type Theta probe (Thermo 

Fisher Co., USA) using monochromatized Al Kα at hν = 1486.6 eV and the peak 

positions were internally referenced to the C 1s peak at 284.6 eV. 

4.2.3 Photoelectrochemical measurements 

PEC activity measurements were performed with a CHI electrochemical 

analyser (ALS/CH model 650A) using a standard three-electrode mode with 0.5 

M Na2SO4 (pH 6.8) solution as the electrolyte using Ag/AgCl (saturated KCl) as 

the reference electrode and a Pt sheet as the counter electrode. The pristine ZnO 

NWs, binary CNTs-ZnO NWs, Co3O4-ZnO NWs and the ternary 

CNTs-ZnO-Co3O4 NWs arrays were fabricated respectively as photoanode. The 

simulated sunlight was obtained by an AM 1.5 solar simulator (WXS-80C-3 AM 

1.5G) with a light intensity of 100 mW cm
-2

. Linear sweep voltammetry (LSV) 
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was performed with a voltage scan speed of 10 mV s
-1

 and the light was chopped 

manually at regular intervals. The incident photon to electron conversion 

efficiency (IPCE) was calculated from chronoamperometry measurements using a 

motorized monochrometer (M10; Jasco Corp.). Electrochemical impedance 

spectroscopy (EIS) was performed at similar conditions as described above for 

photoelectrochemical tests. The amplitude of the sinusoidal wave was 5 mV and 

the frequency range examined was 100 kHz to 1 Hz. 

4.3 Results and discussions 

4.3.1 Characteristics of ZnO-based NWs composite 

Fig. 4.2 XRD pattern of ZnO NWs arrays (marked by ▼) 

The crystal structures were examined by X-ray diffraction (XRD) as Fig. 4.2 

shows the XRD patterns of FTO substrate and ZnO/FTO, respectively. The main 
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peak at 2θ value of 35.1° can be indexed to (002) crystal phase, which confirms 

the preferential anisotropic growth along the [001] direction of FTO. The 

microstructures of the prepared ZnO NWs were examined by scanning electron 

microscope (SEM) and transmission electron microscopy (TEM) as shown in Fig. 

4.3. The length of the ZnO NWs are about 2 μm as cross section view shown in 

the inset of Fig. 4.3b and are vertically aligned on the FTO substrate with an 

average diameter of ~ 90 nm. This anisotropic growth is further identified by 

HRTEM image in the inset of Fig. 4.3a. The microscopic morphologies of ZnO 

NWs prepared in different hydrothermal synthesis conditions are shown in Fig. 

4.4. With the concentration increase, the ZnO NWs grow more densely.   

Fig. 4.3 a) TEM image (inset: HRTEM image), b) SEM image (inset: cross 

section) of ZnO NWs arrays. 
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Fig. 4.4 SEM images of ZnO NWs prepared in different hydrothermal synthesis 

conditions: a) 0.04 M, b) 0.05 M, c) 0.06 M and d) 0.07 M zinc nitrate and 

hexamethylenetetramine (HMT). 

Different concentrations of CNTs aqueous solution were adopted to integrate 

with ZnO NWs in order to optimize the amount of CNTs. The SEM images (Fig. 

4.5) finely confirm that ZnO NWs and CNTs interlaced with one another. CNTs 

cross through the ZnO NWs arrays and the CNTs loading amount increase 

obviously with increasing the concentration. 
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Fig. 4.5 SEM images of CNTs-ZnO NWs prepared in different concentrations of 

CNTs aqueous solution: a), b) 0.25 mg mL
-1

; c), d) 0.50 mg mL
-1

; f), g) 1.00 mg 

mL
-1

. 
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Fig. 4.6 SEM images of the ternary CNTs and Co3O4 decorated ZnO NWs arrays 

with various electrodeposition time: a), b) 10s; c), d) 30s; e), f) 50s and g), h) 70s. 
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Time-dependent experiments were then carried out to study the formation 

process of Co3O4 on the hierarchical NWs arrays. Fig. 4.6 exhibits the SEM 

images of the ternary CNTs and Co3O4 decorated ZnO NWs arrays with different 

electrosynthesis time. When the deposition time is 10s, only a small amount of 

nanoflake Co3O4 subunits were loaded on the surface of ZnO NWs. As the 

electrodeposition time was prolonged gradually, the Co3O4 nanoflakes grow 

bigger and more densely. After the electrosynthesis duration is extented to 70s, 

the ZnO NWs are fully wrapped with the Co3O4 nanoflakes. In particular, the 

nanostructure has changed to core-shell nanoarrays.  

Fig. 4.7 a) TEM image, b) HRTEM image of the CNTs and Co3O4 decorated 

ZnO NWs. 

The detailed microscopic morphology and nanostructure information of the 

ternary CNTs-ZnO-CO3O4 NWs arrays were further investigated by TEM and 

HRTEM, as shown in Fig. 4.7. The TEM image shows the specific nanoflake-like 

Co3O4 decorated ZnO NWs morphology (Fig. 4.7a), which is in accordance well 

with the SEM results. ZnO NWs and Co3O4 nanoflakes can be clearly 

distinguished in the HRTEM image (Fig. 4.7b), and it also indicate a finely 

contacted interface. The corresponding EDX mapping analysis (Fig. 4.8) 
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confirms that zinc is located in the central part of the NWs while cobalt is 

homogeneously distributed around the NWs.  

Fig. 4.8 EDX mapping of the CNTs and Co3O4 decorated ZnO NWs. 

In order to confirm the phase state of the cobalt oxide, the ternary NWs 

arrays sample is characterized by XPS analysts as shown in Fig. 4.9. The Co 2p 

XPS spectra show two major peaks with binding energy values at 795.1 and 

780.1 eV, corresponding to the Co 2p1/2 and Co 2p3/2 spin–orbit peaks of the 

Co3O4 phase, respectively. The Co 2p peaks can be decomposed to Co
3+

 and Co
2+

 

oxidation state, with Co
3+

 presenting a more dominant state. The weak satellite 

structure is ascribed to a shake-up related to the Co
2+

 component of the 

structure.
24

 It is clearly detected in the spectrum that a satellite peak at 790.3 eV 

is about 9 eV higher than the position of the main peak of Co 2p3/2. This is 

associated with the typical assignment of cobalt oxidation states in Co3O4.
25

 Thus, 

it can be deduced that the electrodeposited cobalt precursors have successfully 

been converted to Co3O4 after annealing in air. 
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Fig. 4.9 XPS spectra of Co 2p for the CNTs and Co3O4 decorated ZnO NWs. 

Fig. 4.10 UV-vis absorption spectra of CNTs-ZnO-Co3O4 NWs arrays with 

various Co precursor electrodeposition durations. 

UV-vis absorption spectra of the ternary CNTs and Co3O4 decorated ZnO 

NWs arrays with various electrodeposition durations are shown in Fig. 4.10. The 

spectra exhibit similar absorption properties with intense absorption edges. With 

the deposition time increasing, some absorption peaks appear in the visible light 

region due to the visible light response of Co3O4. The binary Co3O4 decorated 
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ZnO NWs arrays were also synthesized as contrast samples. The morphology 

exhibits the same growth tendency as the ternary NWs arrays. With increasing 

the deposition time of the cobalt precursor, Co3O4 nanoflakes grow more densely 

as show in Fig. 4.11. 

Fig. 4.11 SEM images of binary Co3O4-ZnO NWs arrays with various 

electrodeposition time: a), b) 10s; c), d) 30s; e), f) 50s and g), h) 70s. 
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4.3.2 PEC performance of pristine ZnO NWs, binary CNTs-ZnO 

NWs, Co3O4-ZnO NWs photoanodes 

Fig. 4.12 Current-voltage curves of pristine ZnO NWs prepared in different 

hydrothermal synthesis conditions. 

The photoelectrocatalytic performance of the pristine ZnO NWs, binary 

CNTs-ZnO NWs and Co3O4-ZnO NWs arrays as photoanodes were investigated 

in PEC water oxidation under AM 1.5G light. All the current-voltage results were 

recorded in a 0.5 M Na2SO4 (pH 6.8) aqueous solution with the potential region 

from -0.2 V to 1.2 V vs. Ag/AgCl at a scan rate of 10 mV s
-1

. The pristine ZnO 

NWs were synthesized in various concentrations of zinc nitrite solutions during 

the hydrothermal process to optimize the preparation conditions of ZnO NWs. 

The corresponding photocurrent densities are shown in Fig. 4.12. The best PEC 

performance is observed at the ZnO NWs prepared in 0.06 M zinc nitrite aqueous 

solution, where the current density exceeded 0.7 mA cm
-2

 at 0.6 V (approximate 

to 1.23 V vs. RHE). It is mainly attributed to a better growth of crystal and space 
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alignment in this 0.06 M zinc nitrite solution. Thus, the ZnO NWs used in the 

following study are all synthesized in this condition.  

Fig. 4.13 a) Current-voltage curves and b) amperometric I-t curves measured at 

0.6 V of CNTs-ZnO NWs prepared in different concentrations of CNTs aqueous 

solution. 
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The PEC performances of the binary CNTs-ZnO NWs synthesized in 

different concentration of CNTs aqueous solutions are shown in Fig. 4.13. The 

samples prepared in 0.25 mg mL
-1

 and 0.50 mg mL
-1

 CNTs aqueous solutions 

show obvious enhancement of the photocurrent densities, especially in the 

potential region of 0.0 V to 0.6 V. It can be deduced that the CNTs interlaced 

with the ZnO NWs increase the total conductivity of the binary CNTs-ZnO NWs 

arrays. However, with the concentration of CNTs aqueous solution increased to 

1.00 mg mL
-1

, the photocurrent density decreases dramatically. It is mainly 

because that too many CNTs loaded on ZnO NWs block the light as shown in 

Figure S2G and S2F. As the sample prepared in 0.50 mg mL
-1

 CNTs aqueous 

solution exhibited the best PEC performance, this 0.50 mg mL
-1

 CNTs aqueous 

solution was adapted for the following synthesis of the ternary CNTs and Co3O4 

decorated ZnO NWs arrays. The binary Co3O4 decorated ZnO NWs arrays were 

also synthesized as contrast samples. The morphology exhibits the same growth 

tendency as the ternary NWs arrays. With increasing the deposition time of the 

cobalt precursor, Co3O4 nanoflakes grow more densely as show in Fig. 4.11. The 

corresponding PEC performances are shown in Fig. 4.14. The photocurrent 

densities show a pronounced enhancement compared with the pristine ZnO NWs. 

Co3O4-ZnO (30s) exhibits the best activity, where the current density increases to 

ca. 1.3 mA cm
-2

 at 0.6 V under illumination. 
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Fig. 4.14 a) Current-voltage curves and b) amperometric I-t curves measured at 

0.6 V of Co3O4-ZnO NWs prepared in various electrodeposition time. 

4.3.3 PEC performance of ternary CNTs-ZnO-Co3O4 NWs 

composite photoanode 

The hierarchical CNTs-ZnO-Co3O4 nanoarrays were subsequently 

investigated as photoanodes, which exhibit promising photoelectrocatalytic 

activities for PEC water oxidation reaction. Fig. 4.15 shows the comparison with 

the pristine ZnO NWs, binary CNTs-ZnO NWs and Co3O4-ZnO NWs. Both of 
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the dark and light current densities enhanced remarkably and the photocurrent 

density of CNTs-ZnO-Co3O4 nanoarrays increased significantly in the potential 

region from -0.2 V to 1.2 V vs. Ag/AgCl. The photoelectric response of 

CNTs-ZnO-Co3O4 nanoarrays photoanode starts at a more negative onset 

potential, and the photocurrent density roaringly increases to 1.9 mA cm
-2

 at 0.6 

V under illumination. It is about 2.7 times larger than that of pristine ZnO NWs 

as well as 1.9 times and 1.5 times larger than the binary CNTs-ZnO NWs and 

Co3O4-ZnO NWs at 0.6 V, respectively. These results indicate that the PEC 

performance for water oxidation was definitely enhanced by decorating the ZnO 

NWs with CNTs and Co3O4 to form the hierarchical nanostructure. Additionally, 

the cathodic shift of the onset potential suggests that a decreased charge 

recombination and a reduced overpotential in the ternary photoanode.
11, 26

  

Fig. 4.15 Current-voltage curves of pristine ZnO NWs, binary CNTs-ZnO (0.50 

mg mL
-1

) NWs, Co3O4-ZnO (30 s) NWs and ternary CNTs-ZnO-Co3O4 (30 s) 

NWs. 
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Fig. 4.16 a) current-voltage curves of pristine ZnO NWs and ternary 

CNTs-ZnO-Co3O4 NWs under chopped light illumination; b) amperometric I-t 

curves of pristine ZnO NWs and ternary CNTs-ZnO-Co3O4 NWs measured at 

0.6V vs. Ag/AgCl. 

In order to further investigate the effect of the Co3O4 decorated on the 

CNTs-ZnO NWs, the photocurrent densities of the ternary composites with 

various cobalt precursor deposition time were carried out during repeated 

ON-OFF illumination cycles. As shown in Fig. 4.16a, a steady and prompt 
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photoresponse can be observed. The measured photocurrents are greatly affected 

by the loading amount of Co3O4. The ternary nanoarrays photoanode reaches the 

maximum activity when the cobalt precursor deposition time is 30s. With the 

deposition time exceeding this proper level, the photocurrent decreases 

significantly. A dense wrapping up of the Co3O4 nanoflakes seems to have 

hindered the light absorption. Moreover, densely loaded Co3O4 resulted in more 

contact of Co3O4 with CNTs, increases the recombination between the electrons 

in CNTs and the holes in Co3O4, so that the charge transfer efficiency within the 

composite has been deceased obviously. Thus, the loading of Co3O4 should be 

controlled in an optimal amount, not only to fully realize its ability as cocatalysts 

for water oxidation but also to avoid its contact with CNTs as well as the 

corresponding charge recombination. The transient photocurrents of the samples 

were examined during the light ON-OFF cycling at 0.6 V as shown in Fig. 4.16b. 

All of the samples exhibit prompt and reproducible photocurrent responses upon 

each illumination. It further confirms that the photogenerated charges have 

promptly transferred from ZnO NWs to the loaded CNTs and Co3O4. Thus, this 

ternary hierarchical nanostructure effectively enhances the optical pathway and 

assists the charge separation. When comparing our photocurrent density as 

photoanode with the commonly reported ZnO,
11, 27-29

 TiO2,
30-33

 Fe2O3,
34-36

 WO3
37, 

38
 based photoelectrodes in the literatures (usually around 1 mA cm

-2
 at ~1.2 V vs. 

RHE), the results in this work exhibits superior PEC activity. This can be 

attributed to the facilitated charge transfer and increased water oxidation reaction 

rates by forming the ternary CNTs and Co3O4 decorated ZnO NWs arrays 

composites nanostructure.  
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Fig. 4.17 IPCE spectra of pristine ZnO NWs, binary CNTs-ZnO NWs, 

Co3O4-ZnO NWs and ternary CNTs-ZnO-Co3O4 NWs at 0.6 V vs. Ag/AgCl. 

Incident photon to current conversion efficiency (IPCE) was evaluated at 0.6 

V vs. Ag/AgCl for the pristine ZnO NWs, binary CNTs-ZnO NWs, Co3O4-ZnO 

NWs and the ternary CNTs-ZnO-Co3O4 NWs arrays, in order to understand the 

interplay between the photoactivity and light absorption as shown in Fig. 4.17. 

IPCE can be expressed as IPCE = 1240 jp(λ) / λEλ(λ), where jp(λ) is the 

measured photocurrent density (mA cm
-2

), λ is the incident light wavelength (nm) 

and Eλ(λ) is the incident monochromatic light power density (mW cm
-2

) at a 

specific wavelength. The photocurrent responses of the binary and ternary NWs 

arrays exhibit almost the same feature as the absorption spectrum of pristine ZnO 

NWs, suggesting that the observed photocurrent is mainly based on the band gap 

transition of ZnO. The ternary CNTs-ZnO-Co3O4 NWs arrays exhibit significant 

enhancement of photoactivity. It shows the highest IPCE value of 52.5% at 340 

nm, which is 5.1 times higher than that of the pristine ZnO NWs as well as 2.1 
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times and 1.4 times higher than the binary CNTs-ZnO NWs and Co3O4-ZnO 

NWs, respectively. 

Fig. 4.18 APCE spectra (derived from the IPCE and LHE) of pristine ZnO NWs, 

binary CNTs-ZnO NWs, Co3O4-ZnO NWs and ternary CNTs-ZnO-Co3O4 NWs 

at 0.6 V vs. Ag/AgCl. 

Absorbed-photon-to-current conversion efficiency (APCE) was further 

calculated by considering the absorbance (Aλ) of the material at the particular 

wavelength as shown in Fig. 4.18 using the following equation: APCE = IPCE / 1 

– 10
-Aλ, where Aλ is the absorbance, (1 – 10

-Aλ) represents the light harvesting 

efficiency (LHE) of the film. APCE values only response in the absorption range 

of ZnO (before 400 nm) and it exhibits similar tendency to the IPCE values of the 

ZnO-based photoanodes. The APCE results further confirmed that ZnO serves as 

the photo-response component within the composite materials. The ternary 

composite CNT-ZnO-Co3O4 demonstrates an APCE value of 59.7% at 340 nm, 

which is ca. 5.1 times higher than that of the pristine ZnO NWs. The binary 
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composites of CNT-ZnO and Co3O4-ZnO also exhibit enhancements of APCE, 

which is ca. 2.4 and 3.7 times higher than the pristine ZnO NWs, respectively. 

These results suggest that the enhancement of photactivity is mainly due to an 

increase in electron–hole separation, rather than the increase in photon absorption 

by loading CNT and Co3O4 on ZnO NWs. 

Fig. 4.19 EIS plots of the pristine ZnO NWs, binary CNTs-ZnO NWs, 

Co3O4-ZnO NWs and the ternary CNTs-ZnO-Co3O4 NWs arrays. 

Electrochemical impedance spectroscopy (EIS) was carried out to further 

confirm the advantage of the ternary CNTs-ZnO-Co3O4 NWs in improving the 

charge transfer as shown in Fig. 4.19. A smaller size of the semicircle arc 

diameters indicates a more effective separation of the photogenerated 

electron-hole pair and a faster interfacial charge transfer to the electron donor 

acceptor.
39, 40

 The charge separation and transfer abilities are in the order of 

CNTs-ZnO-Co3O4 NWs > CNTs-ZnO NWs > Co3O4-ZnO NWs > ZnO NWs. 

Both of the decorated CNTs and Co3O4 have exhibited effective ability in 

improving the charge transfer. Although using oxygen-containing groups to 
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functionalize CNTs would reduce the length and conductivity of CNTs,
41, 42

 the 

charge transfer resistance has been effectively reduced by loading CNTs on ZnO 

NWs. 

Fig. 4.20 Schematic illustration of the charge transfer pathway in ternary 

CNTs-ZnO-Co3O4 NWs arrays under illumination. 

Fig. 4.20 illustrates a supposed schematic model of the charge transfer 

pathway in the ternary CNTs-ZnO-Co3O4 NWs arrays under illumination. CNTs 

facilitate the charge separation and transfer by increasing the conductivity of the 

nanoarrays in a macroscopic aspect. In a microscopic point of view, since not 

each ZnO nanowire possess the same conductivity, only the high-conductivity 

nanowire could timely transfer the photogenerated electron to the FTO substrate 

before recombination. After interlacing the ZnO NWs with CNTs, CNTs bridge 

the low-conductivity nanowire, high-conductivity nanowire and FTO substrate 

together. Thus, the electron generated in the low-conductivity nanowire could 



Chapter 4 

125 

 

also be timely transferred to the FTO substrate through CNTs and 

high-conductivity nanowire mediately under bias. On the other hand, Co3O4, as 

an effective water oxidation cocatalyst,
16, 17, 43

 could further promote the charge 

separation and transfer from ZnO to Co3O4. Thus the recombination of 

photogenerated hole-electron pairs has been decreased. Moreover, the chemical 

stability of CNTs-ZnO-Co3O4 NWs has also been improved due to the promoted 

holes transfer from ZnO to Co3O4, which can prevent ZnO from photo-corrosion. 

As shown in Fig. 4.21, the photocurrent response is almost identical over 30 

cycles. In addition, Co3O4 is also an effective material in decreasing water 

oxidation overpotential and increasing reaction rates of water oxidation. It is 

usually associated with the mechanism involving the electrochemical steps of 

Co(II) → Co(III) and Co(III) → Co(IV).
43, 44

 Therefore, accounting for the 

synergistic cooperation of CNTs and Co3O4 in charge separation, the hierarchical 

construction of ternary CNTs-ZnO-Co3O4 NWs arrays composites demonstrates 

an efficient way in water oxidation as a photoanode. 

Fig. 4.21 Stability tests for PEC performance of ZnO NWs and CNTs-ZnO-Co3O4 

NWs after 30 scans. 
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4.4 Conclusions 

In summary, hierarchically CNTs and Co3O4 decorated ZnO nanowire arrays 

with ternary heteroassembly nanostructures have been successfully fabricated via 

a facile stepwise synthesis process. Detailly, CNTs were interlaced with ZnO 

NWs to improve the conductivity and Co3O4 was loaded on ZnO as water 

oxidation cocatalysts. ZnO NWs serves as the main photosensitizer while CNTs 

could act as a cocatalyst to further promote the separation and transfer of 

photogenerated electrons, meanwhile Co3O4 could synergistically transfer the 

holes from ZnO. Therefore, the ternary CNTs-ZnO-Co3O4 NWs arrays exhibit 

significantly enhanced activity in PEC water oxidation compared with the pristine 

ZnO NWs, binary CNTs-ZnO NWs and Co3O4-ZnO NWs as photoanodes under 

AM 1.5G simulated sunlight. This can be attributed to the effectively improved 

photogenerated charge separation and transfer as well as the markedly accelerated 

water oxidation reaction rates due to the specific ternary architecture.  
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Chapter 5 Design of Photoelectrochemical Device for the 

Selective Conversion of CO2 to CO Using Mesoporous 

Palladium-Copper Bimetallic Cathode and Hierarchical 

ZnO-Based Nanowire Arrays Photoanode 

5.1 Introduction 

Photoelectrochemical (PEC) CO2 reduction has been developed and 

researched as an alternative approach to obtain an efficient CO2 reduction and 

reduced the corresponding energy demand, for it possess both the advantages of 

photocatalytic and electrocatalytic CO2 reduction.
1
 Since the first report about 

PEC CO2 reduction over p-type gallium phosphide,
2
 several semiconductors have 

been fabricated as photocathodes for CO2 conversion, such as p-Si,
3, 4

 p-InP,
5, 6

 

p-GaP,
7
 p-GaAs,

8
 n-GaAs,

9
 etc. In theory, there are three options for the 

assembly of PEC device: (I) p-type semiconductor photocathode and metal anode, 

(II) n-type semiconductor photoanode and metal cathode and (III) n-type 

semiconductor photoanode and p-type semiconductor photocathode.
10

 It is 

worthwhile to note that the previous reports of PEC CO2 reduction mainly belong 

to the first strategy. The PEC processes were assembled of designed p-type 

semiconductor photocathodes for the directly CO2 reduction and integrated with 

common used metal anodes, such as Pt, etc. Although these attempts 

demonstrated attractive activities, the high overpotentials of semiconductor 

photocathodes were required to obtain these results.
11

 The well-studied 

phosphides and arsenides are rank poisonous, which would lead a high risk and 
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raise the cost during the manufacturing process. In addition, there are still limited 

suitable p-type semiconductors as photocathodes candidate. 

The last two options for the assembly of PEC device, in particular the second 

strategy with n-type semiconductor photoanode and metal cathode, were 

well-studied for PEC water splitting.
12

 It thus provides an alternative paradigm 

for the PEC CO2 conversion. Moreover, in the previous reports, there are still 

limited reports about the overall PEC CO2 conversion. From the point view of 

future application, the overall PEC CO2 conversion performance is determined by 

not only the half reaction of CO2 reduction, but also the other half reaction of 

water oxidation.
9
 Thus, both the cathodic and anodic materials should be studied 

to realize an efficient PEC CO2 reduction when constructing the PEC device. An 

effective overall PEC CO2 conversion device could be assembled by designing 

and fabricating both a semiconductor photoanode and a metal cathode. The half 

reaction of water oxidation is performed at the semiconductor photoanode. The 

half reaction of water oxidation is performed at the semiconductor photoanode. 

Thus it provides much more options to utilize oxides semiconductors, rather than 

the limited number of p-type phosphides and arsenides as photocathodes. It could 

facilitate the overall CO2 conversion by effectively catalyzing the water oxidation 

and simultaneously supporting phototgenerated electrons and active hydrogen to 

the cathode side. On the other hand, the half reaction of CO2 conversion is carried 

out at metal cathodes through an electrocatalytic process. Metal electrodes have 

shown a great many merits in the selective reduction of CO2. Although 

overpotentials still interfere in the development of elctrocatalysts for CO2 

reduction, the overpotentials over metals are usually less than the p-type 

semiconductors due to the much lower resistance and better electron transfer.
13, 14

 

Moreover, the excess energy consumption caused by these overpotentials could 
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be accommodated by the photogenerated electrons from the photoanode side 

within this designed PEC device.  

In this chapter, a design and assembling of overall PEC CO2 conversion 

device was studied by integrating the previous studied mesoporous 

paladium-copper bimetallic cathode and ternary hierarchical CNTs-ZnO-CO3O4 

nanowire arrays photoanode for the selective conversion of CO2 to CO. The 

effectiveness of both of the cathodic and anodic sides on the overall PEC CO2 

conversion performance was studied. And the overall performance of CO2 

conversion process was investigated in a two-electrode cell system to conform 

that it is a feasible strategy to realise the overall PEC CO2 conversion by 

integrating an n-type semiconductor photoanode and a metal cathode. 

5.2 Experimental methods 

The photoelectrochemical conversion of CO2 was measured on a CHI 660D 

electrochemical workstation. The electrolyte solution was aqueous 0.1 M KHCO3 

solution at cathodic side and 0.1 M K2SO4 at the anodic side in a gas-tight two 

compartment H-cell separated by a Nafion117 film. Both of the solutions were 

purged by Ar gas and the cathodic side was saturated with CO2 successively 

before the measurement. The phorocurrent response was investigated under the 

illumination of an AM 1.5 solar simulator (WXS-80C-3 AM 1.5G, 100 mW cm
-2

) 

in a two-electrode cell system, with mesoporous Pd7Cu3 alloy electrocatalysts 

(0.07 cm
2
) as cathode and hierarchical CNTs-ZnO-Co3O4 NWs composite as 

photoanode (1 cm
2
) as the schematic model shown in Fig. 5.1. Nanoparticle 

Pd7Cu3 alloy (N-PdCu) which was prepared without Brij 58 surfactant was also 

performed as cathode and pristine ZnO NWs (P-ZnO) as well as Pt foil was also 
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used as anode to contrast with the designed mesoporous Pd7Cu3 alloy (M-PdCu) 

cathode and the ternary CNTs-ZnO-Co3O4 NWs composite (T-ZnO) photoanode 

PEC device.  

Fig. 5.1 Schematic model of the PEC device for the selective conversion of CO2 

to CO. Cathode: Mesoporous PdCu alloy; Photoanode: Ternary Hierarchical 

CNTs-ZnO-Co3O4 NWs composite. 

The products of reduction half reactions in cathodic side were sampled and 

measured with a gas chromatograph (GC). The main products of CO2 reduction 

CO and other carbon products were sampled and measured with a gas 

chromatograph (GC-14B, Shimadzu) equipped with a flame ionization detector 

(FID) according to the standard curves. The GC column is Porapak Q-methanizer 

for CO and CO2 measurement, PEG1000 for organic products measurement. The 

product of competing water reduction reaction H2 was measured with a gas 
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chromatograph (GC-8A, Shimadzu) with a TCD detector according to the 

standard curve. The GC column is 5A molecular sieve. The incident photon to 

electron conversion efficiency (IPCE) was calculated from chronoamperometry 

measurements using a motorized monochrometer (M10; Jasco Corp.). 

5.3 Results and discussions 

5.3.1 The effect of photoanodes on the overall PEC CO2 conversion 

Fig. 5.2 Current-voltage curves of the PEC device with various cathode and 

photoanode combinations; M-PdCu: mesoporous Pd7Cu3 alloy, N-PdCu: 

nanoparticle Pd7Cu3 alloy, T-ZnO: ternary CNTs-ZnO-Co3O4 NWs composite, 

P-ZnO: pristine ZnO NWs. 

The photoactivity of the designed PEC device was investigated under the 

illumination of an AM 1.5 solar simulator in a two-electrode cell system. 

Nanoparticle Pd7Cu3 alloy (N-PdCu), which was prepared without Brij 58 
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surfactant, was also performed as a contrastive cathode to the designed 

mesoporous Pd7Cu3 alloy (M-PdCu) cathode. Pristine ZnO NWs (P-ZnO) were 

prepared as photoanodes to contrast with the ternary CNTs-ZnO-Co3O4 NWs 

composite (T-ZnO) photoanode. In addition, Pt foil was employed as anode as 

well to compare the electrochemical CO2 conversion process with the PEC 

process. Fig. 5.2 shows the total current-voltage curves measured by a 

two-electrode cell with various cathode and anode combinations in the bias 

region from 0 V to -3 V. The photoelectric response of the designed PEC device 

with M-PdCu/T-ZnO exhibits an obviously dark and light current difference, 

which indicates a remarkable photogenerated charge separation within the PEC 

device. When replacing the cathodic and anodic side by N-PdCu and P-ZnO, 

respectively, the photocurrent response varied dramatically. It thus can be 

deduced that both of the cathodic and anodic sides play a crucial role in 

contributing to the overall PEC performance. Moreover, the photocurrent of 

M-PdCu/T-ZnO starts at a more positive onset bias than the electrochemical 

counterpart with Pt foil as anode (Fig. 5.3). It shows a photocurrent of -0.03 mA 

at -0.5 V and dramatically increases to -0.75 mA at -2.0 V under illumination, 

which is about 4.3 times and 25 times larger than the current of Pt anode and dark 

current, respectively. The electrochemical counterpart, whereas, only exhibits a 

little current response until the applied bias increasing to the very negatively 

higher region. These results imply that the photogenerated electrons could 

contribute to most of the energy demand for the CO2 reduction, especially at the 

lower biases. 

  



Chapter 5 

136 

 

Fig. 5.3 Current-voltage curves comparison between the electrochemical CO2 

conversion process (M-PdCu / Pt foil) and the PEC process (M-PdCu / T-ZnO). 

Fig. 5.4 Current-voltage curves of M-PdCu / P-ZnO and M-PdCu / T-ZnO under 

chopped light illumination. 
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The effect of photoanodes on the photoresponsibility of the PEC device was 

examined under chopped light illumination, by using pristine ZnO NWs (P-ZnO) 

and ternary CNTs-ZnO-Co3O4 NWs composite (T-ZnO) as photoanodes, 

respectively. Here the mesoporous Pd7Cu3 (M-PdCu) alloy was fixed as the 

cathode. The current-voltage scans were carried out during repeated ON-OFF 

illumination cycles as shown in Fig. 5.4. A steady and prompt photoresponse can 

be observed for both of these two photoanodes, with T-ZnO demonstrating much 

larger photocurrent, in particular at the lower biases. The assembling of 

N-PdCu/T-ZnO also performs a similar photoresponse performance as shown in 

Fig. 5.5.  

Fig. 5.5 Current-voltage curves over nanoparticle Pd7Cu3 (N-PdCu) alloy cathode 

and ternary CNTs-ZnO-Co3O4 NWs composite (T-ZnO) photoanode under 

chopped light illumination. 
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Fig. 5.6 Chopped amperometric I-t curves of M-PdCu / T-ZnO at various biases. 

Fig. 5.7 Chopped amperometric I-t curves of M-PdCu / P-ZnO at various biases. 

Fig. 5.6 exhibits the transient photocurrents of T-ZnO photoanode during the 

light ON-OFF cycling at various biases. The corresponding amperometric I-t 

curves of P-ZnO photoanodes are shown in Fig. 5.7. All of the chopped curves 
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exhibit prompt and reproducible photocurrent responses upon each bias (Fig.5.6 

and Fig. 5.7). T-ZnO exhibits obviously larger photoresponsees than P-ZnO at all 

the applied biases, with photocurrents of -0.51 mA at -1.4 V and -0.68 mA at 1.8 

V, which is ca. 2.3 times and 1.3 times larger than the P-ZnO counterpart, 

respectively. It thus could be concluded that the anodic part within the PEC 

device significantly determines the overall PEC activity of CO2 conversion. 

T-ZnO photoanode possess much better photoactivity due to its much better solar 

light utilization efficiency and increased reaction rates of water oxidation as 

discussed in Chapter 4. Moreover, these results confirm that solar energy could 

serve as a considerable energy source to carry out the overall PEC CO2 

conversion in our designed PEC device, especially at lower biases before the 

photocurrent reaching its limiting current. 

5.3.2 The effect of metal cathodes on the overall PEC CO2 conversion 

The apparent photocurrent response is not only from the desired CO2 

reduction, but also contains the current from water reduction reaction as exhibited 

in equation (1) and (2). Because hydrogen evolution reaction (HER) from water 

reduction is a very aggressive competing reaction to the selective reaction of CO2 

to CO.  

Desired CO2 reduction: 

            CO2 + 2H
+
 + 2e

-
 → CO +H2O                 (1) 

Competing reaction of CO2 reduction: 

            2H
+
 + 2e

-
 → H2                             (2) 
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Fig. 5.8 Faradaic efficiencies for CO of the overall PEC CO2 conversion over 

M-PdCu and N-PdCu alloy cathodes, with T-ZnO as photoanode. 

Thus, Faradaic efficiency (FE) was examined to investigate the photocurrent 

contribution of each product as well as to study the effect of cathodes on the 

overall PEC CO2 conversion. Mesoporous Pd7Cu3 (M-PdCu) alloy and 

nanoparticle Pd7Cu3 (N-PdCu) were served as cathode, respectively, and ternary 

CNTs-ZnO-Co3O4 NWs composite (T-ZnO) was fixed as photoanode. The 

Faradaic efficiency (FE) of the PEC CO2 conversion process can be expressed as 

FE = znF / it, where z (reaction electron number) = 2 for CO and H2, n is the GC 

detected product molar number (mol), F is the Faradaic constant (C mol
-1

), i is 

the photocurrent (A) and t is the reaction time (s). Both the FEs for CO over 

M-PdCu and N-PdCu are highly depended on the applied biases, in which 

M-PdCu exhibits much higher FECO than N-PdCu at all the biases as shown in 

Fig. 5.8. The maximum FECO over M-PdCu appears to be ca. 75% at -1.2 V, and 
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N-PdCu only shows a maximum FECO of 31% at a more negative bias -1.8 V. 

These results suggest that the architecture difference between M-PdCu and 

N-PdCu lead to different CO selectivity during their CO2 reduction processes. 

M-PdCu with mesoporous structure could effectively reduce the overpotential for 

converting CO2 to CO (from -1.8 V to -1.2 V). According to the previous reports, 

active sites (in particular edge sites) can facilitate the stabilization of 

intermediates (such as COOH*) and promote the formation of CO during the CO2 

conversion process by adjusting the reaction mechanism and the rate-determining 

step.
15, 16

 M-PdCu has been confirmed that it possesses more active sites than 

N-PdCu for the selective conversion CO2 to CO due to its mesoporous 

nanostructure according to the study in Chapter 3.  

Fig. 5.9 Faradaic efficiencies for H2 of the overall PEC CO2 conversion over 

M-PdCu and N-PdCu alloy cathodes, with T-ZnO as photoanode. 
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The FEs of the competing hydrogen evolution reaction (HER) are shown in 

Fig. 5.9. M-PdCu exhibits much lower FEH2 at almost all the applied biases. 

According to Azuma et al’s summary about aqueous CO2 reduction on metal 

electrodes,
17

 both pure Pd and Cu electrodes exhibit high FEH2 (ca. 90% on Pd 

and ca. 50% on Cu at -2.2 V vs. SCE ) and very low FECO (ca. 3.2% on Pd and ca. 

5.4% on Cu at -2.2 V vs. SCE) in aqueous electrolyte. This can be ascribed to 

their relative low overpotential for HER.
18

 The selectivity exhibits an obvious 

improvement on N-PdCu (FECO ca. 31% and FEH2 ca. 34% at -1.8 V), which can 

be ascribed to the geometric and electronic effects within the alloy materials.
19

 

Moreover, the product ratio between CO and H2 was further increased on 

M-PdCu by forming the mesoporous nanostructure (FECO ca. 75% and FEH2 ca. 

19% at -1.2 V). These results suggest that the mesoporous architecture not only 

benefits the CO formation, but depresses the competing hydrogen evolution 

effectively in aqueous electrolyte as well. 

Fig. 5.10 a) and b) Top-surface SEM images of mesoporous Pd7Cu3 alloy after 

the PEC measurements. 
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Fig. 5.11 SEM images of ternary CNTs-ZnO-Co3O4 NWs composite a) before 

and b) after the PEC measurements. 

The SEM images of the M-PdCu cathode and T-ZnO photoanode after the 

PEC measurements are shown in Fig. 5.10 and Fig. 5.11, respectively. The Pd-Cu 

alloy still exhibits a highly dispersed mesoporous surface (Fig. 5.10). On the 

other hand, the semiconductor photoanode maintains at the ternary architecture 

with CNTs and Co3O4 decorated ZnO NWs morphology after the PEC process 

(Fig. 5.11). A long term text was investigated at -1.2 V to examine the durability 

of overall PEC CO2 conversion over M-PdCu/T-ZnO as shown in Fig. 5.12. The 

reaction demonstrates a steady current response and both the FEs for CO and H2 

only show slightly changes. Thus, it can be deduced that the assembling of 

M-PdCu/T-ZnO can provide a stable overall PEC conversion of aqueous CO2 to 

CO. Fig. 5.13 shows the electrochemical CO2 reduction performances of 

mesoporous Pd7Cu3 and nanoparticle Pd7Cu3 with optimal FECO of ca. 80%. The 

PEC CO2 conversion performances shown in Fig. 5.8 (ca. 75 %) demonstrate 

almost identical relationship of the selectivity and activity with the 

electrochemical counterpart. The FEs for CO show a slightly shrink, which could 

be ascribed to the enhancement of increased ohmic resistances of the overall PEC 
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device.
10

 It thus can be deduced that the overall PEC activity for CO2 conversion 

is directly determined by the catalytic characteristic of metal cathodes, while the 

photoanode dominates the solar utilization efficiency of the whole process. 
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Fig. 5.12 Durability text over M-PdCu/T-ZnO (mesoporous Pd7Cu3 alloy cathode 

and ternary CNTs-ZnO-Co3O4 NWs composite photoanodes) at -1.2 V. 

 

Fig. 5.13 Faradaic efficiencies for a) CO and b) H2 of the electrochemical CO2 

reduction over M-PdCu and N-PdCu alloys, with Pt and Ag/AgCl (in saturated 

KCl) electrode as counter and reference in a three-electrode cell system. 
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Fig. 5.14 IPCE spectra of M-PdCu/T-ZnO at high FECO bias region. 

Incident photon to current conversion efficiency (IPCE) was evaluated at 

high FECO bias region during the PEC process, in order to understand the 

interplay between the photoactivity and light absorption as shown in Fig. 5.14. 

IPCE can be expressed as IPCE = 1240 jp(λ) / λEλ(λ), where jp(λ) is the measured 

photocurrent density (mA cm
-2

), λ is the incident light wavelength (nm) and Eλ(λ) 

is the incident monochromatic light power density (mW cm
-2

) at a specific 

wavelength. The IPCE values are greatly affected by the applied bias and 

increases with the bias obviously during the high FECO bias region. It exhibits a 

photon conversion efficiency of ca. 16% at 340 nm -1.2 V and doubled to ca. 31% 

at -1.6 V. This result confirms that the PEC process could definitely utilize solar 

light to carry out the overall CO2 conversion during the high FECO bias region. 

However, the IPCE value exhibits an obvious gap to the maximum photon 

conversion efficiency of the ternary CNTs-ZnO-Co3O4 NWs photoanode for PEC 

water oxidation as studied in Chapter 4 (IPCE of 52.5% at ca. 1.2 V vs. RHE).  
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The overall PEC process should be controlled by both the cathodic and 

photoanodic sides, and the low-reaction-rate side should mainly determine the 

overall PEC reaction.
20

 As illustrated in Fig. 5.2, M-PdCu / T-ZnO exhibits much 

larger photocurrent than M-PdCu / P-ZnO until ca. -2.1 V and the photocurrents 

approach to identical response after ca. -2.1 V. It can be deduced that at lower 

biases (before -2.1 V), the anodic side presents relative low reaction rates and is 

still in the growth stage of photocurrent for water oxidation. It consequently 

serves as the dominant side of the overall PEC process. Both the T-ZnO and 

P-ZnO phototanodes exhibit obvious enhancements of photocurrents with 

increasing the applied bias, in which the photoresponse disparity can be ascribed 

to their photocatalytic ability gap for water oxidation. In our designed PEC 

device, the high FECO biases (-1.0 V ~ -1.6 V) appears at anodic controlled region, 

thus the IPCE values do not catch up with the optimal photon conversion 

efficiency and increase with the bias. When further increase the applied bias 

beyond -2.1 V, the photocurrents are close to identical response (Fig. 5.2). Both 

the two PEC devices possess the same cathodes M-PdCu, it thus could be 

assumed that the cathodic reaction instead of the anodic side to become the rate 

determining side at higher biases (after -2.1 V).  

In order to further verify this assumption, the photocurrent responses of 

different area ratios M-PdCu / T-ZnO were examined as shown in Fig. 5.15. The 

M-PdCu alloy cathodes were prepared on purchased glassy carbon (GC) substrate 

(diameter = 3 mm, BAS Inc.) and thus the cathodic area was fixed as ca. 0.07 cm
2
. 

The T-ZnO photoanodes were prepared on FTO substrate by a hydrothermal 

process. The T-ZnO photoanodes were prepared to 0.5 cm × 1.0 cm, 1.0 cm × 1.0 

cm, 1.5 cm × 1.5 cm and 2.0 cm × 2.0 cm by cutting the FTO substrates to 

appropriate sizes. As shown in Fig. 5.15, the photocurrent response increase with 
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the photoanodic areas and they do not approach to identical current at higher 

biases (such as -2.1 V). These results suggest that the overall PEC process is 

mainly controlled by the photoanodic side at the applied bias region and our 

previous assumption is not correct. The similar photocurrent responses of 

M-PdCu / P-ZnO and M-PdCu / T-ZnO are not caused by the change of 

determined side from photoanode to cathode. The probably reasons might be as 

follows. At lower biases, T-ZnO exhibits larger photocurrent than P-ZnO because 

a better charge separation and transfer of photogenerated electron-hole pairs by 

loading CNT and Co3O4 as cocatalysts. When the applied bias increase to higher 

region, the external bias is strong enough to separate and transfer the 

photogenerated charge on P-ZnO as well as preventing the electron-hole 

recombination. ZnO serves as the photoresponse semiconductor in both T-ZnO 

and P-ZnO, thus they demonstrate similar photocurrent at high bias region.  

Fig. 5.15 Photocurrent responses of the assembly of fixed area mesoporous 

Pd7Cu3 alloy cathode (ca. 0.07 cm
2
) and various areas of ternary 

CNTs-ZnO-Co3O4 NWs photoanode. 
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In addition, although the results in Fig. 5.15 show the photoanode as the main 

rate-determined side, the photocurrent response become approximate to each 

other with increasing the photoanode area. The photocurrent differences between 

the adjacent photoanode areas become smaller. The photocurrents of the area 2.0 

cm × 2.0 cm and 1.5 cm × 1.5 cm almost exhibit identical responses before ca. 

-1.0 V, and they demonstrated very small difference at high biases (after ca. -1.0 

V). This might be caused by the non-uniform distribution of light intensity on the 

large area photoanode surface (2.0 cm × 2.0 cm). Due to the size limit of our 

autoclave for hydrothermal preparation, we did not examine the photocurrent 

response on larger area photoanode. It can be deduced that if the photoanode area 

can be larger to some extent, the photocurrent will not be increased with the area 

and the overall PEC reaction will be mainly determined by the cathodic side. 

Thus, in the point of realizing a maximum performance of our assembly of 

M-PdCu / T-ZnO, the area ratio between T-ZnO photoanode and M-PdCu 

cathode should be larger enough, so that the photoanode could support enough 

photogenerated electrons to the cathode. Because the FE of overall PEC reaction 

is mainly determined by the catalytic characteristic of the cathode materials, the 

maximum FE for CO will not be changed by enlarging the photoanode area. 

However, the optimal FECO can be obtained at more positive bias. For example, 

the maximum FECO (ca. 75%) was obtained at -1.2 V when the photoanode area 

is 1.0 cm × 1.0 cm. After enlarging the photoanode area to 2.0 cm × 2.0 cm, an 

identical FECO can be obtained at ca. -1.0 V. 
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Table 5.1 Comparison with the previous results of PEC CO2 reduction to CO in 

aqueous electrolyte. (* This work) 

Materials 
Surface 

orientation 
Electrolyte 

Metal 

particles on 

surface or in 

solution 

Potential / V Faradic efficiency 

p-Si
21

 

(1.1 eV) 
(111) 0.1 M KHCO

3
 Au -0.74 vs. SCE CO (62.2%) 

p-InP
22

 

(1.3 eV) 
(100) 0.1 M Na

2
SO

4
 None -1.2 vs. SCE 

CO (16.1%) 

HCOOH (4.6%) 

H
2
 (70.7%) 

p-GaP
20

 

(2.3 eV) 
(100) 0.1 M KHCO

3
 None -0.9 vs. Ag/AgCl 

CO (11.9%) 

HCOOH (56.2%) 

H
2
 (2.3%) 

p-CdTe
22

 

(1.4 eV) 
(111) 0.1 M Na

2
SO

4
 None -1.2 vs. SCE 

CO (43.3%) 

HCOOH (5.4%) 

H
2
 (45.1%) 

M-PdCu* 

/T-ZnO 
N/A 0.1 M KHCO

3
 None 

Bias -1.2 in two 

electrode cell 

CO (75%) 

H
2
 (19%) 

The comparison of our result with the previous reports for PEC CO2 

reduction to CO in aqueous electrolytes is summarized in Table 5.1. The overall 

PEC CO2 conversion performance of our designed device exhibits an attractive 

superiority than the previous reports over p-type photocathodes for aqueous CO2 

reduction to CO. It provides a better selectivity between HCOOH (or HCOO
-
) 

and CO. Both formate and CO are 2-electron CO2 reduction reactions, and are 

competing reactions with each other. The selectivity between these 2-electron 

products is highly depended on the stability of intermediates (COOH*). Metal 
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catalysts (Au, Ag, Cu, etc.)
17, 23

 are usually cited for their superior ability in 

selecting CO2 reduction products than semiconductors. In this work, CO is the 

dominate product, which can be ascribed to the abundant active sites and adjusted 

electronic structure of the mesoporous Pd-Cu alloy for CO evolution.40 In 

addition, it also indicates that the activity and photon conversion efficiency could 

be further improved by assembling a more matched cathode and photoanode 

combination from various options of metal cathodes and n-type photoanodes. The 

previous researches about PEC CO2 reduction mainly focused on improving the 

activities of each half reaction on cathodic or anodic side. The engineering 

techniques for PEC device construction should also be paid with more attentions 

for the overall PEC CO2 conversion in the future. This report provides alternative 

possibility to the research of PEC CO2 reduction by substituting and integrating 

different metal cathode electrocatalysts and photocatalysts anode materials. The 

corresponding assembling technique between the metal cathode and 

semiconductor photoanode will be studied in our following work. 

5.4 Conclusions 

In summary, our results show that a selective reduction of CO2 to CO was 

achieved over a designed photoelectrochemical device by using novel 

mesoporous paladium-copper bimetallic cathode and ternary hierarchical 

ZnO-based NWs arrays photoanode. The mesoporous Pd7Cu3 bimetallic catalysts 

exhibit superior activity and selectivity as cathode for the PEC CO2 reduction, 

while the ternary CNTs-ZnO-Co3O4 NWs photoanode demonstrates high solar 

utilization efficiency. The overall PEC CO2 conversion activity is an integrated 

performance and it is determined by both of the cathodic and anodic side. The 

overall photocurrent response is mainly controlled by the photoanodic side 
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(CNTs-ZnO-Co3O4 NWs composite photoanode) at the applied bias region in our 

PEC system. The designed PEC device exhibits much larger photocurrent than 

the current of electrochemical CO2 reduction counterpart in a two-electrode cell 

system at the lower applied biases. The maximum FECO of the PEC CO2 

conversion is ca. 75% at -1.2 V with IPCE of 16% at 340 nm. We believe that our 

designed PEC device provide an alternative strategy towards obtaining efficient, 

selective and low energy consumption PEC CO2 reduction in the future.  
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Chapter 6 General Conclusion and Future Prospects 

6.1 General conclusion 

In this thesis, the main work is to obtain a highly efficient, selective and low energy 

consumption photoelectrochemical (PEC) CO2 reduction process. The PEC device was 

constructed by integrating the designed metal cathode and n-type semiconductor 

photoanode. The effects of both the two designed materials on PEC CO2 conversion 

performance were investigated respectively and synthetically. The detailed study could 

be concluded in the following parts. 

1. Photocatalytic CO2 reduction process was studied as a preliminary research for 

the following PEC CO2 conversion by choosing NaTaO3 as the photoresponse 

semiconductor due to its significantly negative conduction band and proper band gap. 

By introducing electron donor H2 into the system, a stable reactivity has been obtained 

over the series of NaTaO3 due to an effective release of the peroxides intermediates of 

water oxidation. Ru and Pt exhibited the best products selectivity among various loaded 

noble metals (Pt, Au, Cu, Pd, Ru) cocatalysts due to the much better charge separation 

as well as the enhanced hydrogen activation, stabilization and utilization in the presence 

of electron donor during the gaseous photocatalytic CO2 reduction process. 

2. Electrochemical CO2 reduction process was studied as following step to achieve 

an efficient and selective CO2 reusable performance by using noble metals as catalysts 

directly and also reserved as cathode materials for the following study of PEC CO2 

conversion. Novel mesoporous palladium-copper bimetallic electrocatalysts were 

fabricated via facile electrodeposition approach for the selective reduction of CO2 to CO. 

Mesoporous nanostructure was confirmed that it could effectively roughen the catalysts 

surface and increase the active sites. While the compositional ratio between Pd and Cu 
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also determines the selective conversion of CO2 to CO due to the synergistic geometric 

and electronic effects. The optimal ratio was obtained at Pd7Cu3, with FECO exceeding 

80% at -0.8 V vs. RHE. DFT calculations suggest Pd atoms serve as the reactive centers 

with an enhanced CO2, COOH* adsorption ability and CO desorption ability in the 

presence of Cu. Moreover, fabricating mesoporous bimetallic electrocatalysts provides a 

promising strategy towards obtaining efficient, selective and cost-effective 

electrochemical CO2 reduction in the future research. 

3. A hierarchical carbon nanotube (CNT) and Co3O4 decorated ZnO nanowire (NW) 

arrays composite was fabricated and reserved as photoanode for the half reaction of 

water oxidation within the photoelectrochemical (PEC) CO2 conversion. The ternary 

CNTs-ZnO-Co3O4 NWs arrays exhibit significantly enhanced activity in PEC water 

oxidation compared with the pristine ZnO NWs, binary CNTs-ZnO NWs and 

Co3O4-ZnO NWs as photoanodes under AM 1.5G simulated sunlight. This can be 

attributed to the effectively improved photogenerated charge separation and transfer as 

well as the markedly accelerated water splitting reaction rates due to the specific ternary 

architecture.  

4. Finally, an overall PEC CO2 conversion was investigated by integrating the 

mesoporous Pd-Cu cathode and ZnO-based NWs arrays photoanode for the selective 

reduction of CO2 to CO. The overall PEC CO2 conversion activity was confirmed that it 

is an integrated performance and it is determined by both of the cathodic and anodic 

side. Solar energy could serve as a dominant energy source at all the high CO-selective 

biases for the PEC CO2 conversion. Moreover, integrating noble metal cathode 

electrocatalysts and n-type photocatalysts anode materials opens up a promising 

strategy towards obtaining efficient, selective and low energy consumption PEC CO2 

conversion in the future research. 

Generally, this thesis confirmed that integrating functional nanostructured 
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bimetallic cathode and n-type hierarchical composite photoanode provides a promising 

approach to carry out the overall PEC CO2 conversion. The mesoporous bimetallic 

nanostructures could effectively increase the density of specific active sites for the 

selective conversion of CO2 to CO at the cathode side. The harvested actives sites not 

only stabilized the intermediates COOH*, but also altered the adsorption abilities of 

CO2 and CO to benefit the CO generation. In the photoanode side, the ternary nanowire 

architecture with certain functional component facilitated the water oxidation reaction 

by effectively lowering the overpotential and accelerating the reaction rates. The loaded 

dual cocatalysts also benefited the electron-hole pair separation and transfer, 

respectively, for an efficient solar utilization. Thus, both the designed cathodic and 

anodic materials synthetically contributed to the performance of overall PEC CO2 

conversion. Moreover, this study opened up a perspective strategy towards obtaining 

efficient, selective and low energy consumption PEC CO2 reduction in the future 

research. 

6.2 Future prospects 

Based on the present study, the following researches remain as challenges towards 

achieving efficient and selective CO2 reduction. 

1. In the aspect of photocatalytic CO2 reduction, some other cost-effective electron 

donors should be studied to substitute H2. The effect of particle size and nanostructure 

of cocatalysts are essential to the photocatalytic activity, which need to be investigated. 

In addition, loading dual cocatalysts with certain function is also a potential approach to 

improve the activity of gaseous photocatalytic CO2 reduction.  

2. In the point view of PEC CO2 conversion, both the cathodic and anodic sides 

remain as the research topic to further improve the activities. About metal cathode 
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materials, mesoporous alloys have been confirmed effective for the selective CO2 

conversion. However, there are still possibilities to further reduce the overpotential and 

improve the selectivity of CO2 conversion, in particular the selective reduction of CO2 

to hydrocarbon products. To prepare nanoscale bimetallic and even trimetallic alloys 

with functional nanostructure is a potential strategy to further improve the catalytic 

performance. Besides, the assembling way of the PEC device, which is not only related 

with the design of cathode and anode materials but also comprises the specific 

engineering techniques, is a challenging issue to further improve the activity of overall 

PEC CO2 conversion.  
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