
 

Instructions for use

Title Effect of Reaction Environment on Photo-driven Catalytic Properties

Author(s) 孟, 憲光

Citation 北海道大学. 博士(理学) 甲第12037号

Issue Date 2015-09-25

DOI 10.14943/doctoral.k12037

Doc URL http://hdl.handle.net/2115/59992

Type theses (doctoral)

File Information Meng_Xianguang.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 

Effect of Reaction Environment on 

Photo-driven Catalytic Properties  

（反応環境場の制御による光触媒特性への影響に関する研究） 

Xianguang Meng 

 
 

Graduate School of Chemical Sciences and Engineering 

Hokkaido University  

2015 



Contents 
 

I 
 

CONTENTS 

 

Contents  I 

Abstract  1 

 

Chapter 1 Introduction 5 

1.1 General introduction 5 

1.2 Construction of heterogeneous photocatalysts and their limitations 6 

1.3 Photocatalytic reactions: materials and reaction environment modulation 8 

1.3.1 Photocatalytic degradation 9 

1.3.2 Photocatalytic H2 evolution 11 

1.3.3 Photocatalytic CO2 conversion 13 

1.4 Application of plasmonic effect in photo-driven catalysis 14 

1.5 Research motivations and thesis organization 21 

References  24 

 

Chapter 2 Enhancement of photocatalytic activity for WO3 by NaOH loading 30 

2.1 Introduction 30 

2.2 Experimental methods 31 

2.2.1 Photocatalyst preparation 31 

2.2.2 Sample characterization 32 

2.2.3 Photocatalytic degradation in gas phase 32 

2.3 Results and discussion 33 



Contents 
 

II 
 

2.3.1 Crystal structure 33 

2.3.2 Optical absorption property 34 

2.3.3 Energy band alignment 35 

2.3.4 Photocatalytic activity and reaction mechanism 37 

2.4 Conclusions 45 

References  46 

Chapter 3 Enhancement of H2 production in alkaline environment over 

plasmonic Au/TiO2 photocatalysts 48 

3.1 Introduction 48 

3.2 Experimental methods 50 

3.2.1 Photocatalyst preparation 50 

3.2.2 Sample characterization 52 

3.2.3 Photocatalytic H2 evolution 52 

3.2.4 Photoelectrochemical measurements 53 

3.3 Results and discussion 54 

3.3.1 Sample characterization and photocatalytic activity 54 

3.3.2 Photoelectrochemical measurements 61 

3.4 Conclusions  64 

References  64 

 

Chapter 4 Photocatalytic CO2 reduction into CH4 over alkali modified TiO2 

without loading noble metal cocatalysts 67 

4.1 Introduction  67 

4.2 Experimental methods  68 

4.2.1 Photocatalyst preparation 68 



Contents 
 

III 
 

4.2.2 Sample characterization 68 

4.2.3 Photocatalytic CO2 conversion 69 

4.3 Results and discussion 70 

4.3.1 Photocatalytic activity and sample characterization 70 

4.3.2 Photocatalytic reaction mechanism 73 

4.4 Conclusions  78 

References 79 

 

Chapter 5 Plasmon-mediated CO2 activation and conversion with active 

hydrogen source 81 

5.1 Introduction  81 

5.2 Experimental methods  83 

5.2.1 Catalyst preparation 83 

5.2.2 Sample characterization 84 

5.2.3 Photothermal CO2 conversion with H2 84 

5.2.4 CO2 reforming with CH4 under visible light 85 

5.3 Results and discussion 86 

5.3.1 Photothermal CO2 conversion with H2 86 

5.3.2 CO2 reforming with CH4 under visible light 92 

5.3.3 Optical simulations and the mechanism of enhanced activity 96 

5.4 Conclusions  100 

References  101 

 

Chapter 6 General conclusions and future prospects  103 

6.1 General conclusions  103 



Contents 
 

IV 
 

6.2 Future prospects  105 

References 108 

 

Acknowledgement  110 



Abstract 
 

1 

 

Abstract 

 

Photocatalysis is a green technology and has attracted extensive attentions due to 

its potential applications for solar-to-chemical energy conversion. However, great 

efforts are still needed to further increase the efficiency of current photocatalytic 

system for practical application. Previous work mainly focused on how to design 

efficient photocatalysts to enhance the photocatalytic performances. In this work, the 

research target is to investigate how reaction environment modulates the 

photocatalytic performance of current reaction system. The reaction environments 

herein include both the chemical and physical reaction environments which can exert 

positive effects on increasing the photocatalytic activity. Especially, the influence of a 

simple chemical reaction environment, alkaline reaction environment, on various 

photocatalytic reactions, including photocatalytic degradation, H2 evolution, and CO2 

conversion was studied. Moreover, the influence of a photophysical phenomenon, 

surface plasmon resonance (SPR) on highly efficient CO2 conversion with H2 and 

CH4 was investigated. 

Chapter 1 gave a general introduction of the material design of heterogeneous 

photocatalyst, the typical photocatalytic reactions related to this work, and the 

significance of reaction environment modulation in enhancing the photocatalytic 

performance. 

Chapter 2 investigated the influence of NaOH (solid base) loading on the 

photocatalytic performance of WO3 for gaseous organics degradation under visible 

light. The influence of NaOH loading on photocatalytic reactions included two 
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aspects. The first was that NaOH changed the surface crystal structure through mild 

reaction with WO3 (an acidic oxide) surface and lifted the surface energy band 

position of photocatalyst. This promoted the oxygen reduction ability of conduction 

band electrons during the photocatalytic degradation. Secondly, it is well known that 

H2O2, an important intermediate in photocatalytic degradation, is very unstable in 

alkaline environment. Therefore, the loading of NaOH on the surface of WO3 

promoted the decomposition of H2O2. Since the accumulation of H2O2 suppressed the 

consumption of photoexcited electrons on WO3, NaOH loading overcame this 

drawback and enhanced the photocatalytic degradation. 

In addition to the photocatalytic degradation, an alkaline reaction environment is 

also favorable for photocatalytic H2 production and CO2 reduction, as shown in 

chapter 3 and 4. Since the two reactions generally require the semiconductor with 

high conduction band positions, TiO2 was used as the main component of 

photocatalysts in these studies. 

The alkaline reaction environment enhanced deprotonation process in 

electrooxidation of alcohol over Au electrodes has been reported in the previous 

electrocatalysis studies. In Chapter 3, this function was employed for photocatalytic 

H2 evolution over plasmonic Au/TiO2 composites. Under the excitation of Au SPR 

band in the visible light range, H2 production was remarkably boosted over 

Au/TiO2/Pt photocatalyst in alkaline reaction environment. The photoelectrochemical 

studies showed that alkaline environment promoted the photooxidation of alcohol 

over plasmonic Au nanoparticles (NPs), which accelerated the consumption of holes 

in Au NPs. 

Due to the acidic nature of CO2 molecules, loading of alkali on photocatalyst will 

promote the chemisorption and possible activation of CO2. This found application in 
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the photocatalytic CO2 reduction over TiO2 in chapter 4. Surface modification of TiO2 

with NaOH was found to be an effective way for the CO2 adsorption, activation, and 

led to highly effective conversion of CO2 into CH4 without loading any noble metal 

cocatalyst. 

In order to further enhance the current CO2 conversion efficiency, H2 and CH4 

were used as hydrogen sources for CO2 conversion in chapter 5. The influences of 

SPR-induced photothermal or local electric field on these reactions were investigated. 

The results showed that CO2 conversion with these hydrogen sources achieved much 

superior efficiency to water. Compared with photothermal CO2 conversion with H2 

over Ru nanocatalyst, CH4 is a more promising hydrogen source due to an uphill 

reaction. In the reaction of CO2 reforming of CH4, Au NPs were used as plasmonic 

promoter and co-loaded with Rh nanometal catalyst on SiO2. Rh NPs only shows UV 

plasmonic behavior and its SPR effect cannot be induced by visible light irradiation. 

Therefore, conventional Rh catalyst does not show photoenhanced activity for CO2 

reforming of CH4. When co-loaded with Au NPs, an enhanced SPR effect was 

induced by interparticle coupling effect between Au and Rh NPs under the visible 

light irradiation in the SPR band of Au NPs. Accordingly, photoenhanced activity was 

observed over Au and Rh co-loaded catalysts. During the decay of SPR, some 

meaningful process, such as the hot electron production, surface polarization, 

electronic disturbance, or local heating effect will make positive effect on CO2 

reforming of CH4. Especially, the results show that the SPR effect plays important 

role on CO2 activation during the reforming reaction. 

In summary, this thesis revealed the significance of surface reaction environment 

on photocatalytic reactions. The function of surface reaction environment was 

realized through changing the photocatalyst itself or the photocatalytic reaction 
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pathway. The results of this thesis demonstrated that modulation of surface reaction 

environment was a promising strategy for enhancing the performance of current 

photocatalytic reaction systems.   
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Chapter 1 Introduction 

 

1.1 General introduction 

Solar-to-chemical energy conversion is an important research field due to its great 

significance in solving both energy and environment issues of today. As one of the most 

potential green technologies, photocatalysis has been studied for several decades and 

made substantial progress in some important research subjects, such as environment 

purification,1-3 water splitting,4-7  CO2 reduction,8, 9 organic photosynthesis and 

transformations,10, 11 photocatalytic material design,12-14 etc. Photocatalysis utilizes the 

photogenerated carriers (electrons and holes) to initiate the redox reactions and realize 

the solar-to-chemistry energy conversion. A typical process of photocatalytic reactions 

over semiconductors is shown in Fig. 1.1.13 The semiconductor is firstly excited by 

photons to produce electrons and holes at conduction band (CB) and valence band 

(VB), respectively. These e-/h+ pairs will partially recombine in the semiconductors 

and the rest will migrate to the surface to drive the redox reactions. A precondition for 

a photocatalytic reaction to occur is that the CB and VB level of semiconductor 

should more negative or positive than the corresponding reduction or oxidation 

reaction potential, respectively. 
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Fig. 1.1. Schematic process of photocatalytic reaction (TiO2 as example).13 

 

1.2 Construction of heterogeneous photocatalysts and their 

limitations 

Semiconductor materials have dominated the study of photocatalysis in history. 

Semiconductor photocatalysts generally consist of metal cations with d0 or d10 

configurations, and the anions such as O, S, N, etc. (Fig. 1.2).14 Ti, V, Nb, Ta, Mo, 

and W are typical elements for d0 cations. Cu, Ag, Zn, Cd, Ga, In, Ge, Sn, Pd, and Bi 

are typical elements for d10 cations. The empty d orbitals (for metal cations with d0 

configurations) and the empty s or sp orbitals (for metal cations with d10 

configurations) generally construct the CB of photocatalysts. The p orbitals of O, S, 

and N anions generally construct the VB of photocatalysts. Orbitals of Cu3d in Cu+, 

Ag4d in Ag+ and the s orbital in the low valence p-block elements Sn2+, Pb2+, and Bi3+ 

can also construct VB. Ti, Nb, Ta, Ga, and Ge are important elements to construct the 

photocatalysts with high CB levels and thus often used for photocatalytic H2 evolution. 

V, W, Ag, and Bi are typical elements to construct visible light active photocatalysts 

with low CB level and thus extensively used for photocatalytic degradation and O2 

evolution from water oxidation. Some transition metal cations such as Cr3+, Ni2+ and 

Rh3+ with partially filled d orbitals are generally used as doping elements to form 



Chapter 1 
 

7 
 

impurity levels in the band gaps of host semiconductors and obtain visible light 

response. Semiconductors with wide band gap can form solid solutions with another 

narrow band gap semiconductor with similar crystal parameters. The solid solution 

design can be used to modulate the band gaps (e. g., (AgNbO3)1-x(SrTiO3)x
15, AgAl1-

xGaxO2
2, etc.). Doping or solid solution design are typical strategies in energy band 

engineering for the creation of new photocatalysts with visible light response. 

Because N 2p orbital is higher than O2p, oxynitrides derived from the nitridation of 

related oxides generally have good visible light response by lifting the VB level. 

Besides the elements mentioned in Fig. 1.2, other elements, such as C (e.g., C3N4)
16, 

Al (e.g., AgAl1-xGaxO2)
2, P (e.g., Ag3PO4)

6, and Sb (e.g., AgSbO3)
17 are also used to 

construct photocatalysts.  

Over the past several decades, substantial progress has been made on the design of 

new photocatalytic materials on the basis of current elements on earth. The limited 

photoabsorption and low apparent quantum efficiency (AQE) are still two major 

bottlenecks for the large scale application of semiconductor photocatalysis. The former 

is determined by the inherent energy band structure of a semiconductor and the latter is 

mainly caused by the recombination of photogenerated charge carriers. Although the 

energy band engineering is effective to increase the photoabsorption of current 

semiconductors, this strategy will possibly cause the crystal defects in semiconductors 

and further lower the AQE. Compared with the great challenge in designing new 

photocatalytic materials, modulation of reaction environment provides a promising 

strategy to enhance the photocatalytic performance.   
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Fig. 1.2. Elements constructing heterogeneous photocatalysts.14 

 

1.3 Photocatalytic reactions: materials and reaction 

environment modulation  

In general, the photocatalytic performance can be improved through two 

approaches. The first one is to design new materials by means of energy band 

engineering, morphology control, construction of heterojunctions, modification of 

cocatalysts, etc.2, 12, 18-20 Another alternative is the modulation of the reaction 

environment to enhance the photocatalytic performance, by which the surface 

properties of photocatalysts or the reaction pathways can be controlled.21-23 Previous 

research activities mainly focused on improving the materials themselves and the 

latter is a less studied subject. In this section, the typical photocatalytic reactions and 

the corresponding materials will be discussed. Especially, the effect of reaction 
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environment on photocatalytic property will be introduced. 

1.3.1 Photocatalytic degradation 

Many kinds of harmful organic compounds exist in our daily life and often 

damage our health. Photocatalysis is a useful technology for removing these harmful 

organic compounds. In the photocatalytic degradation, the organic pollutant is 

oxidized by the VB holes and the CB electrons are consumed by O2. Although this 

reaction is always called “photocatalytic degradation” of organic pollutants, if 

photogenerated electrons are not consumed effectively, these electrons will recombine 

easily with holes, leading to a decrease in the photocatalytic activity or deactivation of 

a photocatalyst. In fact, the bottleneck of most of the photocatalytic degradation 

reactions lies in the oxygen reduction by the CB electrons of semiconductors rather than 

the oxidation of contaminants, because the oxidation power of the photogenerated holes 

in the VB of semiconductors is generally sufficient enough to oxidize most of organic 

compounds.2 The redox potentials of single electron oxygen reduction reaction (ORR) 

(O2 + e- = O2
- (aq), -0.284 V vs SHE; O2 + H+ + e- = HO2 (aq), -0.046 V vs. SHE) are 

higher (or more negative) than that of multi-electron ORR (O2 + 2H+ + 2e- = H2O2 (aq), 

+0.682 V vs. SHE; O2 + 4H+ + 4e- =  2H2O, +1.23 V vs. SHE).24 In the absence of Pt 

cocatalyst (electron sinks), multi-electron ORR is kinetically unfavorable, and single 

electron reduction of adsorbed oxygen is generally a control step of the overall reaction 

rate of photocatalytic degradation. The loaded Pt cocatalyst not only serves as electron 

sink to accumulate electrons from semiconductor but also provides the active site for the 

fast multi-electron ORR. This will dramatically enhance reaction rate of photocatalytic 

degradation. The role of Pt cocatalyst is in particular crucial in improving the 

photocatalytic performance of semiconductor with low CB position. For example, WO3 

is a visible-light-active photocatalyst with simple composition. However, the CB level of 
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WO3 is very low (~0.5 eV) and thermodynamically unfavorable for single electron ORR. 

In the absence of cocatalysts, both single electron and multi-electron ORR can hardly 

proceed. After loading Pt, the fast multi-electron ORR pathway is opened up and thus 

highly efficient photocatalytic degradation can be achieved.24 Due to the high cost of 

noble metal coatalysts, photocatalysts and cocatalysts with cheap elements should be 

developed for the large scale application. Maybe the most practical photocatalysts for 

gaseous organics decomposition is Cu or Fe grafted TiO2 (or doped TiO2) or WO3 

semiconductors which show outstanding photocatalytic performance under visible 

light.25-27 Grafting CuOx and FeOx species as cocatalyst on the surface of TiO2 or 

WO3 plays the vital role for the separation of photogenerated electrons to improve the 

performance of the two low cost photocatalysts under visible light.  

The photocatalytic degradation can be enhanced by proper surface treatment. 

Fluorinated TiO2 was reported to show better dispersion stability than untreated TiO2 

particles in water since surface fluorination induced a more negative ζ potential on 

TiO2 particles.28 The surface anchored F- anions on TiO2 can effectively adsorb 

positively charged groups of some molecules, such as Rhodamine B, and promote the 

photocatalytic degradation to these pollutants.29 In addition to surface fluorination, 

surface acidification was also reported as an effective method for enhancing the 

photocatalytic degradation. Wang and co-workers reported that surface acidification 

accelerated the photocatalytic aerobic oxidation of alcohols over TiO2.
30 During 

photocatalytic aerobic oxidation of alcohols, a Ti intermediate, with a side-on 

peroxide, are formed, which can passivate the surface of TiO2 and deactivate its 

activity. The protons of Brønsted acids promoted decomposition of the relatively 

stable peroxide because the protonation of peroxide remarkably weakens the O-O 

bond. The same group also reported that addition of acids in the aqueous system could 
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change the reaction pathway of ORR.23 The monocarboxylic and polyprotic acids 

played different role in ORR process. Polyprotic acids promoted the direct four-

electron reduction of O2 to H2O on TiO2 surfaces. In contrast, monocarboxylic acids 

only enhanced the ORR rate and H2O2 formation (by two-electron ORR) but barely 

changed the reaction pathway of ORR. Therefore, surface reaction environment 

modulation is an effective and flexible method to enhance the photocatalytic 

degradation.  

1.3.2 Photocatalytic H2 evolution 

Photocatalytic H2 evolution can be realized in pure water systems or the system 

containing sacrificial reagents. Photocatalytic H2 evolution from overall water 

splitting involve the reduction of H+ by CB electrons and the oxidation of water by 

VB holes. In this case, O2 will evolve at the same time with stoichiometric ratio of 

H2:O2 = 2:1. In the system containing sacrificial reagents, alcohol or sulfide ion acts 

as electron donor or hole scavenger. These electron donors are easily photooxidized 

and thus increase the number of photogenerated electrons to promote H2 evolution 

rate. 

Pt cocatalyst can greatly enhance the rate of photocatalytic H2 evolution reaction 

(HER) from aqueous solutions containing sacrificial alcohol reagent, while HER is 

difficult to proceed over pure semiconductors. On one hand, Pt has largest work function 

(~5.65 eV) among all the noble metals with excellent trapping ability for electrons to 

realize effective separation of photo-generated carriers. On the other hand, Pt shows the 

best activation ability for proton reduction due to the appropriate metal-hydrogen bond 

strength according to the characteristic “volcano” relation.31, 32 Therefore, Pt is generally 

regarded as the best cocatalyst for photocatalytic HER. Other noble metals (Rh, Pd, Au, 

etc.) with large work functions are also good cocatalysts for photocatalytic HER. For 
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overall water splitting (photolysis of pure water), however, Pt and other noble metal 

cocatalysts can efficiently catalyse the recombination of H2 and O2 and special attention 

should be paid to the direct use of these cocatalysts in overall water splitting. Previous 

studies showed that RuO2 and IrO2 were proper single cocatalysts for overall water 

splitting.33, 34  

Reaction environment also has important influence on photocatalytic H2 evolution. 

Arakawa and co-worker reported that photocatalytic overall water splitting over Pt/TiO2 

photocatalyst could be improved by the addition of substantial amount of carbonate salts 

into the reaction solution.35 The reaction condition for this enhancement is very limited: 

~2 mol/L Na2CO3, pH 10-11, 0.3 wt% of Pt loading, and low pressure in reactor. It was 

supposed that the added carbonates suppressed the back reaction (water formation from 

the recombination of H2 and O2) and promoted desorption of O2 from TiO2 surface. The 

author also proposed that carbonate salt consumed the VB holes of TiO2 to give 

peroxocarbonates species and mediated the O2 evolution. Wagner and somorjai also 

reported the photocatalytic H2 production from water on Pt-free STO in concentrated 

NaOH solutions.36 Hydroxide ions adsorbed on the surface of STO served as hole 

acceptor and suppressed the recombination of electrons and holes. Modulation of 

alkaline environment also found application for photocatalytic H2 evolution over 

semiconductors in sacrificial system containing alcohol. Ouyang and Simon 

respectively reported the enhanced H2 evolution over Pt/STO and Ni/CdS photocatalysts 

in alkaline environment.21, 22 The enhanced photocatalytic H2 production in alkaline 

environment is proposed to benefit from the non-Nernstian dependence of the band 

edges shift of semiconductors on the pH of reaction system (i.e., slope ≠ -0.059 

V/pH). The former proposed that the surface band of STO shifted exponentially with 

increasing alkalinity of the reaction solution. Since the HER potential shifts linearly 
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versus the pH, the surface band of STO will get ahead of HER potential and increase 

the overpotential for photocatalytic H2 evolution. While the latter proposed that the 

surface band of CdS shifted linearly versus the pH (slope = -0.033 V/pH). In the high 

pH value, the VB potential of CdS is positive enough the oxidize OH- into •OH 

radicals which reacts quickly with sacrificial ethanol. In this case, the reaction 

pathway of ethanol oxidation was changed from direct oxidation by holes into indirect 

oxidation by •OH radicals, which promoted the photocatalytic H2 evolution rate. 

Therefore, the reaction environment modulation can be a multifunctional strategy for 

enhancing the photocatalytic H2 evolution, including suppression of the back reaction, 

changing the reaction pathway, or modulating surface band of a semiconductor 

photocatalyst.   

1.3.3 Photocatalytic CO2 reduction 

Solar fuel production through CO2 conversion is a hot topic in recent years. CO2 

is one of the most stable compounds of carbon. Gaseous CO2 molecule has a linear 

structure without dipole moment and is extraordinarily difficult to activate, which can 

be reflected by the much negative redox potential of one-electron reduction of CO2 

into CO2
•- (-1.9 V vs RHE).37, 38 There is growing awareness that this single electron 

reduction is the key step for CO2 activation to initiate the subsequent CO2 conversion 

process.37-39 Another difficulty is that CO2 conversion into hydrocarbon compounds is 

generally a proton-coupled electron transfer process (PCET). For example, CO2 

conversion into CH4 needs the concerted transfer of 8 protons coupled with 8 

electrons. This will lead to significant kinetic limitation for the CO2 reduction process. 

Theoretically, semiconductor photocatalysts can provide electrons to CO2 by 

photoexcitation but generally are incapable of donating protons concertedly with the 

electron transfer. At least, effective PCET mechanism on semiconductor 
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photocatalysts are rarely reported.40 Therefore, photocatalytic CO2 conversion 

remains very inefficient because of the limited ability of conventional semiconductor 

to activate thermodynamically stable CO2 molecules and the kinetic limitation of 

multiple e-/H+ transfer process. In addition, because of the obvious uphill reaction 

characteristic of CO2 conversion with H2O (CO2 + H2O → hydrocarbon compounds + 

O2), suppression of the reverse reaction (oxidation of hydrocarbon compounds) 

should be carefully considered in an artificial photosynthetic system. 

The reports of the influence of reaction environment on photocatalytic CO2 

conversion are very few. Due to the acidic nature of CO2, alkaline solution is 

generally used in photocatalytic CO2 conversion to increase the adsorption capacity of 

the liquid phase to CO2.
41 Alkaline oxides were also used as promoter for 

photocatalytic CO2 conversion in gas phase. Xie and co-workers reported that 

photocatalytic reduction of CO2 over Pt/TiO2 could be enhanced by addition of MgO 

and other alkaline oxides.42 A synergistic effect between Pt and MgO was proposed. 

Firstly, CO2 is chemisorbed on MgO promoter. This adsorption process changed the 

structure of linear CO2 molecule and increased its reactivity. Then, the adsorbed CO2 

was further reduced into CH4 by the accumulated electrons on Pt cocatalysts. 

Therefore, alkaline environment modulation seems a promising strategy and can be 

employed in the future studies of photocatalytic CO2 reduction.  

 

1.4 Application of plasmonic effect in photo-driven catalysis 

Metallic nanocatalysts have been extensively used in catalysis industry for 

hydrogenation, dehydrogenation, oxidation, organic synthesis, etc. Today, nanometals 

find applications in photo-assisted heterogeneous catalysis through the well-known 

surface plasmon resonance (SPR) effect. The SPR can be described as the resonant 
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photon-induced collective oscillation of valence electrons, established when the 

frequency of photons matches the natural frequency of surface electrons oscillating 

against the restoring force of positive nuclei.43 The solar-to-chemical energy 

conversion over plasmonic metal NPs is realized through the SPR effect. Being 

different from the nanometal cocatalysts used in the research domain of semiconductor 

photocatalysis, plasmonic metal NPs themselves can render the excited carriers for redox 

reaction in plasmonic photocatalysis or photothermal effect in plasmonic 

photothermocatalysis. The plasmonic photocatalysis can be further classified into two 

categories:44 (i) direct plasmonic photocatalysis, where plasmonic metal NPs act as the 

light absorber and the catalytically active site independently and (ii) indirect 

plasmonic photocatalysis, where excitation of SPR is used to transfer photon energy or 

hot electrons to the nearby semiconductors, molecular photocatalysts, and other 

metals to drive chemical reactions remotely. Therefore, the plasmonic metal NPs can 

work independently (in direct plasmonic photocatalysis) and also be used as sensitizer 

coupled with wide band gap semiconductor photocatalysts (in indirect plasmonic 

photocatalysis). In plasmonic photocatalysis, all the driving forces of photo-assisted 

catalysis are derived from the decay (or damping) of SPR through radiative and non-

radiative processes. The SPR effect of plasmonic metal NPs is influenced by size, 

shape, type of element, surrounding mediums (gas, liquid, or semiconductor support), 

spatial distribution of both nanometals and semiconductor, etc.45 Here a summary on 

the mechanisms of SPR-mediated catalysis will be provided. 

A nanometal with SPR effect should have a size roughly between several 

nanometers and several tens of nanometers when an intense SPR effect can be induced 

by light. The absorbed resonant photons in the SPR absorption band will cause the 

intense, spatially non-homogeneous oscillating electric fields in the neighborhood of the 
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plasmonic metal NPs. The energy of the intense local electric field is converted from the 

resonant photon flux (incident electric field). The intensity of incident electric field 

could be magnified up to ~103 times for an isolated nanometal to ~106 times for two 

particles separated by ~1 nm.46-48 The intensity of the oscillating electric fields will 

decrease exponentially with distance from the surface within ~20-30 nm and linearly 

further away.43 As the generation rate of e-/h+ pairs in semiconductor is proportional to 

the local intensity of the electric field, the enhanced local field will in turn increase the 

generation rate of e-/h+ pairs in the adjacent semiconductors.49 This is the so-called near-

field or local electric field enhancement mechanism (mechanism 1). The fast 

recombination of electrons and holes in semiconductor is intrinsically attributed to the 

short diffusion length of minority charge-carriers (most of semiconductor photocatalysts 

are n-type and the minority carriers are holes). Because the light absorption depth is 

generally much larger than the diffusion length of minority charge-carriers in 

semiconductors, the minority carriers will be retained inside the bulk of semiconductors 

rather than mitigate to the surface for redox reactions. The mechanism 1 is especially 

beneficial to the semiconductors with short carrier diffusion length. Since the interaction 

depth of local electric field enhancement mainly distributed near the surface layer (~10 

nm) of semiconductor, such distance is comparable to the diffusion length of minority 

carriers. Plasmonic metal NPs can effectively couple the energy from far-field (incident 

electric field) into near-field and power the generation of e-/h+ pairs, this will create 

opportunity for the minority carriers to mitigate onto the semiconductor surface and 

participate the redox reactions. It should be noted that the plasmonic metal NPs and the 

counterpart semiconductor are not necessary to form a close contact in mechanism 1 and 

the SPR energy transfer from plasmonic metal NPs to semiconductor can proceed when 

the both blocks are separated by insulating layers. This mechanism can be used to 
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explain the enhanced photocurrent and photocatalytic reaction rate of TiO2 or N doped 

TiO2 by the PVP-coated plasmonic Ag NPs.50 In addition to Ag/TiO2 system, this 

mechanism also plays an important role in the Au plasmonic metal NPs-enhanced 

photocurrent of Fe2O3 photoelectrodes.49, 51 

Fast electromagnetic decay will take place radiatively or non-radiatively on fs 

timescale following SPR excitation. The radiative decay of SPR prevailingly happens on 

the large plasmonic nanostructures (> 50 nm) by emission of photons (i.e., scattering of 

resonant photons).43, 52 As the size of plasmonic metal NPs increases, the SPR 

absorption will be weakened and the scattering effect of the plasmonic metal NPs to the 

incident photon will gradually dominate the decay of surface plasmon. Therefore, large 

plasmonic metal NPs embedded inside a semiconductor can be used to improve the 

photoabsorption of semiconductor by multiple scattering of the resonant photon to 

increase the average photon path length as well as the photons’ utilization efficiency 

(Fig. 1.3a). This is the so-called scattering enhancement mechanism (mechanism 2). 

Non-radiative decay is a dominant process for plasmonic metal NPs with smaller size (2 

nm < diameter < 50 nm) and will lead to the generation of hot electrons and holes (also 

called Landau damping)44 through the intraband excitation (between the Fermi level and 

sp CB) or interband excitation (between d band and sp CB).52, 53 Generation of hot 

electrons is of great importance in driving plasmonic photocatalysis. In direct plasmonic 

photocatalysis, the energetic hot electrons will be donated to the lowest unoccupied 

molecular orbital (LUMO) of an available adsorbate (this process also called chemical 

interface damping, CID)44, 54 to realize activation and reduction process (Fig. 1.3b). As 

for indirect plasmonic photocatalysis, the energetic electrons will overcome the Schottky 

barrier and be injected into the CB of neighboring semiconductor (Fig. 1.3c). The 

ultrafast electron injection from Au plasmonic metal NPs to semiconductor has been 
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evidenced by in-situ electron paramagnetic resonance and infrared-probe femtosecond 

transient absorption spectroscopy.53, 55 Charge separation by semiconductor can 

effectively increase the lifetime of hot electrons and the efficiency of the energy 

conversion. The so-called hot electron generation and injection mechanism (mechanism 

3) has been widely reflected in the studies of SPR-enhanced photocatalysis56-60 and 

photoelectrochemistry61-63. Finally, the remaining photoexcited electrons relax through 

electron-electron and electron-phonon collisions, leading to a heating effect (also called 

ohmic damping) in the local environment to enhance the mass transfer and reaction 

speed of photo-assisted catalysis (mechanism 4). The interaction between light (electric 

field) and plasmonic metal NPs through SPR will also create inhomogeneous 

distribution of the charges on plasmonic metal NPs to form a dipole (Fig. 1.4). The 

dipole will polarizes the nonpolar molecules for a better adsorption and activation 

(mechanism 5).45 Because the nonpolar molecules are generally difficult to activate in 

conventional thermocatalysis, the SPR may in particular favor the reactions involving 

the chemical transformation of nonpolar molecules (N2, CO2, CH4, etc.). Above 

mentioned items 1-5 embrace the physical mechanisms involved in the photo-assisted 

catalysis over plasmonic metal NPs reported up to date. A realistic catalytic reaction 

system can possess one or more mechanisms. 
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Fig. 1.3. (a) Schematic illustration of the scattering mechanism. The addition of optically excited 

plasmonic metal NPs increases the average path length of photons in the composite structure.43 (b) 

Proposed mechanism of direct charge injection from metal to the LUMO of adsorbate molecule.44 (c) 

Mechanism of SPR-induced charge transfer from plasmonic metal NPs to a nearby semiconductor.43  

 

Fig. 1.4. Schematic representation of the enhanced adsorption in the plasmonic photocatalysis. The 

dipole nature of the local electric field of the surface plasmon attracts the polar molecules and polarizes 

nonpolar molecules.45  

 

Plasmonic photocatalysis is driven by the excited hot carriers from SPR decay. Both 

interband and intraband transitions will make contributions to plasmonic photocatalysis 

and they have not been often distinguished especially in the previous studies. However, a 

recent study has shown that the interband and intraband transitions may play different 

roles in driving an actual reaction. For the visible-light water oxidation over Au 

plasmonic metal NPs sensitized STO, the value of AQE decreases almost linearly with 
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the increase of the wavelength, showing that the e-/h+ pairs for water oxidation mainly 

come from the interband transition of Au plasmonic metal NPs.64 For the mostly studied 

Cu, Ag, and Au nanometals, the interband transitions correspond to 3d → 4sp (2.1 eV), 

4d → 5sp (3.8 eV), and 5d → 6sp (2.2 eV), respectively (the values in the brackets are 

the energy thresholds of the corresponding interband transitions).65-67 The characteristic 

color shown macroscopically by the bulk metals of Cu and Au is also a sign of the 

interband transitions in the visible light range. All of Cu, Ag, and Au nanometals show 

intraband transition in visible light range and, for ordinary near-spherical plasmonic 

metal NPs, their absorption peak maxima are positioned at 580 nm (~2.1 eV), 400 nm 

(~3.1 eV), and 530 nm (~2.3 eV), respectively.64, 68-71 Therefore, for Cu and Au 

plasmonic metal NPs, there will be an overlap between their interband and intraband 

excitations in the visible light range. Namely, the photoabsorption spectra of both 

kinds of plasmonic metal NPs in visible light range, in fact, show the superposition of 

interband and intraband transitions. The tip and edge of plasmonic nanostructures will 

cause stronger SPR effect. These special parts in nanostructure are also called the “hot 

spots”. The design and synthesis of plasmonic nanostructures with special size, shape 

and composition as well as the nanoscale assembly of nanometals and semiconductors 

were proposed as “hot spot engineering”.43 The performance of plasmonic metal NPs 

for plasmonic photocatalysis can be improved accordingly by increasing the number 

of “hot spots” and reasonable assembly of plasmonic metal NPs and 

semiconductors.72, 73 

The lifetime of hot electrons in Au plasmonic metal NPs is very short (~10-3 

ns)52, 74. When the Au NPs are combined with a semiconductor, the hot electrons 

generated by Au plasmonic metal NPs will overcome the Schottky barrier and be 

separated by the neighboring semiconductors, resulting in the extended lifetime of the 
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hot electrons (~100 ns)52, 53, 75 to promote the photocatalytic reactions. Therefore, Au 

plasmonic metal NPs are often used in conjunction with a semiconductor (such as 

TiO2). However, the lifetimes of hot electrons in Au plasmonic metal NPs or Au/TiO2 

system are still much shorter than that of the excited charge-carriers in 

semiconductors (e.g., TiO2, τ > 103 ns76), implying that the recombination of e-/h+ in 

plasmonic photocatalysts is much more frequent than that in semiconductors. The hot 

electron injection is a reversible process. For Au/TiO2 composite, the injected hot 

electron to TiO2 will decay back to the Au plasmonic metal NPs just after ~1.5 ns to 

recombine with a hole if no donor can be timely consumed on Au plasmonic metal 

NPs.52 Therefore, to suppress the recombination of hot electrons and holes is crucial 

to improve the efficiency of plasmonic photocatalysts. 

In a word, plasmonic nanometals can not only be used directly as new type of 

photocatalysts, it can be also used as plasmonic promoter by creating unique physical 

environment (local electric field and photothermal effect) to promote the adsorption, 

activation, mass transfer of molecules and improve the performance of host 

photocatalyst. 

1.5 Research motivation and thesis organization 

Overall, although the reaction environment shows significant influence on 

photocatalytic property, the attention paid on this subject remains very insufficient. In 

this dissertation, we focused on improving the photocatalytic performance by reaction 

environment modulation, including both chemical and physical environment control. 

The influences of these reaction environments on photocatalytic degradation, H2 

evolution, and CO2 conversion were investigated. There are six chapters. A summary 

of the remaining five chapters is as follows: 
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Chapter 2 Enhancement of photocatalytic activity for WO3 by NaOH loading 

WO3 is an excellent photocatalyst for photocatalytic degradation under visible 

light. However, ORR is difficult to proceed over unmodified WO3 due to its low CB 

position. Cocatalysts, such as noble metals, must be used to assist the separation of 

photogenerated electrons and supress the deactivation of WO3. Large scale 

application of WO3 still needs low-cost and effective method to further improve the 

performance of WO3 photocatalyst. In this chapter, we examined photocatalytic 

activity of NaOH-loaded WO3 under visible-light irradiation. NaOH (solid base) 

treatment of WO3 (an acidic oxide) is expected to realize two purposes. The first is 

change the surface structure and band position of photocatalyst and improve the ORR 

activity. The second is to render an alkaline reaction environment and change the 

reaction pathway (such as decomposition of H2O2) during the photocatalytic 

degradation over WO3. 

In addition to the photocatalytic degradation, the influence of alkaline 

environment on solar fuel production, i.e., photocatalytic H2 evolution and CO2 

reduction into hydrocarbon compounds, was studied in chapter 3 and 4. 

Chapter 3 Enhancement of H2 production in alkaline environment over 

plasmonic Au/TiO2 photocatalysts 

Plasmonic Au NP is a new type of visible light active photocatalyst. However, 

photocatalytic H2 production through plasmonic photocatalysis over Au NPs is still 

very inefficient to date. In the previous studies of electrocatalysis, Au is an excellent 

catalyst for the electrocatalytic oxidation of alcohols (methanol, ethanol, glycerol etc.) 

under alkaline environment.77 In this chapter, plasmonic photocatalysis successfully 

employed electrocatalytic methanol oxidation mechanism to improve the plasmon-

assisted H2 production over Au/TiO2 photocatalys in alkaline reaction environment. 
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The fast consumption of the holes in plasmonic Au NPs by methanol in alkaline 

reaction system is expected to effectively suppress the recombination of hot electrons 

and holes, leading to enhanced H2 production. 

Chapter 4 Photocatalytic CO2 reduction into CH4 over alkali modified TiO2 

without loading noble metal cocatalysts 

Due to the acidic nature of CO2 molecules, NaOH was loaded on the surface TiO2 

to promote the chemisorption and activation of CO2. In this chapter, NaOH was 

modified on TiO2 to enhance the photocatalytic conversion of CO2 into CH4.  

Chapter 5 Plasmon-mediated CO2 activation and conversion with active 

hydrogen source 

In view of the low efficiency of current water-based photocatalytic CO2 

conversion over semiconductor photocatalysts, new type of hydrogen source, H2 and 

CH4 were used to increase the CO2 conversion efficiency in chapter 5. Firstly, H2 was 

used for photo-induced CO2 conversion over Ru catalyst. Ru nanocatalyst has two 

predominant features, namely i) highly efficient utilization of solar light and excellent 

photothermal performance, and ii) unique activation ability for the hydrogenation of 

CO2 with H2 (downhill reaction). Photothermal CO2 conversion with H2 over Ru is 

expected to realize a much higher efficiency than conventional photocatalytic method 

using water as hydrogen source. Compared with H2, CH4 is a more promising 

hydrogen source for CO2 conversion (dry reforming of methane, DRM) due to an 

uphill reaction. Rh is the best catalyst in conventional thermal-driven catalytic DRM 

reaction. However, Rh did not show photoenhanced activity for DRM reaction. Au 

NPs were co-loaded with Rh NPs on SiO2 and served as plasmonic promoter of the 

catalyst to enhance the DRM reaction rate by visible light. 

Chapter 6 General Conclusion and Future Prospects 
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This chapter gives an overall summary and conclusions of achievements of this 

dissertation. The prospects for further work were also presented. 
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Chapter 2 Enhancement of photocatalytic activity 

for WO3 by NaOH loading 

 

2.1 Introduction  

Photocatalysis under visible light irradiation is regarded as a promising technology for 

the removal of indoor harmful organics because indoor illumination contains large amounts 

of visible light. At present, visible light active photocatalysts with higher activity is limited. 

WO3 is a simple binary-oxide semiconductor with high activity for photocatalytic O2 

evolution from an aqueous AgNO3 solution under visible-light.1, 2 However, its 

photocatalytic activity for gaseous organic contaminant decomposition is limited due to the 

low conduction band position.3 Although the Co-catalyst loading (such as Pt or Pd) is an 

effective method for higher activity,4, 5 the high cost of these precious metals limits the use 

of WO3 photocatalyst in large scale. In addition, these precious metals may deactivate 

easily by poisoning effect of sulphur-containing gases such as H2S and CH3SH in human 

living environments.6  

The addition of alkali hydroxide enhances the photocatalytic water-splitting property 

over Pt loaded TiO2- and SrTiO3-related materials.7-10 It is reported that the enhancement 

is attributed to the suppression of reverse reactions (2H2 + O2 = 2H2O) on the Pt surface by 

alkali addition.7, 11 However, this enhancement mechanism is not applicable for the case of 
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photocatalytic organic decomposition because the reaction system for water splitting 

differs greatly from that of organic decomposition. Furthermore, photocatalytic 

decomposition of gaseous organics in alkali condition has been scarcely studied. 

Wada et al. described that WO3, and acidic oxide, resolves easily in the solution with 

high NaOH concentration. This dissolution bring the challenge for the application of WO3 

in alkaline reaction condition.12 In this chapter, we examined photocatalytic activity of 

NaOH-loaded WO3 under visible-light irradiation. Results demonstrated that the NaOH 

(solid base)-loaded WO3 showed marked photocatalytic activity and high durability for 

gaseous organics decomposition. 

 

2.2 Experimental methods  

2.2.1 Photocatalysts preparation  

Powder of NaOH-loaded WO3 was prepared by the following method: 10 mL of an 

aqueous NaOH (Wako Pure Chemical Industries Ltd., Japan) solution (NaOH 

concentration: 20 g/L) and 4 g of monoclinic WO3 (Wako) were mixed on a mortar for 

over 30 min, and the mixed powder was dried in an oven at 343 K for 4-5 h. Finally, we 

obtained the sample, of which the mixing ratio of NaOH to WO3 was 5 wt% (NaOH: WO3 

= 5:100). Additionally, 25 wt%-NaOH-loaded WO3 was prepared by using this method. 

As a reference sample, 0.075 wt% of KOH-loaded WO3 powder was prepared using the 

method described in the earlier report. This powder was obtained by heating of the mixed 

KOH-WO3 powder at 723 K for 2 h.13 



Chapter 2 
 

32 

 

2.2.2 Sample characterization  

The prepared samples were characterized with an X-ray diffraction meter (XRD, 

X’pert Pro; PANalytical Co., Netherlands) with Cu Kα radiation. Using the Kubelka-Munk 

relationship, optical absorption spectra of the prepared samples were converted from their 

respective reflectance spectra, which were measured using a UV-Vis spectrophotometer 

(UV-2500PC; Shimadzu Corp. Japan). Results of valence-band X-ray photoemission 

spectroscopic data (VB-XPS) were obtained by measuring the samples using an X-ray 

photoelectron spectrometer (AXIS-HS; Shimadzu-Kratos Analytical Com., Japan) with an 

X-ray source of monochromatic Al. Binding energy was calibrated using C 1s peak with 

binding energy of 284.5 eV. 

2.2.3 Photocatalytic degradation in gas phase 

Photocatalytic activity at room temperature was evaluated from 2-propanol (IPA) into 

CO2 via acetone. Details of the evaluation method are the following: the powder sample 

with weight of 0.4 g spread evenly on the dish with the area of about 8 cm2. The dish was 

set on the glass reactor with a volume of 500 cm3. The inside atmosphere of the reactor 

was replaced with pure air. Furthermore, IPA gas was injected into the reactor. Then, the 

concentration of the IPA in the reactor was estimated as 700-800 ppm. Subsequently, the 

reactor was kept in the dark until the IPA gas reached the adsorption-desorption 

equilibrium state. Then, the reactor was irradiated with visible light (400 nm < λ < 530 

nm), which was emitted from a 300 W Xe lamp equipped with a water filter and glass filters 

of three kinds [UV-cutoff filter (Y-44), blue filter (B390), and IR cutoff filter (HA-30), 

Hoya. Corp., Japan]. The light intensity was about 1 mW cm-2, which was evaluated using 
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a spectroradiometer (UV-40, Ushio Inc., Japan). The IPA, acetone, and CO2 gases were 

measured using a gas chromatograph (GC-14B; Shimadzu) with flame-ionized detectors 

(FID) and a methanizer. The specific surface area was evaluated with a surface area 

analyzer (Gemini-2460; Micromeritics Instrument Corp., USA) using Brunauer-Emmett-

Teller (BET) method at 77 K. Furthermore, the areas were 5.8, 7.0, 8.6, and 4.5 m2/g, 

respectively, for pure WO3, 5wt%-NaOH-WO3, 25 wt%-NaOH-WO3, and 0.075 wt%-

KOH-WO3. 

 

2.3 Results and discussion 

2.3.1 Crystal structure 

Fig. 2.1 shows the XRD patterns of pure WO3 and 5 wt%-NaOH-loaded WO3. From 

the XRD results, the 5 wt%-NaOH-loaded WO3 mainly consists of monoclinic WO3 (PDF 

No. 43-1035). A small amount of crystallized Na2WO4·2H2O with orthorhombic structure 

(PDF No. 13-0431) also exists in the sample and should be formed from the reaction of 

NaOH with the surface layer of WO3.
13 
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Fig.  2.1.  XRD  patterns  of  pure  WO3 and  5  wt%  of  NaOH-loaded  WO3.  Arrows indicate the XRD 

pattern of Na2WO4·2H2O. 

2.3.2 Optical absorption property 

As described above, the new phase was formed on the sample (NaOH-loaded WO3) 

and this formation might affect the absorption property. Therefore, optical absorption 

spectra were measured using a UV-vis spectrophotometer. The optical absorption spectra 

of WO3 and the 5 wt%-NaOH-loaded WO3 are shown in Fig. 2.2. Both samples can absorb 

visible light well. Furthermore, the absorption spectrum of the NaOH-loaded WO3 slightly 

blue-shifted compared with that of WO3. This blue shift is possibly attributed to the change 

of surface structure that is induced by NaOH treatment. 

Next, the absorption properties were evaluated qualitatively to elucidate their 

differences in the properties. First, the band gaps were calculated from the onset absorption 

edges. The band gaps of pure WO3 and the NaOH-loaded WO3 were estimated, 
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respectively, as 2.6 and 2.7 eV. As a reference, the absorption spectrum of Na2WO4·2H2O 

was also measured and the band gap was about 4.8 eV. Its band gap is over 2 eV larger 

than that of the NaOH-WO3, and will not show the photocatalytic activity under visible 

light. 

 

Fig.  2.2.  Optical  absorption  spectra  of  WO3, 5  wt%  of  NaOH-loaded  WO3 and the reference sample 

Na2WO4·2H2O. 

2.3.3 Energy band alignment 

The band structure of a photocatalyst usually affects its photocatalytic activity. 

Therefore, information related to the band structure is important. Consequently, the 

potentials for top of the valence band (VB) for the samples were estimated. Then, the band 

structures were discussed using these estimated potentials and the band gaps. First, the 

potentials for top of the VB were estimated using VB-XPS technique. Fig. 2.3 presents the 

XPS spectra of the samples at around 0 eV in the binding energy. The result suggests that 
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the potential for the top of VB for the NaOH-loaded WO3 was 0.5 eV smaller than that for 

WO3. Furthermore, the potential for top of VB for WO3 can be estimated as +3.0 V (vs 

SHE) because the band gap of WO3 was 2.6 eV and its potential for bottom of CB was 

reported as +0.4 V (vs. SHE).14 Therefore, the potentials for the top of VB and bottom of 

CB for the NaOH-loaded WO3 were estimated as –0.2 and +2.5 V (vs. SHE), respectively. 

Based on these results, the energy band alignment can be depicted in Fig. 2.4. 

 

 

Fig.  2.3.  VB-XPS  spectra  of  WO3 and  5  wt%  of  NaOH-loaded  WO3. 
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Fig.  2.4. Schematic illustration of the proposed band structure of WO3 and 5 wt% of NaOH-loaded WO3. 

2.3.4 Photocatalytic activity and reaction mechanism 

Photocatalytic activity was evaluated from IPA decomposition into CO2 via acetone 

because IPA is a frequently used VOC in industry. First, we evaluated IPA decomposition 

into acetone by photogenerated holes at the initial reaction stage. Fig. 2.5 shows a change 

in concentrations of acetone generation in IPA decomposition between 0 and 2 h of visible-

light irradiation. Between 0 and 40 min, the acetone concentration over WO3 is almost 

equal to that over the NaOH-loaded WO3. Subsequently, however, pure WO3 was partially 

deactivated. The acetone concentration for WO3 is half that for the NaOH-loaded WO3 at 

2 h of light irradiation. This result suggests that the NaOH loading does not work as 

enhancement of WO3 photocatalytic activity itself. However, the loading functions as 

suppression of deactivation for WO3 activity. By further visible light irradiation, 
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intermediate acetone can be decomposed into the final product CO2 by photogenerated 

holes. The time dependence of changes of acetone and CO2 concentrations in Fig. 2.6 

shows more marked difference in the activity between WO3 and the NaOH-loaded WO3. 

For the NaOH-loaded WO3, acetone was mainly generated. The concentration of acetone 

generation increased linearly with irradiation time of 0-24 h. After about 24 h, the 

concentration of acetone in the gas phase decreased and CO2 concentration increased 

drastically and linearly, indicating that intermediate acetone was decomposed into CO2. 

Furthermore, after about 200 h of visible-light irradiation, the injected IPA was 

decomposed almost completely into CO2 by photogenerated holes for the NaOH-loaded 

WO3. For WO3, the concentrations of acetone and CO2 generation increased slowly with 

irradiation time. The concentrations were extremely low. When the photocatalytic activity 

of the NaOH-loaded WO3 is compared with that of pure WO3 using CO2 concentrations 

after 160 h, the activity of the NaOH (5 wt%)-loaded WO3 was over 120 times higher than 

that of pure WO3. Larger surface area contributed little to higher photocatalytic activity of 

5 wt%-NaOH-WO3 because the surface area of the 5 wt%-NaOH-WO3 (7.0 m2/g) was only 

1.2 times higher than that of pure WO3 (5.8 m2/g). The reason for this higher surface area 

is expected to be derived from the surface reaction of WO3 with NaOH. The NaOH-loaded 

WO3 shows much higher activity than WO3, which might be attributable to the ease of 

consumption for photogenerated electrons. Apparently, the reactions for consumption of 

photogenerated electrons on the NaOH-loaded WO3 should be different from those for 

WO3. For WO3, photogenerated electrons can be reacted with O2 through two-electron 

oxygen reduction (Eq. (3)), and H2O2 is formed.15 However, H2O2 is saturated quickly and 

the rate for H2O2 consumption is very slow (Fig. 2.6),15 indicating that H2O2 formation 
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almost stops on the WO3 after saturation. Because the other electron consumption cannot 

occur, little electron consumption occurs at H2O2 saturation. The accumulated 

photogenerated electrons will quickly deactivate WO3 by either the possible production of 

low valence state of W (+5) or the recombination with photogenerated holes. This lead to 

a short time activity of WO3 at just the initial stage of photoirradiation. 

 

 

Fig. 2.5. (a) Photocatalytic IPA decomposition into acetone at the initial stage and (b) photocatalytic  IPA 

decomposition  into  CO2 via  acetone  between  0  and  200  h under  visible-light  irradiation  over  WO3 

and  5  wt%  of  NaOH-loaded  WO3. 
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Fig. 2.6. Irradiation time dependence of amounts of H2O2 generation on WO3 and 5wt%-NaOH-loaded WO3. 

 

For the NaOH-loaded WO3, the electrons can be consumed by two-electron or even 

one-electron O2 reductions. As shown in Fig. 2.4, the negative shift of bottom of CB for 

the NaOH-loaded WO3 opens up possibility for one-electron O2 reduction (Eqs. (1) and 

(2))5 and also increases the overpotential (the driving force of reaction) for two-electron O2 

reduction. Therefore, one-electron O2 reduction may occur. The rate of this reduction is 

regarded as much higher than that of the two-electron oxygen reduction (Eq. (3)) reaction,16 
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leading to higher activity of the NaOH-loaded WO3. Aside from one-electron O2 reduction, 

two-electron O2 reduction (Eqs. (3) and (5)) is expected to occur on the NaOH-loaded 

WO3. For the reduction described in Eq. (3), one must consider whether H2O2 is saturated 

on the surface of the NaOH-loaded WO3. This is because H2O2 saturation decreases the 

photocatalytic activity easily and heavily, just as WO3. However, under alkaline 

environment, H2O2 becomes more reactive. It is rapidly decomposed into reactive OOH- 

(Eq. (4) and (7)), which further reacts with the photoexcited electrons (Eq. (5)). Therefore, 

for NaOH-loaded WO3, H2O2 can be consumed more easily via Eqs. (4)-(6).17 The rate of 

consumption of H2O2 for NaOH-loaded WO3 is expected to be much higher than that for 

pure WO3, leading to higher activity of NaOH-loaded WO3. This expectation is supported 

by measurement of the H2O2 amount on the photocatalyst surface, i.e., the amount of H2O2 

on the NaOH-WO3 was much smaller than that on pure WO3. 

As described above, the 5 wt%-NaOH-loaded WO3 showed relatively high activity. 

Furthermore, a larger amount of NaOH-loaded sample, 25 wt%-NaOH-loaded WO3 

showed visible-light sensitivity and relatively high activity (Fig. 2.7). Its activity resembles 

the activity of 5 wt%-NaOH-loaded WO3. In addition, 25 wt%-NaOH-loaded WO3 

consisting of WO3, Na2WO4, and NaOH shows stable photocatalytic performance for a 

long time and repeated test. Based on this result, we found that the photocatalyst maintains 

its relatively high activity for about 3 months. Furthermore, if 1 mol of IPA (C3H8O) is 

considered to be decomposed into 3 mol of CO2 by 18 holes (Eq. (8)), the turnover number 

(TON) of this photocatalyst became about 1.1 after the eighth run of the photocatalytic 

repeated tests. Therefore, we conclude that the IPA decomposition over the NaOH-loaded 

WO3 should be regarded as a genuine photocatalytic reaction. 
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Fig. 2.7. (a) XRD patterns of 25 wt% of NaOH-loaded WO3. Closed square: orthorhombic Na2WO4 •2H2O 

(PDF: 13-0431); Closed circle: cubic Na2WO4 (PDF: 12-0772). The XRD data indicates that the 25 wt% of 

NaOH-WO3 were composed of WO3, orthorhombic Na2WO4•2H2O, and cubic Na2WO4. (b) VU-vis spectra, 

and (c) repeated tests for photocatalytic decomposition of IPA into CO2 over 25 wt% of NaOH-loaded WO3 

under visible-light irradiation. 600-800 ppm of IPA gas in every turn except for the second run was injected 

into the reactor. In the second run, 860 ppm of IPA was injected. 

 

The results of the activity and heating temperature reported herein completely differ 

from those of previously reported study by Aminian et al.13 In that study, 5 wt% of alkali 

loading at 723 K was too large. In addition, loading of too much alkali hydroxide cannot 

enhance the photocatalytic activity of WO3 because of the complete phase transition and 

morphology changes from nanoparticles into nanorods. Furthermore, 0.075 wt%-KOH-

loaded WO3 prepared at 723 K reportedly showed the highest activity among the KOH-

loaded WO3 samples, with loading amounts of 0-5 wt% reported for their study. Therefore, 

we prepared 0.075 wt%-KOH-loaded WO3 as a reference sample and compared its 

photocatalytic activity with the activity of our 5 wt% of NaOH-loaded WO3 to elucidate 

the activity difference between this study and the previously reported studies. Fig. 2.8 
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shows the time dependence of change of CO2 generation in IPA decomposition under 

visible-light irradiation in the presence of some photocatalysts. Indeed, IPA can be 

decomposed by photocatalysis of 0.075 wt%-KOH-loaded WO3. However, the activity for 

the 0.075 wt%-KOH-loaded WO3 was over four times lower than that for the 5 wt%-

NaOH-loaded WO3 when the activity was evaluated from concentrations of CO2 generation 

after about 160 h of light irradiation. Since the morphology changes were reported to lead 

to decrease in the activity as described above,13 the morphology of pure WO3 and these 

two alkali-treated WO3 was measured using SEM, which revealed no marked difference 

(Fig. 2.9). These three samples were composed entirely of nanoparticles, indicating that 

morphology changes that led to decreased activity did not occur by 5 wt%-NaOH-loading 

at 343 K. Namely, results show that 5 wt%-NaOH-loading at low temperature did not 

change the morphology. In addition, because a larger amount of alkali loading can promote 

decomposition of H2O2, the 5 wt%-NaOH-loaded WO3 can show higher activity than the 

0.075 wt%-KOH-loaded WO3. Aside from these factors, the larger surface area contributed 

slightly to higher activity of the 5 wt%-NaOH-loaded WO3. The activity for the 0.075 wt%-

KOH-loaded WO3 annealed at 723 K was reportedly much higher than that for 5 wt% of 

KOH-loaded WO3 at 723 K. Therefore, it can be inferred that 5 wt%-NaOH-loaded WO3 

heated at 343 K shows much higher activity than 5 wt%-KOH-loaded WO3 at 723 K with 

phase-transferred nanorods. From these results, we infer that the heating temperature is 

also an important factor for higher activity. Furthermore, we concluded that the loading 

amount of NaOH should be large (5-25 wt%). The loaded sample should be dried at low 

temperature, such as 343 K and room temperature, for the development of NaOH-loaded 

WO3 with higher activity. 
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Fig. 2.8. Photocatalytic IPA decomposition into CO2 under visible-light irradiation over WO3, 5 wt% of 

NaOH-loaded WO3, and 0.075 wt% of KOH-loaded WO3. 

 

 

Fig. 2.9. SEM images of the prepared samples. (a) WO3, (b) 5 wt%-NaOH-loaded WO3, (c) 0.075 wt%-

KOH-loaded WO3, and (d) 25 wt%-NaOH-loaded WO3. 
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2.4 Conclusions  

We developed 5 wt%-NaOH-loaded WO3 sample, which was prepared by drying the 

mixture of NaOH and WO3 at 343 K. This sample showed marked photocatalytic activity 

for IPA decomposition into CO2 under visible light irradiation. The activity of this sample 

was 120 times higher than that of pure WO3. This higher activity might derive from 

effective consumption of photogenerated electrons for the NaOH-loaded WO3, judging 

from the initial stage of IPA decomposition and stable photocatalytic performance of the 

NaOH-loaded WO3. IPA is mainly decomposed by photogenerated holes. However, if 

photogenerated electrons do not consume well, then recombination between holes and 

electrons occurs easily, leading to deactivation or low activity of the photocatalyst. 

Therefore, consumption of electrons is extremely important. For pure WO3, electrons are 

first consumed through two-electron O2 reduction and H2O2 forms. H2O2 cannot be 

decomposed well and saturated on the surface, leading to decrease in the activity. However, 

for NaOH-loaded WO3, electrons can be consumed by two reactions including one-electron 

and two-electron O2 reduction. For two-electron O2 reduction, H2O2 may form, but this 

H2O2 is decomposed more easily because H2O2 becomes reactive in alkali conditions. For 

one-electron O2 reduction, H2O2 does not form and accumulate on the surface, leading to 

maintenance of its activity. Additionally, results show that the activity of NaOH (solid 

base)-loaded WO3 is affected strongly by heating temperature and loading amount of 

NaOH. Low heating temperature and a large loading amount engender higher 

photocatalytic activity. The 5 wt% of NaOH-loaded WO3 heated at 343 K for this study 

showed over four times higher activity than the 0.075 wt%-KOH-loaded WO3 described in 

the earlier report. In addition, 25 wt%-NaOH-loaded WO3 showed relatively high 
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photocatalytic activity and retains its photocatalytic activity for about 3 months. Based on 

these results, we conclude that solid-base loading is a promising method for the 

development of stable photocatalysts with high activity. 

In addition to the photocatalytic degradation, an alkaline reaction environment is also 

favorable for photocatalytic H2 production and CO2 reduction as shown in chapter 3 and 4. 
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Chapter 3 Enhancement of H2 production in 

alkaline environment over plasmonic Au/TiO2 

photocatalysts 

 

3.1 Introduction  

Photocatalytic H2 production is an important subject in solar fuel production. Of 

particular interest in the recent years is to use the alkaline environment to realize highly 

efficient H2 production in aqueous system containing alcohol (as sacrificial reagent) over 

conventional oxide or sulfide semiconductors under visible light.1, 2 This reaction involves 

the photooxidation of alcohols by the valence band holes and the photoreduction of protons 

by conduction band electrons. The enhanced photocatalytic H2 production in alkaline 

environment is generally considered to benefit from the non-Nernstian dependence of the 

band edges shift of semiconductors on the pH of reaction system (i.e., slope ≠ -0.059 

V/pH).1, 2 

Plasmonic photocatalysis is the cutting-edge research field of visible-light 

photocatalysis and has found extensive applications in H2 production, environmental 

remediation, and organic transformation in the past few years.3-7 The redox ability of 

plasmonic photocatalysts originates from the surface plasmonic resonance (SPR).7 Au 

nanoparticles (NPs) are the most popular and widely used visible-light harvesting 



Chapter 3 
 

49 
 

plasmonic photocatalysts up to now. The lifetime of the hot electrons in the SPR process 

of Au NPs is very short (in the timescale of 10-3 ns).8, 9 Therefore, plasmonic Au NPs are 

often used in conjunction with a semiconductor (such as TiO2). The ultrafast hot electrons 

injection from Au NPs to semiconductor can effectively extended the lifetime of the hot 

electrons (in the timescale of 100 ns) to favor the photocatalytic reactions.8, 10, 11 On the 

basis of the current understanding of electron transfer mechanism in plasmonic 

photocatalysis,11, 12 the redox process of H2 production through plasmonic photocatalysis 

can be schematically shown in Fig. 3.1. Although plasmonic photocatalysis provides an 

alternative approach for visible-light H2 production, the performance is still far less 

satisfactory when compared with the achievements of conventional semiconductor 

photocatalysis.13, 14 This is basically because the lifetimes of hot electrons through SPR 

excitation in Au NPs  or Au/TiO2 system is still much shorter than that of the exited charge-

carriers in semiconductors (e.g., TiO2, > 103 ns),15 implying that the recombination of e-/h+ 

in plasmonic Au NPs is much more frequent than semiconductors. Therefore, to suppress 

the recombination of hot electrons and holes in Au NPs is crucial to enhance the efficiency 

of plasmonic photocatalysts. 

 

Fig. 3.1. Schematic process of H2 production through plasmonic photocatalysis. 
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Herein, the alkaline environment is employed to enhance the H2 production over 

plasmonic Au/TiO2 photocatalysts. This work was inspired by the growing awareness of 

the vital role of an alkaline environment for noble metal Au as well as Pt and Pd in showing 

their excellent electrocatalytic alcohols oxidation performance.16-22 Among these noble 

metal electrocatalysts, Au is a lucky one having photocatalytic performance because of its 

distinctive SPR effect in the visible light range. It is reasonable that the 

mechanism of electrocatalytic redox reaction over Au can provide inspiring knowledge to 

Au-based plasmonic photocatalysis. This is essentially determined by the identical physical 

nature in both processes, that is, the former process is driven by the externally applied bias 

and the latter is driven by the photovoltaic effect of exited Au SPR. In this work, plasmonic 

photocatalysis successfully drew the lessons from electrocatalytic methanol oxidation 

mechanism to improve the plasmon-assisted H2 production over Au/TiO2 photocatalysts. 

It is proposed that, in alkaline reaction system, the fast consumption of the holes in 

plasmonic Au NPs by methanol effectively suppress the recombination of hot electrons 

and holes, leading to enhanced H2 production and the high apparent quantum efficiency 

(AQE). 

3.2 Experimental methods  

3.2.1 Photocatalyst preparation  

Two types of classic Ti-based photocatalytic materials, TiO2 (commercial P25) and 

SrTiO3 (STO) were used as supports of Au NPs in this work. The large difference of their 

conduction band positions (nearly 1 eV)23, 24 can help us estimate to what extent the band 

edge positions of a semiconductor support will influence the performance of plasmonic 
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photocatalyst (as discussed below). The plasmonic Au/P25 and Au/STO composite 

photocatalysts were prepared by conventional deposition-precipitation method.3-5, 25 The 

detailed preparation process of STO and the deposition-precipitation method refer to 

previous report.4  

STO nanoparticles were prepared with a modified PC method.4 In brief, 2.88 ml 

Ti(OC4H9)4 (Wako, min. 95.0%) was dissolved in 10 ml 2-methoxyethanol, denoted as 

solution A. Then, 2.18 g SrCl2•6H2O (Wako, min. 99.0%) was dissolved in 10 ml 2-

methoxyethanol, denoted as solution B, and 30 g citric acid (CA, Wako, min. 98.0%) was 

dissolved in 30 ml 2-methoxyethanol with heating, denoted as solution C. Solutions A and 

B were mixed and stirred for 0.5 h to obtain a sol. This sol was transmitted to solution C 

and continually stirred for 10 min. After that, 5 ml dehydrated ethylene glycol (EG, Wako, 

min. 99.5%) was added. The mixture was then heated to 125 °C at an increasing rate of 1 

°C min-1 and maintained for 20 h to evaporate the 2-methoxyethanol solvent. Subsequently, 

polymerization was carried out at 130 °C for another 20 h. The obtained brown resin was 

cooled to room temperature. Finally, the resin was heated in a stove at 300 °C for 3 h and 

calcined at 500 °C for 5 h at an increasing rate of 1 °C min-1. Organic frames were 

completely removed by calcination at 500 °C, The resulting white powder was denoted as 

STO. 

A series of Au/STO photocatalysts with different loadings (0.49-3.0%) were prepared 

with deposition–precipitation method by using urea (CO(NH2)2, Wako, min. 99.0%) as the 

precipitating base, which permits the gradual and homogeneous addition of hydroxide ions 

throughout the whole solution. In general, 1.0 g of STO was added to 100 ml of an aqueous 

solution of HAuCl4 (6.2×10-4 M, Wako, min. 99.0%) and urea (0.19 M). The suspension 
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maintained at 80 °C was vigorously stirred for 4 h (pH increases), then centrifuged, washed, 

dried, and calcined at 400 °C for 4 h. The reference sample Au/Pt/SiO2 was prepared by 

impregnation of SiO2 powder (Wako, catalogue No. 192-09071) in precursor solution 

containing HAuCl4 and H2PtCl6. After dried at 70 °C, the samples were heat treated in 400 

°C for 4 hours and reduced by H2 reduction at 200 °C for 2 hours. 

3.2.2 Sample characterization  

UV-vis diffusion reflectance absorption spectra were measured by Shimadzu UV-2600 

spectrophotometer. The loading amounts of Au on P25 TiO2 or STO were analyzed by 

inductively coupled plasma optical emission spectrometry (ICP-OES, SPS3520UV-DD, 

SII nano technology Inc., Japan). Other basic characterizations and related results refer to 

previous report.4 

3.2.3 Photocatalytic H2 evolution  

The photocatalytic H2 evolution was carried out in a Pyrex glass reaction cell 

containing 50 ml CH3OH and 220 ml H2O. 25 mg of photocatalyst (loading 5 wt% Pt as 

cocatalyst by 2 hours’ photodeposition under UV light from 300 W Xenon lamp) was used 

in each reaction. The pH of solution was adjusted by NaOH. The reaction cell was 

connected to a gas-closed system with a gas-circulated pump. A 300 W Xenon lamp 

equipped with L42 cutoff filter was used as the visible-light source (λ > 400 nm) of 

photocatalytic reaction. In the measurement of apparent quantum efficiency (AQE), a 

series of interference filters (418.5, 440.6, 500.3, 518.7, 548.1, 597.7, and 660.7 nm) were 

used to obtain monochromatic light. Water filter cooling was applied to avoid the crack of 

the interference filters. The intensity of incident monochromatic light was measured by a 
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spectroradiometer (Ushio, USR-40, Japan). The evolved H2 was analyzed by an online gas 

chromatograph (GC-8A; Shimadzu Corp., Japan) equipped with a thermal conductivity 

detector. The AQE of each monochromatic light was calculated by the equation: AQE = (2 

× the number of H2 molecules/the number of incident photons) × 100%. 

3.2.4. Photoelectrochemical measurements 

Since the photooxidation reaction over plasmonic Au NPs is essentially an 

electrocatalytic process driven by the photovoltaic effect of exited Au SPR, plasmonic 

photooxidation of methanol will reasonably undergo an identical mechanism with the 

electrocatalysis towards methanol oxidation. The plasmonic Au/semiconductor/Pt system 

(Fig. 3.1) is equivalent to a nano photoelectrochemical system where the semiconductor 

supported Au and Pt NPs respectively serve as photoanode and photocathode. 

Photoelectrochemical measurement is used to simulate the reaction process of plasmonic 

photocatalysis. 

Photoelectrochemical measurements were carried out using three-electrode mode on 

electrochemical station (ALS/CH model 650A). A platinum foil was used as counter 

electrode and Ag/AgCl electrode was used as the reference electrode. The electrolyte was 

same as photocatalytic reaction solutions (50 ml CH3OH and 220 ml H2O) and the pH was 

adjusted by NaOH. The working electrodes were fabricated by spin-coating method on 

ITO conductive glass with an area of 1 cm-2. 10 mg of 1.2 wt% Au/P25 was firstly 

suspended in 20 ml of ethanol (95%) by ultrasonic dispersion. The suspension was spin-

coated on an ITO substrate with a rate of 800 rpm for 30 s. This process was repeated for 

20 times. Before measurements the films were dried at room temperature and then calcined 

at 400 °C for 1 h (heating rate 5 °C min-1). The P25/ITO film was prepared by the same 
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procedure. The photocurrent (I-t curve) was measured at 1.1 V vs. RHE, and a 500 W 

Xenon lamp equipped with L42 cutoff filter was used as the visible light source.  

 

3.3 Results and discussion 

3.3.1 Sample characterization and photocatalytic activity 

The loading amounts of Au for different samples were determined by ICP-OES 

method. Thus obtained Au NPs have relatively uniform particle size distribution (3-5 nm, 

see TEM images in Fig. 3.2 and related references).4, 25 The UV-Vis spectra of Au/P25 and 

Au/STO showed that the SPR of Au NPs induced a wide photoabsorption in visible light 

range (Fig. 3.3) with the peak centered at ~550 nm. Pt was used as H2-evolution cocatalyst 

prepared by photodeposition method (Fig. 3.4). The performance of H2 production of 1.2 

wt% Au/P25 loaded with Pt cocatalyst at various pH values was measured under visible 

light (Fig. 3.5). When the pH value is lower than 13, only a trace amount of H2 evolution 

was found over Au/P25 photocatalysts. However, the H2 production rate was remarkably 

enhanced when the pH value reached 14. In 5 M NaOH solution, the H2 production rate 

achieved more than 200 μmol h-1. Similar results were also obtained over Au/STO samples 

(Fig. 3.6). Activities of the samples with different Au loading amounts on P25 and STO 

were also measured at pH 14 (Fig. 3.7). The optimized Au loading amount was ~0.5 wt%, 

indicating that effective H2 production can be realized in alkaline reaction environment by 

sensitizing TiO2 or STO with tiny amount of plasmonic Au NPs. However, the reason for 

this optimized loading amount is not clear at the present stage. The photocatalysts also 

showed stable photocatalytic activity in alkaline environment. H2 production almost kept 
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a linear increase after overnight reaction over Au/P25 sample (Fig. 3.8). Control 

experiment using 0.9 wt% Au/3.6 wt% Pt/SiO2 did not lead to H2 evolution at pH 14, 

implying that a semiconductor support is important to realize the separation of hot electrons 

to drive the photocatalytic reactions. In addition, control experiment using 0.25 wt% 

Au/P25 without Pt cocatalyst in pH 7 and 14 just produced a trace amount of H2 within 6 

hours. Such H2 production amount is lower than the detection limit of gas chromatograph 

unless the photocatalytic reaction can be further prolonged. As far as we know, the H2 

production activity measured in alkaline environment by this work is obviously higher than 

the recent reports on plasmon-assisted H2 production. The AQE of H2 production over 0.42 

wt% Au/P25 photocatalysts was measured in the visible light range at pH 14 (Fig. 3.9). It 

was observed that the AQE increased linearly from 0 to 6% with the decrease of 

wavelength from 730 to 420 nm, indicating that the photocatalytic reaction in alkaline 

environment can be initiated by almost the whole range of visible light photons. AQE 

measurement over 0.49 wt% Au/STO showed a similar trend (Fig. 3.10). It can be easily 

speculated that the level of AQE will be further improved at higher pH values than 14. 

 

 

Fig. 3.2. TEM images of Au/P25 photocatalyst. 
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Fig. 3.3. UV-vis spectra of a) Au/P25 and b) Au/STO. 

 

 

Fig. 3.4. H2 production during the photodeposition of 5 wt% Pt on a) P25 and b) STO under UV light from 

300 W Xenon lamp. The deposition of Pt finished within ~0.5 hour on P25 and ~1 hour on STO.  
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Fig. 3.5. (a) H2 production over 1.2 wt% Au/P25 at varied pH values under visible light irradiation (300 

W Xenon lamp with L42 cutoff filter, λ > 400 nm). (b) H2 production rates in (a).  

 

Fig. 3.6. (a) H2 production over 1.1 wt% Au/STO at varied pH values under visible light irradiation (300 W 

Xenon lamp with L42 cutoff filter, λ > 400 nm). (b) H2 production rates in (a). The photocatalytic H2 

production was carried out in a Pyrex glass reaction cell containing 50 ml CH3OH and 220 ml H2O. 25 mg 

of photocatalyst (loading 5 wt% Pt as cocatalyst by 2 hours’ photodeposition under 300 W Xenon lamp) was 

used in each reaction. The pH of solution was adjusted by NaOH. 
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Fig. 3.7. H2 evolution over (a) Au/P25 and (c) Au/STO with different Au loading amounts at pH 14 under 

visible light irradiation (λ > 400 nm). H2 production rates of (b) Au/P25 and (d) Au/STO in (a) and (c).  

 

 

Fig. 3.8. Long-term H2 evolution over 0.25 wt% Au/P25 at pH 14 under visible light irradiation (λ > 400 nm).  
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The hot electrons in a plasmonic nanometal can be generated through both the 

intraband (between the Fermi level and sp conduction band) and interband transitions 

(between d band and sp conduction band) during the SPR decay.8, 11 The contributions of 

intraband and interband transitions to a typical UV-Vis spectrum of ordinary Au NPs 

without special nanostructures are schematically shown in Fig. 3.9b.26-28 It is noteworthy 

that the AQE profile is in a perfect agreement with photoabsorption through interband 

transition of Au NPs, which is similar to our previous report.4 This result can be possibly 

explained from two aspects. On one hand, the oxidation ability of Au originates from the 

ionization of Au NPs (transient generation of Au+) in SPR process.3, 8, 29 

Quantitative investigation using nanosecond pulse-laser has evidenced that the ionization 

of Au NPs is mainly contributed by the interband excitation.27 Therefore, the interband 

excitation can be directly correlated with the photooxidation ability of Au NPs to methanol. 

On the other hand, seeing from the energy band alignment, the d band is lying lower than 

Fermi level of gold.8 This means that the potential of the holes formed by interband 

transition should be more positive than that formed by intraband transitions and the former 

should have stronger photooxidation ability to methanol. These facts indicate that interband 

transition plays more dominative role in the photooxidation process than intraband 

transition, which will be finally reflected on the feature of AQE. 
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Fig. 3.9. (a) The apparent quantum efficiency of H2 evolution over 0.42 wt% Au/P25 photocatalysts in 

the visible light range. Reaction was carried out under pH = 14. (b) The schematic absorption spectrum 

of Au NPs (black line). The spectrum consists of the absorptions from both intraband and interband 

excitation. 

 

Fig. 3.10. The apparent quantum efficiency of H2 evolution over 0.49 wt% Au/STO photocatalysts in 

the visible light range. Measurement was carried out at pH 14 using monochromatic light. 

 

STO support has a much more negative conduction band level than P25 TiO2 and will 

render higher reduction potential to the separated hot electrons from Au NPs for proton 

reduction. This indeed contributed subtle H2 production to Au/STO in comparison with 
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only trace amount of H2 evolution over Au/P25 at low pH range (Fig. 3.5 and Fig. 3.6). 

However, this enhancement is almost negligible when compared with the enhanced H2 

production by increasing the pH value for each sample (Fig. 3.5 and Fig. 3.6). In fact, 

Au/P25 showed higher activities than Au/STO at high pH range. Therefore, the mechanism 

of the enhanced H2 production over semiconductor photocatalysts (non-Nernstian shift of 

band edges)1 is not completely applicable to explain how the alkaline environment 

enhanced the H2 production over plasmonic Au/TiO2 photocatalysts. We speculate that the 

alkaline environment may exert direct influence on the surface redox reaction. Because the 

proton reduction will be generally suppressed in concentrated alkaline environment, it is 

very likely that the alkaline environment enhanced the methanol photooxidation by the 

holes in the plasmonic Au NPs. Actually, the electrocatalytic oxidation of alcohols 

(methanol, ethanol, glycerol etc.) over Au can only readily occur under alkaline 

environment, whereas under acidic and neutral conditions the reaction becomes 

significantly sluggish.16-20 Koper and co-workers proposed that the alkaline environment 

dominated the main process of alcohols oxidation over Au electrode which involved two 

deprotonation steps, including a “base-catalyzed” step to produce reactive alkoxide at high 

pH values and a further “gold catalyzed” step for alkoxide oxidation.16 The oxidation 

behavior of these alcohols generally varies in a highly nonlinear fashion with pH, showing 

a highly consistent trend with the variation of photocatalytic H2 production rate with pH in 

this work. 

3.3.2 Photoelectrochemical measurements 

The (photo)electrochemical analysis is a powerful tool to simulate the microscopic 

electron transfer mechanism and provide the information related to the surface chemical 
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reaction pathway in a photocatalytic reaction.1, 2, 30, 31 Photoelectrochemical measurements 

in this work further provided conclusive evidences for the above mentioned interpretations. 

The working electrodes were fabricated by spin-coating the well dispersed Au/P25 or pure 

P25 suspension on ITO substrates followed by a heat treatment at 400 °C. Under the dark 

condition, the Au NPs on the photoanode just served as electrocatalysts and there was a 

sudden increase of the dark current when the pH reached 14 (Fig. 3.11a). This result 

showed a consistent conclusion with the previous electrocatalytic studies, confirming that 

alkaline environment can effectively enhance the methanol oxidation over Au.16-20 An 

obvious inflection point at pH 14 was also observed in the photoresponse of Au/P25 film 

(Fig. 3.11b), clearly showing that, under alkaline environment, enhanced photooxidation 

of methanol was achieved by the SPR excitation of Au NPs to realize the solar-to-chemical 

energy conversion. Pure TiO2 is incapable of effectively driving the methanol oxidation 

electrocatalytically or photocatalytically under visible light, leading to negligible current 

responses in control experiments (Fig. 3.11). For Au/TiO2 composite, the injected hot 

electron to TiO2 will decay back to the Au NPs just after ~1.5 ns to recombine with a hole 

if no donor can be timely consumed on Au NPs.8, 10, 11 The fast photooxidation of methanol 

enhanced consumption of the holes in plasmonic Au NPs and suppressed the recombination 

of e-/h+ pairs, resulting in effective regeneration of hot electrons for photocatalytic H2 

production. 
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Fig. 3.11. Photoelectrochemical methanol oxidation of Au/P25 and P25 electrodes at varied pH values. 

(a) Dark current density and (b) photoresponse measured at 1.1 V vs. RHE. The value of photoresponse 

here is obtained by subtracting the dark current from the total photocurrent (schematically shown in Fig. 

3.12). The electrolyte is same as photocatalytic reaction solution and the pH was adjusted by NaOH. A 

500 W Xenon lamp equipped with L42 cutoff filter was used as the visible light source. 

 

 

Fig. 3.12. Schematic relationship among photoresponse, total photocurrent and dark current. The dark 

current is caused by electrooxidation of methanol over Au NPs without light illumination, and the 

photoresponse refer to the net current caused by the photooxidation of methanol over plasmonic Au 

NPs. 

 



Chapter 3 
 

64 
 

Conclusions 

In summary, alkaline environment modulation remarkably boosts H2 production over 

plasmonic Au/TiO2 photocatalysts and achieves exceptional performance. This strategy 

could be universally applicable to the generation of hydrogen from aqueous system 

containing a variety of alcohols. The fast photooxidation process effectively accelerates 

the consumption of holes in Au NPs and improve the AQE of plasmonic photocatalysis. In 

view of the growing importance of solar-to-chemical energy conversion, this is in particular 

attractive for the solar fuel production from photoreforming of polyhydroxy biomass over 

Au-based plasmonic photocatalysts under visible light. This work also hints that 

electrocatalytic reactions over gold are transplantable for their applications in plasmonic 

photocatalysis. 
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Chapter 4 Photocatalytic CO2 reduction into 

CH4 over alkali modified TiO2 without loading 

noble metal cocatalysts  

 

4.1 Introduction  

Photocatalytic conversion of CO2 into valuable hydrocarbon compounds over 

photoexcited semiconductor mimics the photosynthesis of green plants through the 

reduction of CO2 by water using solar energy. Such artificial photosynthesis provides a 

sustainable way for carbon cycle and has potential significances in solving energy and 

environment issues up to date. Photocatalytic CO2 reduction involves multiple reaction 

steps to produce useful carbon sources such as CO, HCOOH, HCHO, CH3OH, and 

CH4, varying with the degree of H+/e- transfer.1 As the most abundant and stable 

oxidized form of carbon, CO2 is difficult to be activated.2 Activation of CO2 is the most 

challenging step for CO2 conversion. Noble metals (Pt, Rh, Au, etc.) with large work 

functions are excellent cocatalysts on semiconductor photocatalysts as electron sink to 

promote multielectron transfer process as well as the reaction rate.3 As a consequence, 

noble metal cocatalysts are strongly relied for photocatalytic CO2 conversion into 

hydrocarbon compounds. 

Surface chemistry of CO2 demonstrated that adsorption of CO2 molecules on the 

surface of metal or oxide is usually accompanied with activation processes. Compared 

with the normal molecule, CO2 in chemisorption state (mainly carbonate and/or CO2
- 
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anion) has a bent O-C-O bond angle and decreased LUMO which will favor the charge 

transfer from photo-excited semiconductor to the surface adsorbed CO2 molecules.4, 5 

Therefore, photocatalytic CO2 (an acidic molecule) reaction rate can be enhanced by 

coloading of both basic metal oxides and noble metal as is reported very recently.6 

However, additional pressure is still needed to increase the surface fixation of CO2 on 

photocatalysts for a relatively high production rate of reduction products. Therefore, 

effective CO2 activation and conversion method, especially noble metal free method, is 

in an urgent need. In this work, the effect of alkali modification on photocalytic CO2 

conversion was investigated. Direct photocatalytic reduction of CO2 into CH4 was 

found over NaOH/TiO2 photocatalyst without loading any noble metal cocatalysts. The 

enhanced CO2 chemisorption may simultaneously play an important role for the 

effective activation of CO2. 

 

4.2 Experimental methods  

4.2.1 Photocatalyst preparation  

The NaOH/TiO2 composites were prepared by impregnation of TiO2 

(commercial ST01, anatase form, mean particle size: 5 nm) in aqueous solution 

containing quantitative NaOH (1, 3, 5, and 7 wt%). The photocatalysts were readily 

obtained after drying in vacuum oven at 70 oC. 

4.2.2 Sample characterization 

X-ray diffraction (XRD) patterns were recorded on an X-Pert diffractometer 

equipped with graphite monochromatized Cu-Kα radiation. The specific surface areas 

were determined with a surface area analyzer (BEL Sorp-II mini, BEL Japan Co., 
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Japan) by the Brunauer-Emmett-Teller (BET) method. Transmission electron 

microscopy (TEM) images were taken by a field emission transmission electron 

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

spectra of catalysts were measured by UV-visible spectrophotometer (UV-2500PC, 

Shimadzu Co., Japan). Surface chemical analysis was performed by X-ray 

photoelectron spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI Inc., Japan). A 

Fourier transform-infrared (FT-IR) spectrophotometer (IR Prestige-21, Shimadzu Co., 

Japan) was utilized to obtain IR absorption spectra. In-situ FT-IR (FT-IR-6300, JASCO 

Inc.) measurement was carried out to investigate the mechanism of CO2 conversion. 

4.2.3 Photocatalytic CO2 conversion 

The gas phase photoreduction reaction was carried out in a closed circulation 

system equipped with a vacuum line. The NaOH-TiO2 photocatalyst (0.08 g) was 

dispersed uniformly on a quartz fiber filter with the area of 7 cm2. The quartz fiber filter 

film is fixed on the stage inside the reaction cell. 2 ml of water was injected into the 

system as reducer. The system was vacuumed and then 80 kPa of CO2 was introduced. 

A 300 W Xe lamp was employed as light source. 

The contents of CO2, CO and CH4 in the reaction system were sampled and 

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

ionization detector (FID) according to the standard curves. The contents of H2 were 

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

according to the standard curve. Isotope experiments were performed by gas 

chromatography-mass spectrometry (GC-MS, JMS-K9, JEOL Co., Japan). The 

apparent quantum efficiency was calculated as following equation,  

AQE = N(CH4)×8/N(Photons)×100%  
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in which N(CH4) and N(Photons) signify the molecular number of generated CH4 in 

unit time and the number of incident photons in unit time, respectively. 

 

4.3 Results and discussion 

4.3.1 Photocatalytic activity and sample characterization 

Photocatalytic CH4 evolution was fundamentally improved after loading NaOH. 

With increase of the NaOH loading amount, the evolution amount of CH4 increased 

firstly and then decreased (Fig. 4.1a). The optimized loading amount of NaOH was 3 

wt% and the corresponding sample generated 52 μmol/(g cat.) CH4 within the first 6 

hours’ reaction (Fig. 4.1b). The AQE of CH4 formation at the wavelength of 367.9±10 

nm is 0.34%. TiO2 loaded with 3 wt% NaOH also obtained the best activity for H2 

evolution. Since the present modification of NaOH (TEM image in Fig. 4.2a) did not 

cause any obvious change in the crystal structure (XRD patterns in Fig. 4.2b), band gap 

(UV-vis diffused reflectance spectra in Fig. 4.2c), and band position (Valence band-

XPS in Fig. 4.2d) of TiO2, some other reasons from surface or surface reaction 

environment should be responsible for the enhanced CO2 conversion. Because of the 

acidic nature of CO2 molecules, increasing the loading amount of strong alkali will 

favor the surface fixation of CO2 for the subsequent photoreduction. However, 

encapsulation by NaOH also induced the aggregation of TiO2 nanoparticles and thus 

decreased BET surface area of composite photocatalysts. It is reasonable that the 

optimized loading amount of NaOH (3 wt%) keeps a good compromise between the 

CO2 chemisorption and the surface area of catalyst for heterogeneous CO2 

photoreduction (Fig. 4.3). Isotope experiments using 13CO2 and D2O as substrate lead 
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to the formation of 13CH4 and CD4 methane, showing that the carbon and hydrogen 

source of reduction products come from carbon dioxide and water (gas chromatogram 

and mass spectra in Fig. 4.4 and 4.5). 
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Fig. 4.1. (a) Time course of CH4 evolution and (b) evolution amounts of CH4 and H2 in the first 6 hours’ 

irradiation from photocatalytic CO2 conversion. 
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Fig. 4.2. (a) XRD patterns of TiO2 and NaOH-TiO2 composites; (b) TEM image of 3 wt% NaOH-TiO2 

composite; (c) UV-Vis diffused reflectance spectra of TiO2 and NaOH-TiO2 composites; and (d) Valence 

band-XPS of TiO2, 3.975 wt% Na2CO3-TiO2, and 3 wt% NaOH-TiO2 composites.  
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Fig. 4.3. Cumulative CO2 pulse chemisorption quantity and BET surface area of NaOH/TiO2 composites.  

 

Fig. 4.4. (a) Gas chromatogram and (b) mass spectrum of 13CH4 produced over 3 wt% NaOH-TiO2 

photocatalyst. Carbon dioxide 13CO2 was used. 

 

Fig. 4.5. (a) Gas chromatogram and (b) mass spectrum of CD4 produced over 3 wt% NaOH-TiO2 

photocatalyst. D2O water (purity 99.9%) was used. 
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4.3.2 Photocatalytic reaction mechanism 

The bare TiO2 can hardly show any activity for photocatalytic CH4 evolution and 

the photoreduction only obviously proceeded after NaOH encapsulation. This fact 

indicates that gaseous CO2 molecules is difficult to be reduced under the present test 

condition and the chemisorption of CO2 molecules by NaOH possibly accomplished a 

meaningful activation step and promoted the photocatalytic CO2 reduction. FT-IR 

spectra (Fig. 4.6a) displayed that bidentate carbonate species (νas(CO3): 1340 cm-1; 

νs(CO3): 1550 cm-1)7 emerged after loading NaOH. Along with increasing the loading 

amount of NaOH, the relative absorption intensity of bidentate carbonate species in FT-

IR became stronger, indicating that loading of NaOH benefits the formation of bidentate 

carbonate species which are crucial in the photoreduction of CO2 to CO and methane.8 

In-situ FT-IR (Fig. 4.6b) was used to observe the formation of surface species related 

to the activation of CO2 on NaOH/TiO2. The characteristic adsorption bands 1335-1560 

cm-1 and 1610-1750 cm-1 are assigned to the bending vibration of C-H, the stretching 

vibration of C=O and asymmetric stretching of O-C=O, which belong to the 

intermediate products such as aldehydes, carboxylic acids and bidentate carbonates.8 

Therefore, transformation of CO2 into surface carbonates is an important 

intermediate process for CO2 photoreduction. This may be related to the change of O-

C-O bond angle during the chemisorption of CO2.
4 Based on this concept, we further 

loaded TiO2 directly with Na2CO3, the amount of which was converted from the 

assumption that all the NaOH (3 wt%) was transformed into Na2CO3 (3.975 wt%). The 

results demonstrated that the evolution amounts of CH4 decreased when Na2CO3 was 

used (Fig. 4.7). It is supposed that the reaction at valence band side become the rate 

control step of the overall photocatalytic reaction. The micro-kinetic studies of water 

photooxidation over TiO2 and other Ti based semiconductor photocatalysts showed that 
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the hydroxylation (by OH- from water dissociation) of surface coordinative unsaturated 

Ti atom plays the key role in trapping the holes of valence band to produce the hydroxyl 

radicals, H2O2, or O2.
7 For the case of this work, it can be speculated that TiO2 will 

undergo a higher degree of hydroxylation when it is impregnated in NaOH than that in 

Na2CO3. This process is likely to happen because the high surface area TiO2 will render 

abundant surface coordinative unsaturated Ti sites to afford the hydroxylation in high 

pH solution, which may behave in a similar manner as that of SrTiO3.
8 FT-IR spectra 

(Fig. 4.8) showed that loading NaOH on TiO2 increased the relative intensity of OH 

stretch region (2800-3500 cm-1),7 implying that enhanced hydroxylation occurred by 

loading the alkaline chemicals. 
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Fig. 4.6. (a) FT-IR spectra of NaOH-TiO2 composites with different NaOH loading amount and (b) in-

situ FT-IR spectra of CO2 photoreduction over 3 wt% NaOH-TiO2 photocatalyst at different irradiation 

times. The in-situ FT-IR spectra were measured in the presence of H2O and CO2 atmosphere under the 

irradiation from a 300W Xe lamp.  
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Fig. 4.7. Time course of CH4 evolution over NaOH/TiO2 and Na2CO3/TiO2 composites. Inset: evolution 

amounts of CH4 and H2 in the first 6 hours’ irradiation from photocatalytic CO2 conversion. 
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Fig. 4.8. FT-IR spectra of 3 wt% NaOH-TiO2 and 3.975 wt% Na2CO3-TiO2 composites (OH stretch 

region 2800-3500 cm-1). 

Improved photocatalytic performance of overall water splitting in alkaline reaction 

environment has also been reported previously9-11. The hydroxide ions at or near the 

surface may serve as hole acceptors and decrease the recombination of electron hole 

recombination. The photooxidation of hydroxyl group will simultaneously provide 

electrons and protons (hydrogen source) for CO2 photoreduction. This is consistent with 

the isotope result which clearly indicated the existence of CD4 (m/z 20, 18, 16, 14, 12). 

The CDxH4-x (x = 0, 1, 2, and 3) can be also identified (m/z 19, 18, 17, 16, 15, 14, 13, 
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12) because of the unintentional hydroxylation of TiO2 in the impregnation process with 

NaOH in H2O. Taking a careful observation to Fig. 4.1a again, the linearity of CH4 

evolution curve is improved with the increase of loading amount of NaOH. For the 

highest loading amount sample (7 wt% NaOH/TiO2), CH4 evolution showed a perfect 

linear characteristic in the first 4 hours, implying that the surface carbonates and 

hydroxylation are sufficient for both reactions at conduction band (reduction reaction) 

and valence band (oxidation reaction) sides, while the surface area of NaOH/TiO2 

becomes the control factor for the overall photocatalytic reaction rate when the loading 

amount of NaOH is higher than 3 wt%. The decay of CO2 photoreduction rates were 

observed in Fig. 4.1a. The decline of CH4 evolution rate observed in this work may be 

induced by slow diffusion of carbonates or hydroxyl groups in the interface of NaOH 

and TiO2 for continuous photoreaction. On the other hand, the back reaction of CO2 

reduciton, i.e., the photooxidation of organic intermediates may also suppress the CO2 

conversion. 

In this work, CH4 was the main product from CO2 photoreduction (with little 

amount of CO). This is very interesting because photocatalytic CO2 conversion into 

CH4 is an 8H+/8e- transfer reaction.1 While multiple electron transfer reaction is 

generally achieved with the help of loading noble metal cocatalysts. Wagner and 

Somorjai reported direct photocatalytic H2 production (2e- reaction) over a noble metal 

free SrTiO3 in strong basic medium12. The hydroxide ions were considered to facilitate 

the consumption of photo-generated holes. Although the kinetic process of multiple 

H+/e- transfer and detailed process of CO2 photoreduction need more in situ 

characterizations for this work, the state of art photoreduction theory of TiO2, proton 

coupled electron transfer (PCET), may be enlightening. In PCET, the transfer of e- and 

H+ are concerted and quantitative.13 Recent results indicated that the PCET of TiO2 is 
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very effective for multiple H+/e- transfer hydrogenation process, including the nitrogen 

reduction (ex., nitrobenzene to aniline (6H+/6e-)14 and NO3
- to NH4+ (10H+/8e-)15) and 

oxygen reduction (ex., O2 to water (4H+/4e-)15, 16 and H2O2 to water (2H+/2e-)15). It is 

plausible that the photocatalytic CO2 methanation (carbon reduction, 8H+/8e-) over 

NaOH/TiO2 may also follow a similar PECT process. The concerted transfer of excited 

electrons coupled with surface absorbed protons13, 17, 18 promotes the effective 

hydrogenation of carbonates into CH4. 

The direct multiple H+/e- transfer in the absence of noble metal cocatalysts for the 

photocatalytic CO2 reduction into CH4 is very attractive because CH4 is the ending 

hydrogenation products according to the multiple step reactions.1 This means the 

reaction process in the present work is very effective in energy conversion from solar 

energy to chemical energy. We also investigated the effects of noble metal Pt 

(considered as excellent hydrogenation cocatalyst generally, loading amount 1 wt%) on 

the photocatalytic CH4 evolution over NaOH/TiO2. The results showed that activity of 

Pt/NaOH/TiO2 was lower than NaOH/TiO2 photocatalyst (Fig. 4.9). This may be 

caused by the back reaction between intermediate of CO2 reduction and O2 over 

Pt/NaOH/TiO2. Similar back reactions between evolved H2 and O2 to form water also 

readily proceeds in overall water splitting because of an uphill reaction.3, 19 
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Fig. 4.9. (a) Time course of CH4 evolution over 1 wt% Pt-NaOH-TiO2 photocatalysts; and (b) evolution 

amounts of CH4 over NaOH-TiO2 and 1 wt% Pt-NaOH-TiO2 in the first 6 hours’ irradiation from 

photocatalytic CO2 conversion. The loading of 1 wt% Pt on TiO2 was prepared by photodeposition 

method in aqueous solution containing H2PtCl6 and methanol. The obtained Pt-TiO2 was heated at 200℃ 

in air for 1 hour to remove the methanol. Finally, Pt-TiO2 was impregnated in NaOH solutions. 

 

Conclusions 

In summary, surface modification of TiO2 with alkali was found to be an effective 

way for the CO2 adsorption, activation, and lead to highly effective conversion of CO2 

into CH4 without any noble metal cocatalyst loaded. Two important findings of this 

work are, first, the chemisorption of CO2 by alkali can provide a simple activation 

method for the photocatalytic CO2 conversion; second, in the absence of noble metal 

cocatalysts, TiO2 can promote the direct photocatalytic reduction of carbonate into CH4 

which may be driven by PCET in the interface of TiO2 and NaOH (or Na2CO3). Surface 

modification of TiO2 with alkali may also find applications in other photosynthesis 

processes. 

In order to further enhance the current CO2 conversion efficiency, H2 and CH4 were 

used as hydrogen sources for CO2 conversion in chapter 5. The influences of SPR-

(a) (b) 
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induced photothermal or local electric field on these reactions were investigated. 
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Chapter 5 Plasmon-mediated CO2 activation 

and conversion with active hydrogen source  

 

5.1 Introduction  

Solar fuel production from CO2 conversion provides an attractive way to obtain 

clean energy by mitigating the greenhouse gas. Ideal CO2 conversion pathway should 

mimic the photosynthesis of green plants by using abundant H2O as the hydrogen 

source. However, due to the kinetic limitations of multiple e-/H+ transfer process in 

CO2 reduction, the current artificial photosynthesis over semiconductor photocatalyst 

can only achieve an impractical reaction rate in (nmol-μmol)h-1g-1.1 In this chapter, 

photothermal CO2 conversion over Ru nanocatalysts realized a much higher reaction 

rate (molh-1g-1). This is due to several crucial features of the Ru nanocatalyst, 

including effective energy utilization over the whole range of the solar spectrum, 

excellent photothermal performance, and unique activation abilities. However, the 

consumption of H2 as active hydrogen source results in a conversion process with no 

net energy storage because of a downhill reaction (ΔG < 0). The drawbacks of both 

H2O and H2 motivate us to seek other hydrogen source for practical CO2 conversion 

reactions which should meet two conditions: (i) the reactant is capable of providing 

active H source for CO2 conversion at a considerable reaction rate, and (ii) an uphill-

type reaction is necessary to realize the net energy conversion from solar energy to 

chemical energy. In this case, the abundant natural gas (mainly methane) becomes the 

preferred choice. Catalytic CO2 reforming of methane (i.e., dry reforming of methane, 
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DRM) is an important reaction to produce the useful syngas (CO + H2) and mitigate 

greenhouse gas. Such reaction system can be deployed in the methane-abundant 

region to produce syngas which will be further utilized as industrial feedstocks or 

high-energy fuel. DRM is an extremely endothermic reaction (ΔH298K = +247 kJ mol-

1) with obvious uphill feature.2 The typical reaction of DRM uses the supported Group 

VIII metals co-loaded with alkaline metal oxides as promoters. Group VIII metal and 

alkaline metal oxides play the role in the activation of CH4 (dehydrogenation) and 

CO2, respectively. High reaction barriers associated with the simultaneous activation 

of the two nonpolar molecules, CH4 (tetrahedral structure) and CO2 (linear structure), 

require this reaction to be run at high temperatures (~800 oC),2 which compromises 

energy input and long-term stability of catalyst. 

Surface plasmon-enhanced catalytic process is a rapidly developing subject. The 

enhanced photocatalytic performance of plasmonic nanometals loaded semiconductor 

photocatalysts mainly originates from i) surface plasmon resonance (SPR) mediated 

hot electron transfer and ii) near-field electromagnetic enhancement.3 Plasmonic 

nanometals can be also directly loaded on an insulator to drive a chemical reaction 

independently through direct plasmonic photocatalysis or photothermal catalysis.4 

Besides the direct hot electron transfer from plasmonic nanometals to adsobates in the 

regime of direct plasmonic photocatalysis, the dipole nature of the surface plasmon 

field is able to attract the polar molecules and polarize the nonpolar molecules in the 

vicinity of plasmonic nanometals.5 This property offers a potential pathway for the 

activation of reactants, especially for the nonpolar molecules which are considered 

relatively more difficult to be activated than polar molecules in conventional 

thermocatalysis. Although Group VIII metallic nanocatalysts are extensively used in 

conventional thermocatalysis, their SPR effects are much weaker than the coinage 
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metals of Group IB (Ag, Au and Cu) in the visible light range.6 In this work, DRM is 

carried out at low temperature (500 oC) over Rh/SBA-15 (SBA-15: mesoporous SiO2) 

and Rh-Au/SBA-15. No obvious photo-enhancement effect was observed over 

Rh/SBA-15 when varying the light intensity and wavelength. However, over Rh-

Au/SBA-15 catalysts, a remarkable photo-enhancement effect was observed when 

exciting the plasmonic absorption band of Au nanoparticles (NPs) under visible light. 

Based on the analysis of the rate-limiting step and the results of electromagnetic 

simulation, it is supposed that the enhanced reaction rate of DRM is attributed to the 

assisted activation effect by the excitation of SPR of Au NPs. Interparticle coupling 

between Au NPs and Rh NPs greatly enhanced the SPR effect under visible light. 

 

5.2 Experimental methods  

5.2.1 Catalyst preparation 

(1) Catalysts for photothermal CO2 conversion with H2 

The catalysts were prepared by impregnation of mesoporous Al2O3 (BET surface 

area 136 m2g-1) in precursor solution of Ru3(CO)12, After dried at 70 ℃, the samples 

were heat treated in 300 ℃  for 2 hours. The loading amount of Ru is measured to be 

2.4 wt% by ICP-OES method. 

(2) Catalysts for CO2 reforming of CH4 

A mesoporous SiO2, SBA-15 (BET surface area 815 m2g-1), was used as support 

of the catalysts. Firstly, Au/SBA-15 was prepared by deposition-precipitation method 

using urea (CO(NH2)2, Wako) as the precipitating base, which permits the gradual and 

homogeneous addition of hydroxide ions in the reaction solution. In a typical 

procedure, 1.0 g SBA-15 was dispersed into 100 ml of an aqueous solution of HAuCl4 
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and urea (0.19 M). The suspension maintained at 80 oC was vigorously stirred for 4 h 

(pH increases), then centrifuged, washed, dried, and calcined at 400 oC for 4 h. As 

received Au/SBA-15 was further impregnated with RhCl3 in water, then dried and 

calcined at 400 oC for 4 h. The amounts of Au and Rh precursor in the both 

preparation steps are 1 wt% of the added SBA-15. 

5.2.2 Sample characterization  

X-ray diffraction (XRD) patterns were recorded on an X-Pert diffractometer 

equipped with graphite monochromatized Cu-Kα radiation. 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. Transmission electron 

microscopy (TEM) images were taken by a field emission transmission electron 

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

spectra of catalysts were measured by UV-3600 UV-Vis-NIR spectrophotometer 

(SHIMADZU Co., Japan) from 220 nm to 2600 nm. The loading amounts of VIII 

group elements on the support were analyzed by inductively coupled plasma optical 

emission spectrometry (ICP-OES, SPS3520UV-DD, SII nano technology Inc., Japan).  

The catalyst temperature was probed by a digital thermometer (CT-1200D, CUSTOM 

Co., Japan). Surface chemical analysis was performed by X-ray photoelectron 

spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI Inc., Japan). Carbon analysis 

was performed on a thermogravimetry analyzer (DTG-60H, SHIMADZU). 

 5.2.3 Photothermal CO2 conversion with H2  

Photothermal CO2 conversion by H2 was carried out in a batch type reaction 

system with a total volume of 330 ml (Fig. 5.1). After evacuation of reaction system, 

2-2.05 mmol CO2 and 8.2-8.5 mmol H2 (the molar ratio of H2 to CO2 is slightly larger 
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than 4:1) were injected. A 300 W Xe lamp was used as irradiation source to drive the 

photothermal CO2 conversion. For all experiments, 0.1 g of sample was used and 

spread onto a round shape air-permeable quartz fiber filter with the area of 7 cm2. The 

quartz fiber filter film is fixed on the stage inside the reactor. The tip of thermometer 

was maintained an intimate contact to the sample (thickness of catalyst powder is 

about 1-2 mm). 

The contents of CO2, CO and CH4 in the reaction system were sampled and 

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

ionization detector (FID) according to the standard curves. The contents of H2 were 

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

according to the standard curve. Isotope experiments were performed by gas 

chromatography-mass spectrometry (GC-MS, JMS-K9, JEOL Co., Japan). 

    

Fig. 5.1. Setup of experiment. 

5.2.4 CO2 reforming of CH4 under visible light 

The DRM reaction was carried out in a flow type reaction system at 500 oC (Fig. 

5.2c). The molar ratio of CH4/CO2 is 1:1, flow rate was controlled at 20.0 mL/min by 

chemisorption analyser (Fig. 5.2a), and 0.0050 g catalyst was used. A 300 W Xe lamp 

was used as light source and output irradiation was regulated by L42+HA30 filter set 

to obtain visible light (400-800 nm) with the total light intensity 0.22 W/cm2 (Fig. 
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5.2b).  

  
Fig. 5.2. Setup of experiment. 

 

5.3 Results and discussion 

5.3.1 Photothermal CO2 conversion with H2 

Under photoirradiation, Ru/Al2O3 shows excellent reaction rate for CO2 

conversion with high CH4 selectivity (Fig. 5.3a). UV/Vis/NIR spectra indicate that 

Ru/Al2O3 catalyst is excellent absorbers over a very broad photo-irradiation range that 

covers ultraviolet light, visible light, and infrared radiation (Fig. 5.3b). The intense 

absorption implies that a high utilization efficiency of solar energy would be feasible. 

Monitoring of the catalyst temperature demonstrated that the photoirradiation induced 

a significant thermal effect (Fig. 5.4). The temperature of Ru/Al2O3 catalyst reached 

approximately 200 oC within the first minute, whereas the temperature of pure Al2O3 

support in a control experiment was measured to be approximately 80 oC. Under 

continuous photoirradiation, Ru/Al2O3 catalysts reached a reaction temperature of 

about 400 oC, which was > 200 oC higher than that of pure Al2O3 support. The 

excellent photothermal properties in conjunction with the unique activation ability of 

the Ru/Al2O3 nanocatalysts favor the highly efficient photoinduced CO2 conversion. 

No additional enhancement effects on the CO2 conversion that are due to the 

irradiation were observed. We then compared the CH4 evolution over the Ru/Al2O3 

catalyst under thermal and photothermal conditions (Fig. 5.5). In both experiments, 

(a) (b) (c) 
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the onset temperatures were found to be approximately 140 oC. No obvious 

differences between the CH4 evolution curves for the two sets of conditions were 

found. To investigate whether CO2 hydrogenation is affected by photocatalytic 

processes (photoexcitation processes), the CH4 evolution over the Ru/Al2O3 catalyst 

was measured under irradiation with monochromatic light. With this method, the 

thermal effect was effectively suppressed (no obvious temperature increase was 

observed, and the temperature remained at ca. 21-23 oC over the whole experiment). 

We selected some typical monochromatic light filters (441, 502, 549, 601, and 710 

nm) in the visible-light range for this test (Fig. 5.6a). It was found that the CH4 

evolution rate (CO evolution was not observed) was very low (ca. 0.02 mmol/100 

min) in the dark, and this evolution rate remained almost unchanged no matter which 

monochromatic light was used (Fig. 5.6b). This result reflects the fact that photo-

induced CO2 methanation over Ru/Al2O3 is not mediated by photocatalysis, but by a 

photothermal effect. Ru/Al2O3 shows good cycle performance for photothermal CO2 

conversion (Fig. 5.7). No obvious changes were observed with respect to nanoparticle 

size and distribution for the Ru after photothermal reactions (Fig. 5.8). After the 

reaction, binding energy of Ru 3d shifted to the lower value (Fig. 5.9), indicating that 

amount of metallic Ru increased. It is easy to imagine that Ru will be slightly reduced 

after the methanation reaction under the H2 atmosphere and high temperature. 
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Fig. 5.3. a) Photothermal CO2 conversion performance and b) UV-Vis-NIR spectrum of Ru/Al2O3 

catalyst. 
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Fig. 5.4. Monitoring of catalyst temperature. 
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Fig. 5.5. CH4 evolution over Ru/Al2O3 catalyst under photothermal and thermal catalysis condition. 

Under both conditions, the heating rate (4-5 oC/min between 50-190 oC) was respectively controlled by 

output current of light source (300 W Xe lamp) in photothermal catalysis and oil-bath in thermal 

catalysis. 

 

Fig. 5.6. a) Photon distribution of monochromatic light and b) CH4 evolution amount over Ru/Al2O3 

catalyst under dark condition and the irradiation of monochromatic light for 100 min. 
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Fig. 5.7. Cycle performance of Ru/Al2O3 catalyst for photothermal CO2 conversion. The duration of 

each cycle is 10 min. 

 

Fig. 5.8. TEM images of Ru/Al2O3 a) before and b) after reaction. 

 

Fig. 5.9. XPS spectra of Ru/Al2O3 a) before and b) after reaction. 
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Wide-band-gap semiconductors (Eg > 3 eV), such as Ti-, Nb-, Ta-, Ga-, and Ge-

based oxides with adequate redox potentials, constitute the main materials for 

photocatalytic CO2 conversion, which are highly dependent upon excitation by 

ultraviolet irradiation (which only accounts for 4% of the total solar energy). In 

contrast to traditional photocatalytic methods, the photothermal CO2 conversion over 

Ru/Al2O3 catalysts does not require ultraviolet irradiation as the excellent absorption 

of visible light and infrared radiation (which together account for 96% of the total 

solar energy) can effectively drive photothermal CO2 conversion. In the absence of 

ultraviolet light, photothermal CO2 conversion can still proceed over the Ru/Al2O3 

catalyst (Fig. 5.10). Therefore, Ru/Al2O3 catalysts are advantageous over traditional 

photocatalysts because of the highly efficient utilization of solar energy and in 

particular of the low-energy photons of visible light and infrared radiation. 

 

Fig. 5.10. a) Photothermal CO2 conversion b) and temperature monitoring over Ru/Al2O3 catalyst under 

irradiation with and without (λ > 400 nm, cut-off filter L42) UV light. 

 

Although photothermal CO2 conversion shows much higher CO2 reaction rate 

than conventional photocatalytic method, H2 consumption makes the reaction have no 

net energy conversion from solar energy to chemical energy. In order to overcome 

this drawback, CH4 was used to replace H2 as an active hydrogen source in the next 
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section. The enhanced catalytic performance by the excitation of the SPR of Au NPs 

was investigated. 

5.3.2 CO2 reforming of CH4 under visible light 

TEM images in Fig. 5.11 show that the average particle size of Au on Au/SBA-

15 and Rh-Au/SBA-15 catalysts is about several tens of nanometers, whereas Rh 

particles is difficult to be observed on the Rh/SBA-15 and Rh-Au/SBA-15, despite the 

fact that the existence of both Rh and Au could be detected through XPS (Fig. 5.11f) 

and ICP (Table 5.1) analysis, indicating the Rh clusters are very small and well 

dispersed on the SBA-15. This was consistent with the result that only crystalline Au 

can be clearly detected in the XRD patterns (Fig. 5.11e). The binding energy of 307.9 

eV (3d5/2) and 312.8 eV (3d3/2) in the XPS results indicate the existence of metallic 

state of Rh. Rh NPs can be identified in the TEM image (Fig. 5.11d) after reaction 

although the Rh particle size after reaction is still much smaller than that of Au NPs, 

showing that Rh clusters undergo aggregation and growth in the photothermal 

reaction.  
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Fig. 5.11. TEM images of (a) fresh Au/SBA-15, (b) fresh Rh/SBA-15, (c) fresh Rh-Au/SBA-15 and (d) 

used Rh-Au/SBA-15. (e) XRD patterns of SBA-15 supported catalysts and (f) XPS patterns supported 

Rh clusters. 
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Table 5.1 Elemental analysis and specific surface areas of the catalysts 

Samples Rh (wt. %) Au (wt. %) a Specific surface area (m2/g) b 

1% Rh/SBA-15 1.10 - 501 

1% Au/SBA-15 - 0.80 322 

1% Rh-1% Au/SBA-15 1.50 0.72 375 

a, analyzed by ICP-OES method; 

b, obtained by N2 adsorption-desorption method through Brunauer-Emmett-Teller (BET) equation.  

The catalytic performances of the catalysts for DRM were evaluated and the 

results are displayed in Fig. 5.12 and 5.13. With the increase of reaction time, a decay 

of the catalytic performance was observed due to the carbon deposition (Table 5.2). 

Without the irradiation of visible light, Au/SBA-15 catalyst almost exhibited no 

activity for DRM, while the performance was fundamentally improved over Rh/SBA-

15 and Rh-Au/SBA-15 catalysts. To initialize the DRM, CH4 should be firstly cleaved 

to form the active species CHx by Rh, which then activated by CO2 to generate CO. 

With the same loading amount of Rh, Rh/SBA-15 and Rh-Au/SBA-15 showed similar 

catalytic activity (CH4 and CO2 conversion, or H2 and CO yield) in the pure thermal 

condition. The result was coincident with the earlier report which unambiguously 

demonstrated that Au didn’t possess any ability to improve the catalytic performance 

for DRM.7 With the irradiation of visible light, the performance of Rh/SBA-15 almost 

remained constant with the variation of light intensity. However, Au/SBA-15 and Rh-

Au/SBA-15 catalysts show an enhanced activity in DRM. As shown in Fig. 5.13, both 

the conversions of CO2 and CH4 slightly increased with increase of light intensity 

over Au/SBA-15 catalyst, from which it could be speculated that for DRM reaction 

over Au/SBA-15 catalyst, CH4 could be faintly activated by the excited Au NPs. On 
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the contrary, the conversions of CO2 and CH4 were enhanced remarkably on Rh-

Au/SBA-15 catalyst. The enhancement of the reaction rate (RRh-Au/SBA-15-RRh/SBA-15) is 

more than ten times larger than that of Au/SBA-15 catalyst at the same condition. 

Because CH4 cleavage can proceed effectively in the presence of Rh catalysts, the 

activation of CO2 becomes the rate-limiting step of the present DRM reaction. The 

enhanced catalytic performance of Au-containing sample further implies that the Au 

can promote the activation of CO2 under visible light irradiation. The catalytic 

activities increases as the light intensity gets stronger in the range of 0-0.3 W/cm2. 

However, a higher light intensity did not further favor the catalytic performance.  
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Fig. 5.12. (a) CH4 and (b) CO2 conversion, and (c) H2 and (d) CO yield over the catalysts under 

different conditions. Reaction conditions: 500 oC, molar ratio CH4/CO2 = 1, flow rate 20.0 mL/min, 

0.0050 g catalyst, with or without 0.22 W/cm2 light irradiation. 

(a) (b) 

(c) (d) 
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Fig. 5.13. (a) CH4 and (b) CO2 conversion, and (c) H2 and (d) CO yield in the first hour of reaction. The 

results are obtained from Fig. 5.12. 

Table 5.2 Carbon analysis of the spent catalysts 

Catalyst Reaction conditions Carbon deposition (wt. %) a 

Rh/SBA-15 

thermal 3.0 

photothermal 2.7 

Au/SBA-15 

thermal 0.5 

photothermal 0.9 

Rh-Au/SBA-15 

thermal 2.8 

photothermal 2.7 

a, analyzed by TGA method. 
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5.3.3 Optical simulations and the mechanism of enhanced activity 

Interestingly, Au NPs which have no activation ability for both CH4 and CO2 in 

conventional thermocatalysis, display obvious activation ability under the visible light 

irradiation. Exactly, the enhanced catalytic performance originates from the excitation 

of SPR of Au NPs. To confirm this, the influence of the light wavelength on DRM 

was investigated over Rh-Au/SBA-15. Several types of filters was used to obtain 

desired wavelength range (Fig. 5.14a). The light intensities of 305-485 nm, 485-520 

nm, and 620-745 nm were 17300, 160, and 12050 μW/cm2, respectively. Through the 

excitation of Au SPR band (Fig. 5.14b) by the wavelength of 490-550 nm, an 

enhanced catalytic activity was obviously observed, while the performance under the 

irradiation away from the SPR band (< 500 nm or > 620 nm) shows comparable 

activity with the pure thermal condition (Fig. 5.14c, d). Because the light intensity 

adopted to excite Au LSPR was quite low and is about one hundredth of the other two 

cases, it was speculated that the excitation of Au SPR band promoted the catalytic 

performance of Au-containing catalysts in DRM. 

For Au-based catalysts, with the irradiation of visible light, Au LSPR could be 

triggered and positive ions and electrons could be generated on its local surface,8, 9 

which could be considered as a kind of plasma. The movement of the generated 

positive ions and electrons could induce electromagnetic field, with its intensity 

serving as an indicator of the energetic electrons. In order to study Au LSPR, the 

electromagnetic fields of the catalysts were simulated by the rigorous coupled-wave 

analysis (RCWA) and finite-difference time-domain (FDTD) methods, with the 

results displayed in Fig. 5.15. Note that the ordinary Rh NPs only show plasmonic 

behavior in UV range,6 the experiment in this work was carried out under visible light 

and will only cause weak SPR effect on Rh NPs (Fig. 5.15a). By contrast, the Au NPs 
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with sparse distribution show higher SPR effect when using the excitation wavelength 

of SPR band of Au NPs (Fig. 5.15b). The SPR effect is further dramatically amplified 

through the interparticle coupling between the Rh NPs and the co-loaded Au NPs 

(Fig. 5.15c). With the irradiation of visible light (taking 530 nm single wavelength 

light as an example), the electrons in Au particles have the tendency to escape from its 

Fermi level to the surfaces with an energy of 1.8 eV vs. SHE, and the energy could be 

further increased at the more intensive electromagnetic field. What’s more, at elevated 

temperature (500 oC), the free electrons move more randomly and violently due to 

thermal excitation and become more energetic.10 Considering the properties of plasma 

and Au LSPR, it could be speculated that CO2 and CH4 could be partially polarized by 

the plasmonic nanometals5, 11 and electronically excited by the highly energetic 

plasmon electrons via collisional processes12-14 (steps (1) and (2), shown below).  

𝑒 (𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ 𝑒𝑛𝑒𝑟𝑔𝑦) + 𝐶𝑂2 → 𝐶𝑂 + 𝑂 + 𝑒                   (1) 

𝑒 (𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ 𝑒𝑛𝑒𝑟𝑔𝑦) + 𝐶𝐻4 → 𝐶𝐻3 + 𝐻 + 𝑒                 (2) 

Therefore, the catalytic activities of Au/SBA-15 and Rh-Au/SBA-15 increased 

with light intensity in the range of 0-0.22 W cm-2 (Fig. 5.13). However, excessive 

light irradiation was not favorable for the reaction and the performance deteriorated 

with the light intensity further increased to 0.44 W cm-2 (Fig. 5.13). The melting point 

of Au NPs is much lower than bulk Au materials and unstable at high temperature or 

high light intensity.15-17 The Tammann temperature of Au particles is 395 oC,18 

namely, at temperatures higher than 395 oC, the Au particles begin to melt and 

aggregate. It was reported that the local temperature of Au particle surface would 

increase with the irradiation of visible light,19 and the higher intensity of visible light, 

the higher temperature of the Au particles. Therefore, with the further increase of 

visible light intensity to 0.44 W cm-2, the local temperature of Au particles increased 
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and the mobility of Au particles was enhanced, which resulted in the transformation 

of Au plasmon energy to its melt energy5 and ultimately decreased the catalytic 

performance. 

From Fig. 5.13 it could also be observed that the catalytic performances over 

Au/SBA-15 and Rh-Au/SBA-15 exhibited similar trend with the variation of light 

intensity, on the other hand, with the light irradiation intensity of 0.22 W cm-2, the 

catalytic activity over Rh-Au/SBA-15 (CH4 conversion 2900 μmol g-1 s-1, CO2 

conversion 3600 μmol g-1 s-1) was much higher than the sum of those over Rh/SBA-

15 (CH4 conversion 2000 μmol g-1 s-1, CO2 conversion 2100 μmol g-1 s-1) and 

Au/SBA-15 (CH4 conversion 90 μmol g-1 s-1, CO2 conversion 100 μmol g-1 s-1). The 

different catalytic activities over the catalysts were proposed to be related with the 

different reaction mechanisms.  

For all the three catalysts except Au/SBA-15 which exhibited very low activity in 

DRM without light irradiation, the thermal catalytic mechanism was widely studied20-

22 and CH4 and CO2 were regarded to be activated via the Rh active sites through the 

steps (3) and (4), with products H2, CO and water produced via steps (5)-(9).  

𝐶𝐻4 +∗= 𝐶𝐻3
∗ + 𝐻 = 𝐶𝐻2

∗ + 2𝐻 = 𝐶𝐻∗ + 3𝐻 = 𝐶∗ + 4𝐻          (3) 

𝐶𝑂2 +∗′= 𝐶𝑂 + 𝑂∗′                                                                         (4) 

𝐻 + 𝐻 = 𝐻2                                                                                      (5) 

𝐶𝐻𝑥
∗ + 𝑂∗′ = 𝐶𝑂 +

𝑥

2
𝐻2 +∗ + ∗ ′                                                     (6) 

 𝐶∗ + 𝐶𝑂2 = 2𝐶𝑂 +∗                                                                        (7) 

𝐶𝐻𝑥
∗ + 𝑂∗′ = 𝐶𝐻𝑥−1

∗ + 𝐻𝑂∗′                                                             (8) 

𝐻𝑂∗′ + H = 𝐻2𝑂 +∗ ′                                                                       (9) 

For Rh/SBA-15 catalyst, due to the weak SPR effect of Rh NPs, even with the 

irradiation of visible light, the reaction was proposed to be proceeded via the 
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thermally activated methods, steps (3) to (9). However, CO2 activation was the rate-

limiting step over Rh/SBA-15 catalyst.23 Addition of Au promoter didn’t improve the 

catalytic performance in DRM in the thermal catalytic process, whereas the catalytic 

activity was much improved with the irradiation of visible light (Fig. 5.13), indicating 

that the SPR effect mainly played the role of CO2 activation.  

As for Au/SBA-15 catalyst, it could be seen from Fig. 5.13 that, it exhibited 

nearly no activity without light irradiation. Since the cleavage of CH4 was requisite to 

initiate the reaction20-22, 24 whereas Au has nearly no ability to break the C-H bond in 

CH4.
25 In fact, the energy required to activate CH4 was much higher than that for CO2 

activation.12-14 Then it could be predicated that CH4 cleavage was the limiting step for 

DRM reaction over Au/SBA-15 catalyst. Rh NPs played important role of CH4 

activation. With light irradiation, both the conversions of CO2 and CH4 limitedly 

increased with the increase of light intensity from 0.0 to 0.22 W cm-2 over Au/SBA-

15 catalyst. CO2 and CH4 were electronically excited by the highly energetic plasmon 

electrons via steps (1) and (2), but not so effective without Rh NPs. In addition, 

compared with Rh-Au/SBA-15, the simulated electromagnetic field in Fig. 5.15 

implied that there were fewer energetic electrons on Au/SBA-15 than Rh-Au/SBA-15 

catalyst with the irradiation of visible light.  

SPR excitation will also cause other effects, such as the surface polarization, 

electronic disturbance, or local heating effect on Rh NPs to enhance the catalytic 

activity because the DRM is susceptible to the surface characteristic of Rh NPs.  
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Fig. 5.14. (a) Wavelength range obtained with different filter set, (b) UV-vis spectra of catalysts, (c) 

CH4 and CO2 conversion and (d) H2 and CO yield at photothermal reaction of different irradiation 

condition. 

  

Fig. 5.15. Electromagnetic field distribution and enhancement simulated with the FDTD method. 

Electric field propagates along Z axis and oscillates along X axis. (a) Rh NPs on SiO2, (b) Au NPs on 

SiO2, and (c) Rh and Au NPs on SiO2. In the presence of Au NPs, the intensity of SPR effect is 

obviously amplified. Excitation wavelength is 530 nm. The k indicates the wave-vector; the color scale 

bar shows the electric field enhancement. 

5.4 Conclusions  

Photothermal CO2 conversion using H2 as an active hydrogen source realized a 

much higher efficiency than conventional photocatalytic CO2 reduction by water. This 
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is based on two predominant features of Ru nanocatalysts, namely i) the highly 

efficient utilization of solar light and excellent photothermal performance, and ii) a 

unique activation ability for the hydrogenation of CO2. CH4 is a promising hydrogen 

for CO2 conversion in DRM reaction due to an uphill reaction. Loading Au NPs 

effectively enhanced the catalytic performance of Rh catalyst for DRM at 500 oC 

under visible light. The intense SPR effect due to the interparticle coupling between 

the Rh NPs and the co-loaded Au NPs is speculated to enhance the rate-limiting step 

of DRM, i.e., activation of CO2.  
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Chapter 6 General conclusions and future 

prospects 

 

6.1 General conclusions 

In this thesis, the main objective is to investigate the influence of surface reaction 

environment on the photo-induced reactions. The promotion effect of alkaline 

reaction environment on photocatalytic degradation, H2 evolution and CO2 reduction 

was studied. In these studies, alkaline environment demonstrated multiple functions, 

such as modulating surface band position of photocatalyst, accelerating rate-imitating 

steps, changing reaction pathway, etc. Besides, the influence of SPR on highly 

efficient CO2 conversion with H2 and CH4 was investigated. The detailed results 

could be concluded in the following parts. 

1. The influence of alkali modification on photocatalytic degradation 

performance of WO3 under visible light. 

WO3 is an acidic oxide and unstable at alkaline environment. Alkali modification 

changed the surface structure of WO3 through mild reaction, which induced an upshift 

of the surface energy band position and promoted the reduction of oxygen by 

photoexcited electrons. On the other hand, the alkaline surface environment 

suppressed the accumulation of H2O2 because H2O2 becomes reactive in alkali 

conditions. Decomposition of H2O2 produced reactive OOH- which can further accept 

the photoexcited electrons. Therefore, for NaOH-loaded WO3, photoexcited electrons 
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and H2O2 intermediate can be consumed more easily, leading to stable and high 

activity of NaOH-loaded WO3 for photocatalytic IPA degradation. 

2. The influence of alkaline environment on photocatalytic H2 production over 

plasmonic Au/TiO2/Pt photocatalyst. 

Alkaline environment modulation remarkably boosted H2 production over 

Au/TiO2/Pt photocatalyst under visible light. The photocatalytic reaction was mainly 

driven by the interband transition of plasmonic Au nanoparticles, and the apparent 

quantum efficiency of plasmon-assisted H2 production at pH 14 reached 6% at 420 

nm. The photoelectrochemical studies showed that alkaline environment promoted the 

photooxidation of alcohol over plasmonic Au NPs. This will accelerate the 

consumption of holes in Au NPs and suppress the recombination between hot 

electrons and holes, leading to improved H2 evolution rate and high AQE of 

plasmonic photocatalysis. 

3. The influence of alkali modification on photocatalytic CO2 reduction over TiO2 

photocatalyst. 

Due to the acidic nature of CO2 molecules, surface modification of TiO2 with 

alkali was found to be an effective way for the CO2 adsorption and activation. 

Modification of alkali on TiO2 also enhanced the photooxidation half-reaction by 

increasing the hydroxylation of TiO2 surface, which also made contribution to 

effective conversion of CO2 into CH4 without loading any noble metal cocatalyst. 

4. The influence of surface physical environment (SPR) on photothermal CO2 

conversion with H2 and CH4. 

Photothermal CO2 conversion over Ru nanocatalyst using H2 as an active 

hydrogen source realized a much higher efficiency than conventional photocatalytic 

CO2 reduction by water. This is based on two predominant features of Ru 
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nanocatalysts, namely i) the highly efficient utilization of solar light and excellent 

photothermal performance, and ii) a unique activation ability for the hydrogenation of 

CO2. However, this reaction was mainly driven by photo-induced thermal effect and 

no obvious photo-enhancement effect was observed. Compared with H2, CH4 is a 

promising hydrogen source for CO2 conversion in DRM reaction due to an uphill 

reaction. Loading Au NPs effectively enhanced the catalytic performance of Rh 

catalyst for DRM at 500 oC under visible light. The intense SPR effect due to the 

interparticle coupling between the Rh NPs and the co-loaded Au NPs was speculated 

to enhance the activation of CO2.  

 

6.2 Future prospects  

1 Influence of surface environment control on photocatalysis  

Since the photocatalytic mechanism is equivalent to an electrochemical process 

in which the CB side can be regarded as a cathode, the VB side can be regarded as an 

anode, and the reaction is driven by the photovoltaic effect, the analysis of a 

photocatalytic reaction can be simplified into the analysis of two electrocatalytic 

redox reactions. Specifically, photocatalytic degradation, water splitting, and CO2 

reduction can be simplified into electrocatalytic ORR, organic oxidation, HER, water 

oxidation, CO2 reduction and water oxidation, respectively. The experiences and 

results in the previous electrocatalysis studies on these reactions can be fully 

referenced in photocatalysis. Likewise, the results of the influence of reaction 

environment on a specific electrocatalytic reaction can be applied in photocatalytic 

reaction. Fortunately, electrocatalysis has achieved abundant research results in these 

aspects, which is very instructive to improve the performance of various 
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photocatalytic systems in future. 

This thesis mainly investigated the influence of alkaline environment on 

photocatalytic reactions. Photocatalytic reaction might be also modulated by other 

reagents. For an example, photocatalytic O2 evolution reaction (OER) from water 

oxidation is a tough and key reaction in both overall water splitting and CO2 

reduction. Highly effective artificial photosynthesis must be based on efficient water 

oxidation in future. However, this reaction can only proceed effectively in the 

presence of sacrificial agent over limited kinds of photocatalysts to date. Some ions or 

small molecules, such as carbonates,1, 2 phosphates,3 pyridine and its derivatives4 have 

been reported to effectively improve the OER performance of electrocatalysts. 

Phosphate ions in the liquid phase can also participate in the construction of 

electrocatalysts. As an example, CoPi (phosphate of cobalt) is a new type and 

excellent OER catalysts.3 It is also very interesting that an orthophosphate of silver, 

Ag3PO4, is the most effective material for photooxidation of water with very high 

AQE (~90%).5 The PO4
3- ions may play important roles in the intermediate step of 

water oxidation beyond constructing the structure of electrocatalyst or photocatalyst. 

These ions or small molecules mentioned above can be potentially used as useful 

additives to enhance the efficiency of water oxidation half-reaction of future artificial 

photosynthesis systems.  

In addition to photocatalytic OER, photocatalytic CO2 conversion is also an 

important subject in artificial photosynthesis. Aqueous solution is commonly used 

reaction medium for photocatalytic or electrocatalytic CO2 reduction. However, 

aqueous solution has two obvious drawbacks. The first is that the water reduction for 

hydrogen evolution reaction (HER) is a competitive reaction to CO2 reduction. The 

second is that the solubility of CO2 gas is very low in the aqueous phase. New type of 
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solvent used in electrocatalytic CO2 reduction might shine a light on photocatalytic 

CO2 reduction (Table 6.1).6 These solvents show better solubility for CO2 than that of 

aqueous media. Ionic liquids are also potential media for CO2 capture and allow CO2 

reduction in very low overpotentials.7 All of these new types of solvents can 

potentially suppress H2 formation and enhance CO2 reduction efficiency.  

 

Table 6.1 Solubility of CO2 gas in various solvents at 298 K, 1 atm.6 

 

 

2 The application of plasmonic nanometals for solar to chemical 

energy conversion 

The control of surface environment not only include the chemical environment, 

but also the physical environment, such as the SPR enhanced catalysis through 

photothermal effect or local electrical field. SPR-mediated catalysis over plasmonic 

metal NPs shows promising prospects for highly efficient solar to chemical energy 

conversion. In addition to Group IB nanometals, Group VIII elements will attract new 

study interests. Because Group VIII and Group IB elements generally show catalytic 

performance intrinsically and involve extremely large category of thermocatalytic 

reactions, in principal, these thermocatalytic reactions can be directly transplanted to 

the photo-assisted reaction systems. Therefore, it is necessary to expand the 
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application of plasmonic metal NPs by using more extensive kinds of transition 

metals to enhance the existing reaction rates, modulate the reaction selectivity, or 

open up new reaction pathways. The potential photo-enhancement effect and support 

effect in the SPR-mediated catalysis are worthy of further investigations. It can be 

anticipated that the SPR effect of plasmonic metal NPs will find applications in more 

extensive heterogeneous catalytic processes. Plasmonic metal NPs can convert the 

light into either e-/h+ pairs or heat to drive chemical reactions, which will increase the 

utilization efficiency of solar energy. This will be an important supplement to 

semiconductor photocatalysis towards practical solar-to-chemical conversion in 

future.  
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