
 

DOCTORAL THESIS 

Université de Lille 

Photocatalytic Conversion of Methane and Reduction of 

CO2 with H2O 

PhD Candidate: Mr Xiang YU 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

THÈSE DE DOCTORAT 

PRÉSENTÉE PAR 

Xiang YU 

 

POUR L’OBTENTION DU TITRE DE 

DOCTEUR DE L’ UNIVERSITÉ DE LILLE 

Ecole Doctorale: Sciences de la Matière du Rayonnement et de l’Environnement 

Spécialité: Chimie organique, minerale, industrielle 

 

Conversion photocatalytique du méthane et réduction du 

CO2 avec H2O 

 

Soutenue le 26 sep 2019 devant le jury composé de: 

Dr. Cuong PHAM-HUU, Directeur de recherche, CNRS, Rapporteur 

Prof. Pedro H. C. CAMARGO, Professeur, Université ode Helsinki, Rapporteur 

Dr. Jean-Pierre DATH, Direction R&D, TOTAL, Examinateur Invité 

Dr. Céline PAGIS, Ingénieure de recherche, IFP Energies Nouvelles, Examinatrice invitée 

Dr. Andrei Y. KHODAKOV, Directeur de recherche, CNRS, Examinateur 

Dr. Vitaly V. ORDOMSKY, Chargé de recherche, CNRS, Directeur de thèse 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contents 

I 
 

Contents 

Abstract ................................................................................................................................ 1 

Resumé .................................................................................................................................. 3 

Chapter 1. General Introduction........................................................................................ 7 

1.1 Introduction .................................................................................................................. 7 

1.2 Overview of semiconductor photocatalysis.................................................................. 7 

1.2.1 The basic principle of semiconductor photocatalysis ............................................ 7 

1.2.2 Application of photocatalytic technology ............................................................ 11 

1.3 Photocatalytic activation of methane ......................................................................... 12 

1.3.1 Importance of the methane utilization ................................................................. 12 

1.3.2 Research progress of photocatalytic methane conversion ................................... 14 

1.3.3.1 Methane coupling ............................................................................................. 14 

1.3.3.2 Methane conversion with O2 ............................................................................ 17 

1.3.3.3 Methane conversion with H2O ......................................................................... 19 

1.4 Research progress of photocatalytic CO2 reduction .................................................. 23 

1.4.1 Titanium dioxide-based photocatalysts ............................................................... 23 

1.4.1.1 Metal- and non-metal dopping of TiO2 ............................................................ 23 

1.4.2 Non-titanium-based photocatalysts ..................................................................... 25 

1.4.2.1 d0 metal oxide photocatalysts (Ti4+, Zr4+, Nb5+, Ta5+, V5+, Mo6+ and W6+) ...... 25 

1.4.2.2 d10 metal oxide photocatalysts (Ga3+, Ge4+, In3+, Sn4+, and Sb5+) .................... 29 

1.4.2.3 Layered double hydroxides .............................................................................. 31 

1.4.2.4 MOFs ................................................................................................................ 32 

1.5 Conclusion ................................................................................................................. 32 

1.5.1 Photocatalytic conversion of methane ................................................................. 33 

1.5.2 Photocatalytic Reduction of CO2 ......................................................................... 35 

1.6 Objective of thesis ...................................................................................................... 38 

1.7 References .................................................................................................................. 39 

Chapter 2. Experimental ................................................................................................... 53 

2.1 Catalyst preparation .................................................................................................. 53 

2.1.1 Chemicals ............................................................................................................ 53 

2.1.2 Synthesis of the metal-heteropolyacid/TiO2 composite catalysts ........................ 54 

2.1.3 Synthesis of BiVO4 base catalysts ....................................................................... 55 

2.1.3.1 Synthesis of monoclinic BiVO4 crystal with controllable exposed facets ....... 55 

2.1.3.2 Synthesis of monoclinic BiVO4 crystal with predominantly exposed {010} and 

{110} facets .................................................................................................................. 55 

2.1.3.3 Selective photo-deposition of metal oxides in monoclinic BiVO4 crystal ....... 56 



Contents 

II 
 

2.2 Catalyst Characterization .......................................................................................... 57 

2.3 Photocatalytic tests .................................................................................................... 58 

2.3.1 Equipment for photocatalytic conversion of methane ......................................... 58 

2.3.2 Equipment for photocatalytic CO2 reduction ...................................................... 59 

2.3.3 13CO2 labeling experiment ................................................................................... 60 

2.4 Measurement of quantum efficiency ........................................................................... 61 

2.5 Reference .................................................................................................................... 62 

Chapter 3. Selective Photocatalytic Conversion of Methane into Carbon Monoxide 

over Zinc-Heteropolyacid-Titania Nanocomposites ....................................................... 63 

3.1 Introduction ................................................................................................................ 64 

3.2 Result .......................................................................................................................... 65 

3.2.1 Catalytic performance of the metal HPW/TiO2 composites ................................ 65 

3.2.2 Characterization of the Zn-HPW/TiO2 catalysts ................................................. 69 

3.2.3 Reaction paths in methane oxidation to CO over Zn-HPW/TiO2 composites ..... 73 

3.2.4 In-situ FTIR study of methane photocatalytic oxidation ..................................... 78 

3.3 Discussion .................................................................................................................. 83 

3.4 Conclusion ................................................................................................................. 86 

3.5 Reference .................................................................................................................... 87 

Chapter 4. Selective Photochemical Synthesis of Ethane from Methane at Ambient 

Temperature over Silver-Heteropolyacid-Titania Nanocomposites .............................. 93 

4.1 Introduction ................................................................................................................ 94 

4.2 Result and discussion ................................................................................................. 95 

4.2.1 Photochemical coupling of methane over the metal HPW-TiO2 nanocomposites

 ...................................................................................................................................... 95 

4.2.2 Characterization of the Ag-HPW/TiO2 composites ........................................... 103 

4.2.3 Reaction pathways in photochemical coupling of methane to ethane and propane 

over Ag-HPW/TiO2 .................................................................................................... 108 

4.2.3 Quantitative synthesis of ethane from methane via photochemical looping ..... 115 

4.3 Conclusion ............................................................................................................... 120 

4.4 Reference .................................................................................................................. 122 

Chapter 5. Design of Core-Shell Titania-Heteropolyacid-Metal Nanocomposites for 

Photocatalytic Reduction of CO2 to CO at Ambient Temperature ............................. 127 

5.1 Introduction .............................................................................................................. 128 

5.2 Result and discussion ............................................................................................... 130 

5.2.1 CO2 conversion over titania-heteropolyacid-metal nanocomposites to CO at 

ambient temperature ................................................................................................... 130 



Contents 

III 
 

5.2.2 Catalyst characterization.................................................................................... 135 

5.2.3 Mechanistic aspects of CO2 photo-reduction to CO .......................................... 144 

5.3 Conclusion ............................................................................................................... 149 

5.4 Reference .................................................................................................................. 150 

Chapter 6. Selective Deposition of Cobalt and Copper Oxides on BiVO4 Facets for 

Enhancement of CO2 Photocatalytic Reduction to Hydrocarbons ............................. 155 

6.1 Introduction .............................................................................................................. 156 

6.2 Result and discussion ............................................................................................... 157 

6.2.1 Monoclinic BiVO4 crystal with designable facets ............................................. 157 

6.2.2 Catalytic performance ....................................................................................... 165 

6.2.3 Z-scheme mechanism of the CuOx/CoOx /BiVO4-0.20M catalyst for 

photocatalytic reduction CO2 with H2O ..................................................................... 172 

6.3 Conclusion ............................................................................................................... 173 

6.4 Reference .................................................................................................................. 174 

Chapter 7. General Conclusions and Perspectives ....................................................... 179 

7.1 General Conclusion ................................................................................................. 179 

7.1.1 Photocatalytic conversion of methane ............................................................... 179 

7.1.2 Photo-reduction of carbon dioxide .................................................................... 180 

7.2 Perspectives ............................................................................................................. 182 

7.2.1 Photocatalytic conversion of methane ............................................................... 182 

7.2.2 Photocatalytic carbon dioxide reduction ........................................................... 183 

Author Introduction ........................................................................................................ 185 

List of Published Papers ................................................................................................. 186 

Conference Papers ........................................................................................................... 187 

Acknowledgement ............................................................................................................ 188 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

1 
 

Abstract 

This dissertation focuses on the photocatalytic and photochemical conversion of 

methane and carbon dioxide. The reaction, catalytic performances, structures of the catalysts 

and reaction mechanisms have been investigated and discussed in detail. 

Photocatalysis is one of the key technologies for clean energy and environmental 

applications. The number of applications based on photocatalysis has increased dramatically 

for the past two decades. Photocatalysis is extremely important for transformation of inert 

and thermodynamically stable molecules like methane or CO2. 

Photocatalytic activation of C-H bonds is an emerging field. Methane is a promising 

source of energy with a huge reserve and is considered to be one of the alternatives to non-

renewable petroleum resources because it can be converted to valuable hydrocarbon 

feedstocks and hydrogen through appropriate reactions. However, due to its high stability, 

high energy is usually consumed for its conversion, which remains a problem to be solved. 

Methane conversion and reaction mechanism occurring on metal-heteropolyacid-titania 

nanocomposites were investigated in Chapters 3 and 4. 

Oxidation of methane has been carried out for more than a century. Since oxygen is a 

very reactive molecule, methane can react very rapidly with molecular oxygen and is prone 

to total oxidation till CO2. Therefore, it is difficult to obtain a desired product with high yield 

and high selectivity. We report here direct and selective photocatalytic highly-selective 

oxidation of methane to carbon monoxide under ambient conditions. The composite catalysts 

on the basis of zinc, tungstophosphoric acid and titania exhibit exceptional performance in 

this reaction, high carbon monoxide selectivity and quantum efficiency of 7.1% at 362 nm. 

The reaction is consistent with the Mars-Van Krevelen type sequence and involves formation 

of the surface methoxy-carbonates as intermediates and zinc oxidation-reduction cycling.  

In the past few decades, extensive research has focused on the direct conversion of 

methane to alcohols or higher hydrocarbons. The current processes of converting methane 

to alcohols or olefins are complex and expensive, because they require an intermediate step 

of reforming methane to syngas. Although the direct conversion of methane to more valuable 

products has significant environmental and potential commercial value, there is no 
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commercial scale process available. We uncovered highly selective (>90%) quantitative 

photochemical direct conversion of methane to ethane at ambient temperature over silver-

heteropolyacid-titania nanocomposites. The ethane yield from methane reaches 9 % on the 

optimized materials. High quantum efficiency, high selectivity and significant yield of 

ethane combined with excellent stability are major advantages of methane quantitative 

synthesis from methane using the photochemical looping approach. 

The rise in atmospheric carbon dioxide and the depletion of fossil fuel reserves have 

raised serious concerns about the subsequent impact of CO2 on the global climate and future 

energy supply. The use of abundant solar energy to convert carbon dioxide into fuel, such as 

carbon monoxide, methane or methanol, solves both problems simultaneously and provides 

a convenient method of energy storage. Chapter 5 addresses a new efficient catalyst for 

selective CO2 to CO conversion. The zinc containing phosphotungstic acid-titania 

nanocomposites exhibited exceptional high activity reaching 50 µmol CO/g·h and selectivity 

(73%) in the CO2 photocatalytic reduction to CO in the presence of water. The in-situ IR 

experiments suggest that reaction involves zinc bicarbonates containing hydroxyl groups. 

The decomposition of these zinc bicarbonate species under irradiation leads to the selective 

production of carbon monoxide and oxygen.  

In photocatalytic reactions, the difference in catalyst morphology usually has a 

significant effect on the photocatalytic performance. Chapter 6 studied the effect of 

monoclinic bismuth vanadate (BiVO4) crystals with controlled ratio of {010} and {110} 

facets for photocatalytic reduction of CO2 by H2O. The reaction under irradiation is 

significantly enhanced by selective photo-deposition of Cu and Co co-catalysts over 

different facets providing Z-scheme charge flow. 

 

Keywords: Photocatalysis, methane activation, CO2 reduction, zinc, silver, heteropolyacid, 

titania, bismuth vanadate 
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Resumé 

Cette thèse porte sur les conversions photocatalytique et photochimique du méthane et 

du dioxyde de carbone en produits à haute valeur ajoutée. La réaction, les performances 

catalytiques, la structure des catalyseurs et les mécanismes réactionnels ont été étudiés et 

discutés en détail. 

La photocatalyse est l'une des technologies clés pour les applications liées à l'énergie 

propre et à l'environnement. Le nombre d'applications basées sur la photocatalyse a 

considérablement augmenté au cours des deux dernières décennies. La photocatalyse est 

extrêmement importante pour la transformation de molécules inertes et 

thermodynamiquement stables telles que le méthane ou le CO2. 

L'activation photocatalytique des liaisons C-H est un domaine émergent. Le méthane 

est une source d’énergie prometteuse avec une énorme réserve et est considéré comme l’une 

des solutions de remplacement des ressources pétrolières non renouvelables, car il peut être 

converti en hydrocarbures et en hydrogène par le biais de réactions appropriées. Cependant, 

en raison de sa grande stabilité, une grande quantité d’énergie est habituellement consommée 

pour sa conversion, ce qui reste un problème à résoudre. La conversion du méthane et le 

mécanisme réactionnel qui se produisent sur les nanocomposites métal-hétéropolyacide-

oxyde de titane ont été étudiés aux chapitres 3 et 4. 

L'oxydation du méthane est effectuée depuis plus d'un siècle. Étant donné que l'oxygène 

est une molécule très réactive, le méthane peut réagir très rapidement avec l'oxygène 

moléculaire  en produisant le CO2. Par conséquent, il est difficile d'obtenir un produit 

souhaité avec un rendement élevé et une sélectivité importante. Nous avons observé 

l'oxydation photocatalytique directe et très sélective du méthane en monoxyde de carbone 

dans les conditions ambiantes. Les catalyseurs composites à base de zinc, d'acide 

tungstophosphorique et d'oxyde de titane présentent des performances exceptionnelles dans 

cette réaction, une sélectivité élevée en monoxyde de carbone et un rendement quantique de 

7.1% à 362 nm. La réaction se réalise selon le mécanisme de type Mars-Van Krevelen et 

implique la formation de méthoxy-carbonates de surface en tant qu'intermédiaires et un cycle 

d'oxydation et de réduction du zinc.  
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Au cours des dernières décennies, des recherches approfondies ont été dédiées à la 

conversion directe du méthane en alcools ou en hydrocarbures supérieurs. Le procédé actuel 

de conversion du méthane en alcools ou en oléfines est complexe et coûteux car ils 

nécessitent une étape intermédiaire de reformage du méthane en gaz de synthèse. Bien que 

la conversion directe du méthane en produits à haute valeur ajoutée ait un potentiel 

environnemental et commercial important, il n’existe aucun procédé à l’échelle commerciale. 

Nous avons découvert une conversion photochimique directe quantitative hautement 

sélective (>90%) du méthane en éthane à température ambiante sur un nanocomposite 

argent-hétéropolyacide-oxyde de titane. Le rendement en éthane atteint 9% sur les matériaux 

optimisés. Une efficacité quantique élevée, une sélectivité élevée et un rendement significatif 

en éthane, associés à une excellente stabilité, sont les principaux avantages de la synthèse 

quantitative de méthane à partir de méthane en utilisant l'approche de boucle photochimique. 

L'augmentation du taux de dioxyde de carbone dans l’atmosphère et l'épuisement des 

réserves de combustibles fossiles ont suscité de vives inquiétudes quant à l'impact ultérieur 

sur le climat mondial et l'approvisionnement futur en énergie. L'utilisation d'une énergie 

solaire abondante pour convertir le dioxyde de carbone en molécules plateformes, tel que le 

monoxyde de carbone, le méthane ou le méthanol, peut résoudre simultanément ces deux 

problèmes et constitue un moyen pratique de stockage d’énergie. Le chapitre 5 porte sur 

l’efficacité du  nouveau catalyseur pour la conversion sélective de CO2 en CO. Les 

nanocomposites acide de phosphotungstique-oxyde de titane contenant du zinc ont présenté 

une activité exceptionnelle atteignant 50 µmol CO/g·h et une sélectivité (73%) dans la 

réduction photocatalytique du CO2 en CO en présence d'eau. Les expériences infrarouges in 

situ suggèrent que la réaction implique des bicarbonates de zinc contenant des groupes 

hydroxyle. La décomposition sous irradiation de ces espèces de bicarbonate de zinc conduit 

à la production sélective de monoxyde de carbone et d'oxygène. 

Lors des réactions photocatalytiques, la différence de morphologie du catalyseur a 

généralement un effet significatif sur les performances photocatalytiques. Le chapitre 6 a 

étudié l'effet des cristaux monocliniques de vanadate de bismuth (BiVO4) avec un rapport 

contrôlé de facettes {010} et {110} sur la réduction photocatalytique de CO2 par H2O. La 
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réaction sous irradiation est considérablement améliorée par la photodéposition sélective de 

co-catalyseurs de Cu et Co sur différentes facettes, fournissant un flux de charge selon le Z-

schéma. 

 

Mots clés: Photocatalyse, activation du méthane, réduction du CO2, zinc, argent, 

hétéropolyacide, oxyde de titane, vanadate de bismuth 
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Chapter 1. General Introduction 

1.1 Introduction 

As a renewable energy source, solar energy has the advantages of being clean, universal, 

and durable, and the disadvantages of dispersion, instability, and low density. Specifically, 

solar energy does not pollute the environment, the sun shines on the earth, there is no 

geographical restriction. The solar radiation energy reaching the earth's surface every year is 

equivalent to 130 trillion tons of coal, and this energy transfer can be maintained for 

hundreds of millions of years without interruption1, 2, 3. Solar energy is the largest energy 

system that human beings can develop and utilize today. At present, the more mature routes 

of solar energy use are “photothermal conversion” and “photoelectric conversion”. The 

former is mainly applied to solar water heaters, while the latter is mainly used in storage 

lighting. Although many technologies for utilizing solar energy for chemical reactions are 

still in the laboratory development stage, more and more studies have shown that 

photocatalytic technology will have a lot of room for development in the future. Moreover, 

in recent years, with the rapid development of various nano-semiconductor materials, the 

implementationof photocatalytic technology into real life applications is getting faster and 

faster. It is foreseeable that photocatalysis will become a reliable technology to promote the 

healthy development of human society in the near future4, 5, 6. 

 

1.2 Overview of semiconductor photocatalysis 

1.2.1 The basic principle of semiconductor photocatalysis 

Semiconductor is a material with electrical conductivity between conductor (such as 

metals) and insulator (such as ceramic). The conductivity of a semiconductor usually 

increases with the increase of the temperature, which is opposite to that of a metal7. The 

unique electronic property of a semiconductor is characterized by its valence band (VB) and 

conduction band (CB). The VB of a semiconductor is formed by the interaction of the highest 

occupied molecular orbital (HOMO), while the CB is formed by the interaction of the lowest 
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unoccupied molecular orbital (LUMO). There is no electron state between the top of the VB 

and the bottom of CB. The energy range between CB and VB is called the forbidden bandgap 

(also called energy gap or bandgap), which is usually denoted as Eg. The band structure, 

including the bandgap and the positions of VB and CB, is one of the important properties 

for a semiconductor photocatalyst, because it determines the light absorption property as 

well as the redox capability of a semiconductor5, 8, 9. As shown in Figure 1-1, the 

photocatalytic reaction initiates from the generation of electron-hole pairs upon light 

irradiation. When a semiconductor photocatalyst absorbs photons with energy equal to or 

greater than its Eg, the electrons in VB will be excited to CB, leaving the holes in VB. This 

electron−hole pair generation process in TiO2 can be expressed as follows8, 10, 11, 12: 

TiO2 + hν → e‒(TiO2) + h+ (TiO2) 

 

 

Figure 1-1 Proposed mechanism of photocatalytic reactions on semiconductor 

photocatalyst. 

 

These photogenerated electron-hole pairs may further be involved in the following three 

possible processes: (i) successfully migrate to the surface of semiconductor; (ii) be captured 

by the defect sites in bulk and/or on the surface region of semiconductor; and (iii) recombine 

and release the energy in the form of heat or photon. The last two processes are generally 
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viewed as deactivation processes because the photogenerated electrons and holes do not 

contribute to the photocatalytic reaction. Only the photogenerated charges that reached the 

surface of semiconductor could be available for photocatalytic reactions. The defect sites in 

the bulk and on the surface of semiconductor may serve as recombination centers for the 

photogenerated electrons and holes, which will decrease the efficiency of the photocatalytic 

reaction13. 

In fact, semiconductor photocatalysis is often more complex than the three-step process 

mentioned above. It involves many elementary reactions such as excitation, separation, 

transfer, recombination of the photogenerated electron-hole pairs, migration of the surface 

charge and so on. Litter and coworkers14 reported TiO2 as a model photocatalyst, according 

to the pulsed photolysis experiments, the mechanism of photocatalysis was described in 

detail. Figure 1-2 shows that the typical photocatalytic reaction, the steps of each reaction, 

and the time scale of each reaction15, 16, 17.  
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Figure 1-2 Elementary reactions in the TiO2-based photocatalysis with corresponding time 

scales. 

 

In the photocatalytic reaction, the energy band structure of the photocatalytic material 

determines the properties of the photogenerated electron-hole pair. Photogenerated electron-

hole pairs are generated and transferred under light irradiation. The excited carriers and the 

reaction of reactants are closely related to the band structure of semiconductor materials. 

Therefore, the band structure of semiconductor photocatalyst is of great significance for the 

study of photocatalysis. Theoretical analysis shows that the ability of semiconductors to 

induce the transfer of electrons to the surface of the catalyst depends on two aspects: (i) 

semiconductor energy band position; (ii) redox potential of adsorbed reactants on the catalyst 
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surface. The reduction potential of the electron-accepting reactant adsorbed on the surface 

of the catalyst is thermodynamically lower than the conduction band position of the 

semiconductor, in order to provide electrons and holes. Several semiconductor band edge 

positions are shown in Figure 1-3. The left side of the figure is relative to the standard 

hydrogen electrode (NHE pH = 0), on the right is the oxidation-reduction electrode potential 

of the relevant reactant18. 

 

 

Figure 1-3 Band edge positions of semiconductor photocatalysts relative to the energy 

levels of various redox couples in water. 

 

1.2.2 Application of photocatalytic technology 

As a new technology developed in the recent decades, photocatalytic reactions have 

always attracted the increasing attention of scientists because of their unique advantages. 

Since photocatalysis can utilize solar energy as a clean energy source, traditional catalytic 

reactions generally require relatively harsh conditions such as high temperature and high 

pressure. Photocatalytic reactions can be carried out not only in mild conditions but also with 

high selectivity19. After decades of efforts, photocatalytic reactions have been rapidly 

developed and applied in many fields, including water treatment, organic synthesis, 

photocatalytic hydrogen production, reduction of carbon dioxide, and conversion of 

methane20, 21, 22.  

Photocatalysis can be widely used in different fields because the light is one of the most 
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widely used energy sources in daily life and it can be used for the excitation of 

semiconductors by generation of electrons and holes for reduction and oxidation reactions, 

respectively. The application of photocatalytic reactions in different fields is is shown in 

Figure 1-4. Photocatalytic reactions often exhibit higher selectivity compared to the relevant 

thermocatalytic processes. 

 

 

Figure 1-4 Selectivity enhancement in photocatalytic reaction. 

 

1.3 Photocatalytic activation of methane 

1.3.1 Importance of the methane utilization 

As prices fluctuate sharply and crude oil reserves decline, natural gas is attracting more 

and more attention as an important source of clean fossil energy and chemical raw materials. 

In particular, large reserves of shale gas, coalbed methane, and methane hydrate have been 

recently discovered23. Energy-intensive reactions inevitably activate stable alkanes and 

convert them into other valuable products. Fuel processing involves hydrocarbons such as 

methane, ethane, propane, butane and higher hydrocarbons, or liquid alcohols such as 

methanol, ethanol and butanol24, 25. Developing an effective and cost-effective way to 

convert methane into a more useful product is a major challenge in the current situation. 

Different strategies of methane conversions have been summarized briefly in Figure 1-
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5. 

 

Figure 1-5 Methane and its end products26. 

 

Methane can be converted into a variety of products of interest.There are two main 

routes for transforming methane into valuable fuels and chemicals (Figure 1-6). The first one 

is the indirect conversion route, or synthesis gas (syngas, H2/CO) route, which is the current 

commercial route for large-scale transformation of methane. This route converts methane 

into syngas through steam reforming of methane (SRM) and utilizes the obtained syngas in 

downstream processes such as Fischer-Tropsch synthesis or methanol synthesis. Another one 

is the direct conversion route, in which methane is converted directly into liquid oxygenates 

or higher hydrocarbons. The indirect route is the industrialized route for methane conversion 

and is economically competitive on large scales, but it is an energy-intensive process because 

high operating temperatures (700-1100oC) are required to drive the endothermic SRM 

reaction. In the process, about 60%-70% of the cost of the overall process is associated with 

the reforming process. In order to reduce the reforming cost, direct routes have been 

attracting the attention of many scientists. Therefore, innovative catalysts and reaction 

systems should be developed to reduce the reaction temperature of methane conversion. 
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Figure 1-6 Methane conversion in direct and indirect routes. The numbers within 

parentheses represent enthalpy changes (DH) in kJ mol-1 at 25°C27.  

 

1.3.2 Research progress of photocatalytic methane conversion  

1.3.3.1 Methane coupling 

Photocatalytic non-oxidative coupling of methane (NOCM) was first discovered in 

199828. This reaction is thermodynamically unfavorable at low reaction temperatures. Thus, 

it was a surprise to find that this reaction could proceed at around room temperature (310 K) 

over silica, alumina, and silica–alumina photocatalysts under UV irradiation. The reaction 

test was carried out in a closed quartz reactor (Figure 1-7a) for 18 h under UV irradiation 

from a 250 W Xe lamp. The catalyst was 1 g and only methane (100 mmol) was introduced 

as the reactant. After the 18 h photo reaction, the highest yield of C2–C6 products obtained 

from the methane coupling and the consecutive reactions was achieved on silica–alumina 

(5.9 C%), where the main product was ethane (60%). It is worth noting here that the ethane 

yield on these photocatalysts was much higher than the one calculated from the 

thermodynamic equilibrium constant (ca. 0.0004% at 314 K). Thus, it is confirmed that the 

photocatalyst selectively promoted the forward reaction, methane activation, than the reverse 

reaction, activation of ethane and/or hydrogen, in the photocatalytic NOCM. This would be 

one of the advantages of the photocatalytic systems. 
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Figure 1-7 Schematic drawing of the photoreactor made of quartz. (a) A closed reactor 

(typically, the bottom was ca. 20 cm2, volume was ca. 30–50 cm3), (b) a flow reactor 

(typically 10 cm2 * 1 mm). 

 

Chen and coworkers29, 30 report a series of metal-modified zeolite catalyst for 

photoactivation of methane C-H bond. Zn+-modified ZSM-5 zeolite catalyst exhibits 

superior photocatalytic activity for selective C-H activation of an alkane molecule. An 

optimized catalyst converts 24% of methane upon irradiation for 8 hours by a high-pressure 

mercury lamp with a selectivity larger than 99% for ethane and hydrogen products. The 

experiments suggest a two-stage catalytic process that requires light of wavelengths shorter 

than 390 nm to transfer electrons from the zeolite framework to the Zn2+ centers, and light 

of visible wavelengths to promote the Zn+ reactivity towards methane. Using visible light of 

different wavelengths, we have found that the minimum energy required to drive the electron 

from the Zn+ site to activate methane corresponds to a wavelength of about 700 nm. A 

schematic energy diagram for the whole processes involved in the photocatalytic reaction is 

given in Figure 1-8a. Quantum chemical calculations give rise to the optimized structure of 

the initially adsorbed methane molecule linked to a Zn+ cation in the pore of zeolite ZSM-5 

(Figure 1-8b).  
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Figure 1-8 (a) Schematic energy diagram for the processes of the photocatalytic reaction. 

(b) The B3LYP hybrid exchange-correlation optimized geometry of the adsorbed methane 

molecule attracted by the Zn+ active site (red: O, blue: Si, pink: Al, gray: C, white: H, and 

green: the 4s electron of Zn+). 

 

One year later, they describe a Ga3+-modified EST10 zeolite catalyst (EST-10 = 

titanosilicate) in which the photogenerated hydroxyl radical and the extraframework metal 

ion interact with the methane molecule to split the H3C-H bond in a synergistic way under 

UV irradiation (λ < 350 nm). They think that the combination of both oxygen-centered and 

metal-centered active sites in the material significantly enhances its photoactivity for 

methane C-H bond activation, leading to efficient non-oxidative coupling of methane at 

room temperature (Figure 1-9). An average methane conversion rate of around 29.8 μmol h-

1 g-1 was achieved after UV irradiation for 5 h. 
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Figure 1-9 Reaction mechanism involved in the photo-driven methane activation reaction. 

 

1.3.3.2 Methane conversion with O2 

Photocatalytic conversion of methane in the presence of oxygen was reported in 1978 

at room temperature under UV irradiation31. It was proposed that the hole sites O- that were 

produced on the photocatalysts such as TiO2, V/SiO2, and P/SiO2 under UV irradiation (O2- 

+ h+ → O-) would play the important role to attack the methane molecules to generate methyl 

radicals as the first step. 

Similar to the case of thermal catalytic reaction, the complete oxidation of methane to 

CO2 and H2O could not be avoided in the photocatalytic system when using molecular 

oxygen and a semiconductor photocatalyst, such as TiO2. It is a challenge to convert methane 

to more useful oxygenated compounds such as methanol, formaldehyde, and carbon 

monoxide. So far, the photocatalytic methane conversion through partial oxidation of 

methane (POM) has been the most popular way to obtain the oxygenated compounds. The 

most intensively studied photocatalysts for the POM are vanadia-based photocatalysts, 

molybdenum-based photocatalysts32 and others33, 34. 

Vanadia-based photocatalysts. V/SiO2 (V = 2%) produced only a trace amount of 

ethane and formaldehyde at room temperature under UV irradiation in the photocatalytic 

partial oxidation of methane (POM)31. The major product was CO2. Yoshida and co-workers 

tested the activity of V/SiO2 for the POM under UV irradiation at 493 K. It was confirmed 

that the high photoactivity for formaldehyde formation (1.8–2.6% yield) with high 

selectivity (80–92%) was obtained when the loading amount of V was very low, ca. 0.01–

0.1 mol%. When the loading amount of V increased, the total oxidation to COx proceeded 

more easily, resulting in a lower activity and selectivity to formaldehyde. In the 

photoreaction at higher temperature (>673 K), both the conversion of methane and the 

selectivity to formaldehyde decreased, which would be due to the reduced lifetime of the 

photoexcitation state and the increase in the thermally catalyzed consecutive oxidation of 

formaldehyde to CO2, respectively. A large specific surface area seems to be an important 

factor contributing to the high activity of vanadia-based photocatalysts. Under UV 
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irradiation at 493 K35, with the same amount of V loading, a mesoporous silica-supported 

photocatalyst was reported to show much higher activity to produce formaldehyde than the 

amorphous silica-supported version36. The yield and selectivity of formaldehyde product 

were ca. 0.3% and 95.4%, respectively. In all cases mentioned above, the four-coordinated 

species having the V=O bond on the surface (highly dispersed and isolated vanadium oxide 

surface species) were proposed to be the active sites for selective formation of formaldehyde. 

The high surface area of the support would favor high dispersion of the vanadium oxide 

species resulting in both a high photocatalytic activity and a high selectivity for the 

formaldehyde formation. 

Molybdenum-based photocatalysts. Although the TiO2 and MoO3 photocatalysts only 

produced CO2, the TiO2-supported MoO3 yields both CO and CO2 in an almost equal amount 

in a closed reactor under UV irradiation around room temperature37. The activity of TiO2-

supported MoO3 is much higher than that of either TiO2 or MoO3, suggesting the synergic 

interaction between TiO2 and MoO3. The photoexcited electrons and holes would migrate 

through the conjugation between them, which would assist the local separation and prevent 

their recombination, and thus, would give a high activity. Photocatalytic POM to methanol 

was reported on a MoO3/SiO2 catalyst38. The reaction was carried out in a circulated closed 

system. A low yield of methanol was detected under UV irradiation at 313 K without any 

COx molecule formation. However, MoO3/SiO2 was turned to blue after photoirradiation for 

a long time, suggesting the reduction of MoO3. When the photoreaction was carried out at a 

higher temperature (373 K), the color of the catalyst did not change, suggesting facile 

oxidation of the reduced sites by oxygen at this temperature. The addition of Cu2+ to the 

MoO3/SiO2 catalyst also enhanced the methanol formation, from 2 mmol h-1 to 6 mmol h-1. 

It was proposed that the increase in the formation rate under UV irradiation was possibly 

caused by the longer lifetime of the active O- centres photo-formed by the charge transfer 

from O 2p to the valence d orbital of Cu2+. In addition, silica-supported CuMoO4 exhibited 

absorption in the visible region and gave a high methanol formation (2.8 mmol h-1) under 

visible irradiation. So far, it is still difficult to obtain both high activity and high selectivity 

for the photocatalytic POM by using molecular oxygen. This is because of the high reactivity 
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of the oxidant. In many cases, the addition of mild thermal energy seemed to be effective in 

promoting the photocatalytic reaction. 

Others photocatalysts. Yi and coworkers39 show that Ag decorated ZnO can activate 

methane under ambient conditions when the particle size of zinc oxide is reduced down to 

the nanoscale, it exhibits high activity for methane oxidation under simulated sunlight 

illumination. The function of nano-silver decoration lies at least in: (i) as electron sink 

reducing the recombination of electrons and holes in the surface of ZnO; (ii) as a photo-

sensitizer extending the utilization of the visible light. They revealed that the methane photo-

oxidation, in all likelihood, proceeds via a two-step process (Figure 1-10): first, CH4 reacts 

with O2 and produces H2O and HCHO (CH4 + O2 → HCHO + H2O), and then the 

intermediate product HCHO further reacts with O2 and produces H2O and CO2 (HCHO + O2 

→ CO2 + H2O). 

 

Figure 1-10 Schematic illustration for the photocatalytic CH4 reaction processes under 

ambient conditions39. 

 

1.3.3.3 Methane conversion with H2O 

Other oxidants milder than molecular oxygen have also been examined in 

photocatalytic conversion of methane to obtain organic products and/or hydrogen. Here, the 

photocatalytic methane conversion by using water molecules as the oxidant will be 

introduced21, 40, 41, 42, 43, 44, 45, 46. 

Photocatalytic methanol formation. Photocatalytic conversion of methane to methanol 
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by using water as an oxidant was reported to occur on WO3 doped with lanthanum under 

either UV or visible irradiation at 343 K45. Methane conversion was ca. 4% and the main 

products were hydrogen and methanol at 1 MPa. The observed side products were ethane, 

oxygen, formic acid, and CO2. The conversion depended on the concentration of dissolved 

methane in water. The reaction occurred only above 343 K at atmospheric pressure (0.1 MPa), 

but it occurred at a lower temperature (323 K) at 10 MPa. The addition of hydrogen peroxide 

increased the conversion of methane. It was proposed that the hydroxyl radical would react 

with methane to give a methyl radical, which would further react with the additional water 

to produce methanol and hydrogen. Conversion of methane to methanol by using a visible 

laser (514 nm) and a WO3 catalyst was reported to occur at room temperature47. The products 

observed were methanol, O2, and CO2. The maximum yield of methanol was ca. 32 mg dm-

3 when the laser power was 1.5 W and the catalyst amount was 0.3 g. The addition of H2O2 

has no effect in enhancing the methanol yield, but the addition of an electron capture agent 

like Fe3+ could optimize the yield. Here Fe3+ would inhibit the generation of O-2 and CO2 by 

capturing the conduction band electron to produce Fe2+. This keeps the concentration of 

methanol and oxygen constant over a prolonged period. Recently, bismuth-based 

photocatalyst was found to catalyze methane conversion to methanol48. Bi2WO6, BiVO4, and 

coupled Bi2WO6/TiO2-P25, have been synthesized by a facile hydrothermal method, 

characterized, and evaluated for the first time in the selective photooxidation of methane to 

methanol. The obtained BiVO4 is, among the others, the most promising photocatalyst for 

this reaction, displaying higher CH3OH selectivity and being more stable than the others. 

When Bi2WO6 was coupled with TiO2, the methane conversion increased; however, 

overoxidation of CH4 to CO2 predominates. Andreu and coworkers49 designed Bi- and V-

containing beta zeolites prepared by incipient wetness impregnation have been used. While 

the zeolite proves to be photoactive under UVC irradiation toward the total oxidation process, 

the formation of V2O5 on the surface is an effective alternative for modifying the acid−base 

surface properties, thus significantly decreasing the undesired CO2 formation. Additionally, 

the addition of small Bi amounts favors the formation of a BiVO4/V2O5 heterojunction, 

which acts as a visible light photocatalyst while at the same time, leading to higher selectivity 
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to methanol at the expense of ethylene formation (Figure 1-11).  

 

 

Figure 1-11 Schematic illustration for the photocatalytic oxidation of methane to 

methanol. 

 

Photocatalytic SRM. Pt/TiO2 photocatalyst was found to promote the photocatalytic 

steam reforming of methane (SRM) at around room temperature50, 51. Under these conditions, 

both the SRM and consecutive water–gas shift reaction occurred simultaneously. High 

activity was obtained on Pt/TiO2 photocatalysts having large surface area of anatase TiO2 

and enough loading amount (40.1 wt;%) of metallic Pt nanoparticles. H2 and CO2 were 

observed as the main products upon photoirradiation, as shown in Fig. 9. Trace amounts of 

C2H6 and CO were observed as minor products. After an induction period, the molar ratio of 

H2 to CO2 in the outlet gas became close to four (Figure 1-12), confirming that the 

photocatalytic SRM proceeded as the main reaction. In this system, H2O and CH4 would be 

activated to form the surface reaction intermediates, [CH2O]n.  

 

 

Figure 1-12 Time course of the production rate for (a) H2 and (b) CO2, and that of (c) the 

molar ratio of H2 to CO2 over Pt (0.1)/TiO2 in the flow of CH4 (50%) and H2O (1.4%). 
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Total flow rate was 50 mL min-1. 

 

Platinum-loaded lanthanum-doped sodium tantalate, Pt/NaTaO3: La was found to show 

higher activity for the photocatalytic SRM than the other catalysts51. By-products were 

hardly observed in this case. In this system, the highest H2 production rate observed was 4.5 

mmol min-1 (6.6 mL h-1), corresponding to 0.6% methane conversion. over Pt (0.03 

wt%)/NaTaO3: La upon photoirradiation of maximum intensity (116 mW cm-2) from the Xe 

lamp. This photocatalytic SRM system can produce H2 from renewable resources 

(biomethane and water) and natural energy (photoenergy such as solar energy). 

As mentioned above, methane can be converted in various ways. We introduced some 

photocatalytic reaction systems for the methane conversion, i.e., the direct methane 

conversion to hydrocarbons (NOCM), the partial oxidation (POM), the steam reforming 

(SRM), and others. These photocatalytic reaction systems provide us with many possibilities 

to activate methane (Table 1-1). 

 

Table 1-1 State of the art methane chemical utilization reactions. 

Entry Reactions Chemical equations 

Methane only 

1 Pyrolysis CH4 → C + 2H2 

2 Non-oxidative coupling of methane (NOCM) 2CH4 → C2H6 + H2 

3 Aromatization 6CH4 → C6H6 + 9H2 

Methane and oxygen 

4 Total oxidation CH4 + 2O2 → CO2 + 2H2O 

5 Oxidative coupling of methane (OCM) 4CH4 + O2 → 2C2H6 + 2H2O 

6 Partial oxidation of methane (POM) 
2CH4 + O2 → 2CO + 4H2 

2CH4 + O2 → 2CH3OH 

Methane and water 

7 Methane to methanol CH4 + H2O → CH3OH + H2 

8 Steam reforming of methane (SRM) CH4 + H2O → CO + 3H2 

9 SRM + Water–gas shift reaction CH4 + 2H2O → CO2 + 4H2 
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1.4 Research progress of photocatalytic CO2 reduction  

1.4.1 Titanium dioxide-based photocatalysts 

Although the TiO2 semiconductor material has a bandgap energy of more than 3.0 eV, 

which makes it a UV-absorbing semiconductor material, it has low cost, high catalytic 

activity, high chemical stability, strong anti-oxidation capability, non-toxicity, and no 

secondary pollution. So it has become the most widely used photocatalytic material. In 1979, 

Japanese researcher Fujishima and Honda reported for the first time the synthesis of formic 

acid, methanol, formaldehyde and other organic compounds by photocatalytic reduction of 

CO2 in semiconductor suspensions, in which TiO2 exhibited excellent photocatalytic 

activity52. Since then, photocatalysts for the photocatalytic reduction of CO2 on the basis of 

TiO2 have attracted a great deal of attention and have attracted a great deal of research 

interest53, 54, 55, 56. 

 

1.4.1.1 Metal- and non-metal dopping of TiO2 

The doping of TiO2 mainly includes the doping with metal and non-metal elements. 

Metal doping can introduce defect sites or change crystallinity in the semiconductor lattice, 

thus affecting the recombination of electron-hole pairs. The non-metal doping mainly 

introduces new valence bands, which narrows the gap width to absorb visible light, thereby 

increasing the catalyst's absorption of sunlight. Both the doping methods may affect the 

adsorption behavior of the reaction species on the surface of the catalyst and they have a 

significant influence on the photocatalytic activity of the TiO2.  

In 1990, Verwey and coworkers57 first discovered that the catalytic properties of the 

semiconductors changed after the semiconductors were doped with different valence metal. 

For photocatalytic reduction of CO2, Cu-based catalysts have been considered to have high 

selectivity for reducing CO2. Experiments show that Cu-doped TiO2 photocatalyst can 

significantly improve the effect of photocatalytic reduction of CO2
58. Richardson and 

coworkers59 reported that the activity of photocatalytic reduction of CO2 to methanol with 

Cu and Mn co-doped TiO2 catalysts prepared by the sol-gel method has been further 
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improved comparing with a single metal-doped catalyst. Kočí and coworkers60 synthesized 

Ag-doped TiO2 catalysts under reversed micelles using sol-gel method. Under the 

appropriate Ag content, the methanol and methane generation rates have been significantly 

improved. Marta and coworkers61 also used the sol-gel method to dope Mg in TiO2. The 

introduction of Mg increased the density of Ti3+ and oxygen vacancies on the TiO2 surface, 

which promoted the separation of photogenerated electrons and holes. 

Ultraviolet light often used for excitation, is one of the main reasons restricting the 

photocatalytic application of semiconductor TiO2. Extending the light absorption range of 

TiO2 to the visible light region and realizing the direct use of visible light photocatalytic 

reduction of CO2 in solar energy will be a major advance in photocatalytic research. 

According to the semiconducting energy band theory, the conduction band position of a 

semiconductor mainly depends on the energy level of the d orbit of the metal ion (Ti4+) in 

the semiconductor, and the valence band energy level mainly depends on the energy level of 

the p orbital of the nonmetal ion (O2-). Therefore, the valence band position of the catalyst 

can be adjusted to change the forbidden band to promote the absorption of visible light by 

introducing non-metal ions (B, N, S, C, halogens, etc.) instead of part of the oxygen in TiO2 

(Figure 1-13).  

 

 

Figure 1-13 New valence band formation by doping of nonmetal ions. 
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1.4.2 Non-titanium-based photocatalysts 

A large number of semiconductor materials have been developed and applied to 

catalyze various photocatalytic reactions under visible or ultraviolet light. Classifying the 

main semiconductor photocatalysts into five categories based on their electronic structure. 

(i) d0 metal oxide photocatalysts (Ti4+, Zr4+, Nb5+, Ta5+, V5+, Mo6+ and W6+), (ii) d10 metal 

oxide photocatalysts (Ga3+, Ge4+, In3+, Sn4+, and Sb5+), (iii) layered double hydroxides, (iv) 

MOFs materials. 

 

1.4.2.1 d0 metal oxide photocatalysts (Ti4+, Zr4+, Nb5+, Ta5+, V5+, Mo6+ and W6+) 

Other cations are introduced by solution or hydrothermal methods to synthesize the 

corresponding titanate-based semiconductor materials. These materials show some catalytic 

activity in the photocatalytic reduction of CO2 through the modification of promoter or 

compounding with other semiconductors62, 63, 64. Guan and coworkers62 prepared K2Ti6O13 

by the solid solution method, then Cu/ZnO/K2Ti6O13 was obtained by impregnation method, 

and finally photo-deposition Pt to obtain Pt-Cu/ZnO/K2Ti6O13 catalyst. In the experiment, 

focused sunlight was used to irradiate the catalyst for photocatalytic reduction of CO2. The 

main products were methanol, formaldehyde and formic acid. The total production rate of 

hydrocarbon reached 17 μmol/gcat/h. Kudo and coworkers prepared a layered perovskite 

structure of ALa4Ti4O15 (A=Ca, Sr, and Ba) by complexation-polymerization and modified 

the catalyst with Ag. It was found that Ag-BaLa4Ti4O15 had the highest catalytic activity, and 

the main product of the reduction was CO, and the product molar ratio is (H2 + CO): O2 = 2: 

1 (Figure 1-14a). This is in accordance with the stoichiometry, which shows that the 

production of CO is mainly from the photocatalytic reduction of CO2. Further 

characterization found that Ag is mainly deposited on the side of the layered material, the 

photocatalytic reduction reaction occurs mainly on the side, and the oxidation reaction 

mainly occurs on the front side (Figure 1-14b). 
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Figure 1-14 (a) CO2 reduction over BaLa4Ti4O15 photocatalyst with Ag (2wt%) cocatalyst 

loaded by a liquid-phase reduction method; (b) Mechanism of photocatalytic CO2 

reduction over BaLa4Ti4O15 with Ag cocatalysts loaded. 

 

Alkaline and alkaline-earth metal niobate have been shown to have good photocatalytic 

activity in photo-degraded pure water, but their less applied in photocatalytic reduction of 

CO2. In 2011, Zou and coworkers first applied the niobate salt semiconductor material to the 

photocatalytic reduction of CO2. NaNbO3 nanowires prepared by the hydrothermal method 

have significantly improved the activity of photocatalytic reduction of CO2 to produce CH4 

comparing with the NaNbO3 particles prepared by the solid solution method. A further study 

by Ye and coworkers found that the crystalline structure and electronic structure of NaNbO3 

material have a significant effect on photocatalytic activity65, 66. The cubic phase c-NaNbO3 

has a higher photocatalytic activity than the orthorhombic phase o-NaNbO3 (Figure 1-15). 

Further characterization and theoretical calculations found that the band gap of the cubic 

phase c-NaNbO3 is narrower than the orthorhombic phase o-NaNbO3 and has a wider 

absorption range. Its unique crystal structure makes the electrons in the c-NaNbO3 more 

easily excited by light and transferred to the surface. These properties make the c-NaNbO3 

have higher photocatalytic activity. 
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Figure 1-15 (a) Photocatalytic H2 evolution from the aqueous methanol solution; (b) CH4 

evolution in gas-phase CO2 reduction over c-NaNbO3 and o-NaNbO3 samples (with 

loading 0.5 wt % Pt). 

 

Tantalate catalysts have some applications in the photocatalytic reduction of CO2. In 

particular, InTaO4 semiconductor materials with visible absorption ability have received 

more attention67, 68, 69, 70. The band gap of InTaO4 is 2.6 eV, and the valence band structure is 

shown in Figure 1-16. Its conduction band position is relatively high, and photo-generated 

electrons have a relatively high reduction capacity, which can well reduce CO2 to generate 

CH3OH; its valence band is in a suitable position, and it can also oxidize water to generate 

oxygen. After InTaO4 is modified with nitrogen or NiO, the visible light photocatalytic 

activity of CO2 will be further improved. Teramura and coworkers prepared ATaO3 (A = Li, 

Na, K) catalyst by solid solution method, in which LiTaO3 had the highest activity of 

photocatalytic reduction of CO2 to CO, and it had better ability to separate photogenerated 

carriers71. Lv and coworkers prepared NiOx-Ta2O5-rG composite photocatalytic material by 

one-step hydrothermal method. After graphene modification, the activity of the 

photocatalytic reduction of CO2 to CH3OH has been significantly improved72. 
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Figure 1-16 Band structure of InTaO4. 

 

Bi2WO6 is a typical visible light semiconductor material. During the photocatalytic 

reduction of CO2, different synthesis methods were used to prepare Bi2WO6 in order to 

obtain higher photocatalytic activity. In 2011, Zou and coworkers prepared ultra-thin 

Bi2WO6 nanosheets by hydrothermal method using oleylamine. The activity of 

photocatalytic reduction of CO2 to CH4 was about 20 times higher than that of Bi2WO6 

prepared by solid solution method (Figure 1-17a)73. Huang and coworkers prepared Bi2WO6 

hollow spheres by anion exchange method. The activity of photocatalytic reduction of CO2 

to CH3OH was about 13 times higher than Bi2WO6 prepared by solid solution method 

(Figure 1-17b)74. 

 

Figure 1-17 (a) CH4 generation over Bi2WO6 nanoplates and the SSR sample as a function 

of visible-light irradiation times (λ > 420 nm); (b) Methanol yields on the Bi2WO6 
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photocatalysts under visible light irradiation for 2 h. 

 

1.4.2.2 d10 metal oxide photocatalysts (Ga3+, Ge4+, In3+, Sn4+, and Sb5+) 

Zou’s group and Ye’s group have many in-depth studies on photocatalytic materials 

such as Zn2GeO4
75, 76, 77, ZnGa2O4

77, 79, Zn2SnO4
80, In2Ge2O7

81. By controlling the material's 

morphology such as crystal face, composition, promoter modification and non-metal doping, 

the series of materials showed good catalytic activity in photocatalytic reduction of CO2. 

Zou and coworkers prepared an ultra-long and ultra-thin Zn2GeO4 nanoribbon 

material82. Comparing with the activity of Zn2GeO4 prepared by solid solution method, 

Zn2GeO4 nanoribbon has exhibited significantly improved photocatalytic reduction of CO2, 

and the activity has been greatly improved after the promoter modification of Pt and RuO2 

(Figure 1-18). Then they synthesize a hexagonal prismatic Zn2GeO4 nanorod catalyst by 

low-temperature hydrothermal method. It also confirmed that this material is superior to the 

solid solution method for the photocatalytic reduction of CO2 to CH4 and CO. The study 

believes that the main reason for its better activity is that the material has fewer defect sites, 

a larger surface area, and a unique surface microstructure. Ye and coworkers synthesized a 

Zn2GeO4 catalyst with both micropores and mesoporous structures under room temperature 

conditions by a simple ion exchange method. 

 

 

Figure 1-18 CH4 generation over (a) the SSR sample, (b) nanoribbons, (c) 1wt %Pt-loaded 

nanoribbons, (d) 1 wt % RuO2-loaded nanoribbons, and (e) 1 wt % RuO2 + 1 wt % Pt-

coloaded nanoribbons as a function of light irradiation time. 
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ZnGa2O4 also shows good activity in photocatalytic reduction of CO2. Zou and 

coworkers prepared mesoporous Zn(Ga1-xAlx)2O4 precursor by sol-gel method and ion 

exchange method, and then high-temperature ammonia treatment to obtain mesoporous 

ZnAl2O4-ZnGaNO photocatalyst78. The rate of photocatalytic reduction of CO2 to CH4 is 9.2 

μmol g-1h-1, which is 7.7 times higher than that of ZnGaNO or N-doped TiO2 catalysts. And 

then, they controlled the exposed crystal facet of ZnGa2O4 and synthesized a ZnGa2O4 

nanocubic with exposed {100} facets by ion exchange hydrothermal method without 

surfactant. The study found that the {100} facets has a higher hole migration rate, which is 

accelerating the water oxidation reaction, and more hydrogen ions generate on the catalyst 

surface. Thus, the reduction of CO2 is promoted. 

Zn2SnO4
80, In2Ge2O7

81, Ga2O3
82, 83 also have been applied in the photocatalytic 

reduction of CO2. Zou and coworkers synthesized octahedrons Zn2SnO4 with hexagonal 

nanosheet interlaced on the surface under hydrothermal conditions using L-tryptophan. The 

special structure of the material contributes to the scattering of light in the catalyst and 

increases the absorption of light by the catalyst, on the other hand, the surface of the material 

is roughened by the nanosheets, which not only improves the separation of the 

photogenerated carriers, but also facilitates the product diffusion. The catalyst was applied 

for the photocatalytic reduction of CO2 to produce CH4. Its activity was significantly higher 

than that of irregular particles and no nanosheets structure Zn2SnO4 catalysts (Figure 1-19). 

They also prepared In2Ge2O7 nanowires with good crystallinity by solvothermal method. 

The main product of photocatalytic reduction of CO2 by this catalyst is CO, while the main 

product of other germanate semiconductors (Zn2GeO4) is CH4. 
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Figure 1-19 CH4 generation over Zn2SnO4 (a) the bulky, (b) atactic particle, (c) micro-

octahedron, (d) nanoplate/micro-octahedrons, (e) 1 wt % RuO2 + 1 wt % Pt-coloaded 

atacticparticle, (f) 1wt % RuO2+1wt % Pt-coloaded micro-octahedron, (g) 1wt % 

RuO2+1wt % Pt-coloaded nanoplate/micro-octahedrons. 

 

1.4.2.3 Layered double hydroxides 

Layered Double Hydroxide (LDH) is a general term for hydrotalcite (HT) and 

Hydrotalcite-Like Compounds (HTLCs). LDHs are a class of ionic solids characterized by 

a layered structure with the generic layer sequence [AcBZAcB]n, where c represents layers 

of metal cations, A and B are layers of hydroxide (HO-) anions, and Z are layers of other 

anions and neutral molecules (such as water). Lateral offsets between the layers may result 

in longer repeating periods. The intercalated anions (Z) are weakly bound, often 

exchangeable, their intercalation properties have scientific and commercial interest. The 

basicity of LDHs allows the material to have the ability to adsorb activated CO2, which has 

a certain research potential in the photocatalytic reduction of CO2
84, 85, 86, 87. 

Ahmed and coworkers88 first prepared Zn-Al LDHs catalysts and applied them to the 

photocatalytic reduction of CO2 by hydrogen. The main product of the reaction is CO, and 

its formation rate is: 620 nmol h-1g-1
cat. And then, Cu was introduced into Zn-Ga LDHs to 

obtain Zn-Cu-Ga photocatalysts. The main product of photocatalytic reduction of CO2 is 

CH3OH, and the formation rate is 170 nmol h-1g-1
cat. Corma and coworkers89 prepared Zn-

Ti LDHs materials and utilized 185 nm deep UV light to catalyze the reduction of CO2. 

When H2 was used as a reducing agent, the CO2 conversion is around 40%, and the main 
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product is CH4. When H2O was used as a reducing agent, the conversion is around 2.2%, 

and the formation rate of CH4 is 77 μmol h-1g-1
cat. This result is much higher than the general 

photocatalytic reduction of CO2. The main reason is that deep ultraviolet light can directly 

activate H2O and CO2 molecules without catalysts. 

 

1.4.2.4 MOFs 

Metal-organic frameworks (MOFs) are compounds consisting of metal ions or clusters 

coordinated to organic ligands to form one-, two-, or three-dimensional structures. The 

framework metal and framework organic ligands of MOFs materials can be controlled, and 

the framework metal and organic ligands can serve as active sites for catalytic reactions. 

Therefore, it has a very good potential for research in photocatalysis. Lin and coworkers90 

prepared a Zr6O4(OH)4(bpdc)6 metal-organic framework material (UiO-67) by a hybrid-

matching synthesis. Then, the complex [ReI(CO)3(dcbpy)Cl](H2L4) was introduced into 

UiO-67, and the material was used in the photocatalytic reduction of CO2 to CO (Figure 1-

20a). Wang and coworkers91 prepared Co-ZIF-9 metal-organic framework material, which 

has a good ability to adsorb CO2 (Figure 1-20b). The application of MOFs materials in 

photocatalysis has just begun. Because of its unique advantages, it is believed that MOFs 

will make a greater progress in photocatalysis92, 93, 94, 95. 

 

 

Figure 1-20 Mechanism of photocatalytic CO2 reduction over (a) UiO-67, (b) Co-ZIF-9. 

 

1.5 Conclusion 

As mentioned above, photocatalysis has a number of advantages. In photocatalytic 
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systems, the reaction could proceed beyond the thermodynamic barrier to give selected 

products under mild conditions. The low temperature process would be beneficial for some 

reasons. Since other molecules used to reduce the activation energy would not be required, 

newly designed photocatalytic reaction systems might occur without consumption of extra 

energy and chemicals, and without undesirable emissions. It is also important that the 

photocatalysis can convert the solar energy to chemical compounds having high potential 

such as hydrogen. 

However, most of the reported photocatalytic methane conversions give a low product 

yield and a low energy efficiency, which are still very far from our demands. Thus, while we 

must further improve the performance of these photocatalytic systems, and we must consider 

the place where the photocatalytic reaction systems can be applied efficiently. The 

photocatalytic conversion of methane has not been deeply studied to date. There should still 

be many undiscovered photocatalysts and photocatalytic systems. Even the known 

photocatalytic systems have enough potential to be improved. It is expected that further 

development would bring the photocatalytic system for methane conversion closer to being 

a real application. 

One significant problem in the photocatalytic redox reactions is the separation of the 

separation of the reagents and products. Heterogeneous photocatalytic reduction of carbon 

dioxide on semiconductors is not yet ready for implementation in real-life solar fuel 

applications. However, with the current pace of development in the field, an emerging 

understanding of the mechanism and new materials should make the promise of this process 

even closer in the near future. 

 

1.5.1 Photocatalytic conversion of methane 

The selective oxidation of methane to fuels and chemicals has attracted great attention 

from researchers around the world. Photocatalytic conversion of methane has not been 

generally studied to date. There should be many undiscovered photocatalysts and 

photocatalytic systems. Even known photocatalytic systems have sufficient potential for 

improvement. 
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Methane conversion involves multiple steps due to its high stability. Thus, several 

catalytic methods have been explored, including homogeneous, heterogeneous, and 

photocatalytic processes to selectively oxidize methane to methanol and other chemicals 

such as ethane, ethylene, and formaldehyde26, 96, 97. High reaction temperatures (>700 °C), 

low selectivity to target products, and often abundant CO2 production are major drawbacks 

of conventional thermocatalytic technologies. Photocatalysis, which uses sunlight, has been 

shown to be very promising for water decomposition and environmental remediation. In 

some photocatalytic systems, the reaction can exceed the thermodynamic barrier and the 

selected product is obtained under mild conditions. 

We introduced some photocatalytic reaction systems for the methane conversion, i.e., 

the partial oxidation (POM) and oxidative coupling of methane (OCM). Direct methane 

conversion to hydrocarbons (NOCM), the steam reforming (SRM), the dry reforming (DRM) 

and representative achievements are highlighted in Table 1-2. Most of the reported 

photocatalytic methane conversion products have low yields and low energy efficiency, but 

they are still far from meeting our requirements. Therefore, although we must further 

develop the performance of these photocatalytic systems, we must consider where the 

photocatalytic reaction system can be effectively applied.  

 

Table 1-2 Representative studies of photocatalytic conversion of methane. 

Catalyst Reactants Products Ref. 

2CH4 → C2H6 + H2 

FSM-16 CH4 C2, C3 total yield: 0.1 C% 25 

Ga2O3 CH4 C2, C3 total yield: 0.49 C% 26 

Ag-ZnO CH4+O2 C2H6 quantum yield: 8% 39 

Ga-ETS-10 CH4 C2H6: 29.8 μmol g-1 h-1 30 

Zn+- ZSM-5 CH4 C2H6: 3 μmol g-1 h-1 29 

Au-ZnO CH4 C2H6: 11.3 μmol g-1 h-1 98 

Ga/ TiO2-SiO2 microarray CH4 C2H6: 5 μmol g-1 h-1 99 
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Au-HPW/TiO2 CH4 C2H6 yield: 9% Chap. 4 

CH4 + H2O → CO + 3H2 

0.03 wt %Rh/K2Ti6O13 CH4+H2O H2: 1.875 μmol g-1 min-1 102 

Ni/SiO2 CH4+CO2 
H2: 17.1 mmol g-1 min-1 

CO: 19.9 mmol g-1 min-1 
103 

2% Rh/TiO2 CH4+H2O H2: 116 μmol g-1 min-1 104 

Pt/NaTaO3:La CH4+H2O H2: 0.26 μmol g-1 min-1 105 

CH4 + H2O → CH3OH + H2 

BiVO4 

bipyramids 
CH4+H2O CH3OH: 111.9 μmol g-1 h-1 100 

0.33metalwt %FeOx/TiO2 CH4+H2O+H2O2 CH3OH: 1056 μmol g-1 in 3 h 101 

Cu/PCN CH4+H2O C2H5OH: 106 μmol g-1 h-1 107 

2CH4 + 3O2 → 2CO + 4H2O 

Zn-HPW/TiO2 CH4+Air CO: 420 μmol g-1 h-1 Chap.3106 

 

1.5.2 Photocatalytic Reduction of CO2 

At present, the product formation rate of photocatalytic reduction of carbon dioxide on 

semiconductors rarely exceeds several tens of μmolg-1h-1. This means that the efficiency of 

the process is generally lower than that of natural photosynthesis or photocatalysis to 

produce H2. Recent developments have focused on new photocatalytic materials and new 

nanoscale structures that provide large surface area, improved charge separation and directed 

electron transfer. The mechanism of this process is also the subject of many studies, usually 

based on a combination of experimental and computational methods which are summarized 

in Table 1-3. These studies attempt to answer unresolved questions about the chemical 

pathways for CO2 reduction that determine the selectivity of the overall reaction. 

The overview of the physical, optical, and electronic properties of BiVO4, in particular 

that of the monoclinic scheelite structure has shown the promise of BiVO4 as a visible light-

active photocatalyst. while crystal facet engineering of BiVO4 with exposed {010} and {110} 

facets promotes spatial separation of photogenerated electrons and holes on the two surfaces 
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and enlargement of {010} increases the charge transfer efficiency. The construction of p-n 

heterojunctions and Z-scheme heterojunctions provides more efficient charge separation and 

rapid charge transfer, which facilitates higher photocatalytic activity. In the coming decades, 

BiVO4 may become a potential material for photocatalytic applications. It is undeniable that 

the charge kinetics of photocatalysts, which involve multiple steps and mechanisms, are 

indeed a complicated field of study. While existing mechanisms are primarily based on 

theoretical and experimental data from various characterization tools, a deeper 

understanding of charge dynamics is often limited by characterization techniques and 

realistic experimental conditions108, 109. 

 

Table 1-3 Representative studies of photocatalytic CO2 reduction. 

Catalyst Reaction Medium Products Ref. 

2CO2 + 3H2O → CO + CH4 + 3O2  

Pt/TiO2 NPs H2O CH4: 60 μmol g-1 h-1 110 

Pt/TiO2 on glass beads H2O vapor CH4: 0.3 μmol g-1 h-1 111 

Pt/TiO2 NRs H2O vapor CH4: 6 μmol g-1 h-1 112 

Pt/Ti-MCM-48 H2O vapor CH4: 12.3 μmol g-1 h-1 113 

Pt/N-doped meso-TiO2 H2O vapor CH4: 2.8 μmol g-1 h-1 114 

Pt/TiO2-SiO2 composite H2O vapor 
CH4: 9.7 μmol g-1 h-1 

CO: 1.8 μmol g-1 h-1 
115 

Pt/KNbO3 H2O vapor CH4: 70 ppm g-1 h-1 116 

Pt/NaNbO3 H2O vapor CH4: 4.86 μmol g-1 h-1 117 

Pt/Zn2GeO4 H2O vapor CH4: 28.9 ppm g-1 h-1 118 

Pt/In2Ge2O7 hybrid NWs H2O vapor CO: 0.95 μmol g-1 h-1 119 

Pt/g-C3N4 H2O vapor CH4: 0.13 μmol g-1 h-1 120 

Pt/Red phosphor/g-C3N4 H2O vapor CH4: 295 μmol g-1 h-1 121 

Pt/In2O3/C3N4 H2O vapor CH4: 1990 ppm g-1 h-1 122 

Pt/NaNbO3/C3N4 H2O vapor CH4: 6.4 μmol g-1 h-1 123 

Ag/Brookite TiO2  
0.2 m KHCO3 

solution 
CH3OH: 266.7 μmol g-1 h-1 124 
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Ag/TiO2 H2O/CH3OH vapor 
CO: 87 μmol g-1 h-1 

CH4: 10 μmol g-1 h-1 
125 

Ag/CdS TEOA solution CO: 258 μmol g-1 h-1 126 

Ag/KCaSrTa5O15 H2O CO: 8.1 μmol g-1 h-1 127 

Ag/SrLa4Ti4O15 H2O CO: 23.7 μmol g-1 h-1 128 

Rh/TiO2 H2 CO: 5.1 μmol g-1 h-1 130 

Pd/TiO2 H2O CH4: 0.6 μmol g-1 h-1 131 

Cu-PbS QD  

sensitized TiO2 
H2O 

CH4: 0.82 μmol g-1 h-1 

C2H6: 0.31μmol g-1 h-1 

CO: 0.58 μmol g-1 h-1 

135 

Cu-CdS QD  

sensitized TiO2 
H2O 

CH4: 27.5 μmol g-1 h-1 

C2H6: 17.5 μmol g-1 h-1 

C3H8: 10.0 μmol g-1 h-1 

136 

Cu/MOF-525 
Solution MeCN/ 

TEOA = 4:1) 

CO: 200.6 μmol g-1 h-1 

CH4: 36.67 μmol g-1 h-1 
138 

MgO-TiO2 H2O vapor CO: 1.3 μmol g-1 h-1 143 

Cu2O/I-doped TiO2 H2O vapor CO: 1.9 μmol g-1 h-1 147 

CuO/TiO2-SiO2 H2O vapor CO: 20.3 μmol g-1 h-1 148 

Zn-HPW/TiO2 H2O vapor CO: 50 μmol g-1 h-1 Chap. 5 

CuOx/CoOx/BiVO4 H2O vapor Hydrocarbons: 11 μmol g-1 h-1 Chap. 6 

CO2 + 3H2O → CH3OH + 2O2 +H2 

2CO2 + 3H2O → CH3CHO + 3O2 +H2 

Ag/Brookite TiO2  
0.2 m KHCO3 

solution 
CH3OH: 266.7 μmol g-1 h-1 124 

Rh/TiO2 H2O 
CH3OH: 0.4 μmol g-1 h-1 

HCOOH: 1.62 μmol g-1 h-1 
129 

Pd/g-C3N4 H2O 
CO: 20.3 μmol g-1 h-1 

C2H5OH: 2.18 μmol g-1 h-1 
132 

Cu/TiO2 
1 M KHCO3 

solution 
CH3OH: 194 μmol g-1 h-1 133 

Cu-TiO2/SBA-15 
0.1 M NaOH 

solution 
CH3OH: 627 μmol g-1 h-1 134 

Cu/GO H2O 
CH3OH: 2.94 μmol g-1 h-1 

CH3CHO: 3.88 μmol g-1 h-1 
137 

RuO2-CuxAgyInzZnkSm NaHCO3 solution CH3OH: 118.5 μmol g-1 h-1 139 

NiO-InNbO4 
0.2 M KHCO3 

solution 
CH3OH: 1.57 μmol g-1 h-1 140 
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NiO-InTaO4 
0.2 M NaOH 

solution 
CH3OH: 21 μmol g-1 h-1 141 

NiO-InTaO4 H2O vapor CH3CHO: 0.3 μmol g-1 h-1 142 

Co3O4-InNbO4 
0.2 m KHCO3 

solution 
CH3OH: 1.5 μmol g-1 h-1 140 

Cu2O-TiO2 
1 M KHCO3 

solution 
CH3OH: 224 μmol g-1 h-1 144 

Cu2O-TiO2 
0.2 M NaOH 

solution 
CH3OH: 19.75 μmol g-1 h-1 145 

Cu2O-TiO2 H2O vapor CH3OH: 0.45 μmol g-1 h-1 146 

CuO-TiO2 
1 M KHCO3 

solution 
CH3OH: 442.5 μmol g-1 h-1 133 

MoS2-TiO2 
1 M NaHCO3 

solution 
CH3OH: 10.6 μmol g-1 h-1 149 

 

1.6 Objective of thesis 

This thesis aims to: 

✓ Develop and propose new efficient materials, catalysts and processes to utilize 

methane and carbon dioxide with high selectivities and yields to valuable products. In 

particular, this thesis focuses on the methane selective photocatalytic oxidation to CO and 

methane selective photochemical coupling to ethane. We are also considering in this work 

the CO2 photocatalytic reduction to CO and CO2 reduction to hydrocarbons. 

✓ Evaluation of the mechanism of the reaction and optimize its catalytic performance 

based on it. 
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Chapter 2. Experimental 

2.1 Catalyst preparation 

2.1.1 Chemicals 

Titanium (IV) oxide (P25, TiO2, 99.5%), phosphotungstic acid hydrate 

(H3O40PW12·xH2O, Mw = 2880.05), phosphomolybdic acid hydrate (H3[P(Mo3O10)4] · xH2O, 

Mw = 1825.25), tungstosilicic acid hydrate (H4[Si(W3O10)4] · xH2O, Mw = 2878.17), zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O, ≥99.0%), iron(III) nitrate nonahydrate 

(FeNO3)3·9H2O, ≥98%), ammonium metavanadate(V) (NH4VO3, 99%), ammonium 

tungstate ((NH4)10H2(W2O7)6, ≥99.99%), manganese(II) nitrate hydrate (Mn(NO3)2·xH2O, 

99.99%), cobalt(II) nitrate hexahydrate (Co(NO3)3·6H2O, 98%), cerium(III) nitrate 

hexahydrate (Ce(NO3)3·6H2O, 99%), gallium(III) nitrate hydrate (Ga(NO3)3·xH2O, 99.9%), 

bismuth(III) nitrate pentahydrate (Bi(NO3)3 · 5H2O, ≥98.0%), bismuth(III) oxide (Bi2O3, 

99.999%) copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, 99-104%), ammonium 

metavanadate (NH4VO3, ≥99.0%), vanadium(V) oxide (V2O5, 99.99%), silver nitrate 

(AgNO3, ≥99.0%), palladium(II) nitrate hydrate (Pd(NO3)2·xH2O, 99.9%), ruthenium(III) 

chloride hydrate (RuCl3 · xH2O, 38.0-42.0% Ru basis), lead(II) nitrate (Pb(NO3)2 , ≥99.0%), 

gold(III) chloride hydrate (HAuCl4 · aq, ~50% Au basis), nitric acid (HNO3, 70%), ammonia 

solution 28-30%, sodium chloride (NaCl, ≥99.5%), sodium hydroxide (NaOH, ≥98%), 

sodium dodecylbenzenesulfonate (CH3(CH2)11C6H4SO3Na, technical grade) and dimethyl 

carbonate (DMC, ≥99.0%) were purchased from Sigma-Aldrich and used without further 

purification. 13C labelled carbon dioxide (13CO2, 99 atom % 13C - <3 atom % 18O) was 

purchased from Cortecnet. 

Supports 

Commercial amorphous silica (CARIACT Q-10, Fuji Silysia) and TiO2 (P25) together 

with the synthetized g-C3N4 and BiVO4 were used as supports for the preparation of metal-

heteropolyacid nanocomposites. g-C3N4 was fabricated by calcining the urea. The powder 

of urea was calcined in a muffle furnace for 2 h at 550 oC with a ramping rate of 10 oC min−1 

in air. After cooling down to room temperature, the final light-yellow g-C3N4 was obtained. 
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Monoclinic BiVO4 crystals were synthesized by a hydrothermal method. Briefly, the 

precursors NH4VO3 (0.015 mol) and Bi(NO3)3·5H2O (0.015 mol) were dissolved in an 

aqueous nitric acid solution (2 M), and the pH value of the solution was adjusted to 2.0 with 

ammonia solution (14.84 M) under continuous stirring. An orange precipitate appears over 

time. After that, the suspension was transferred to a Teflon-lined stainless steel autoclave 

with a capacity of 100 mL and treated by hydrothermal at 473 K for 24 h. After the autoclave 

was cooled down to room temperature, the yellow powdery sample was separated by 

filtration, washed with deionized water for several times, and then dried at 353 K in air for 

overnight. Finally, the sample was calcined at 773 K in air for 2 h. The final yellow BiVO4 

was obtained. 

 

2.1.2 Synthesis of the metal-heteropolyacid/TiO2 composite catalysts  

TiO2 (P25) constituted by 20% rutile and 80% anatase was used as catalytic support. 

The metal-HPW/TiO2 catalysts were prepared by the two-step impregnation. For example, 

for preparation of Zn-HPW/TiO2, first, a fixed amount of TiO2 was suspended in an 

anhydrous ethanol solution of phosphotungstic acid hydrate (H3[P(W3O10)4] xH2O, HPW)， 

ungstosilicic acid hydrate (H4[Si(W3O10)4] · xH2O, HSiW) and phosphomolybdic acid 

hydrate (H3[P(Mo3O10)4] · xH2O,HPMo). The ratio of HPW to TiO2 varied from 0.15 to 1.2. 

The HPW/TiO2 (HPW/TiO2 ratio=0.3) sample was obtained by stirring and drying at 353 K 

for 12 h. Second, the Zn-HPW/TiO2 catalyst was prepared by incipient wetness impregnation 

of the support with aqueous solutions of zinc nitrate hexahydrate (Zn(NO3)2·6H2O). For the 

other metal-HPW/TiO2 catalysts, the aqueous solutions of Fe(NO3)3·9H2O, NH4VO3, 

Co(NO3)3·6H2O, Ce(NO3)3·6H2O, Ga(NO3)3·xH2O, Cu(NO3)2·3H2O, Bi(NO3)3 · 5H2O, 

RuCl3 · xH2O, HAuCl4, AgNO3 and Pd(NO3)2·xH2O were used. The concentrations of the 

impregnating solutions were calculated in order to obtain about 6 wt. % metal in the final 

catalysts. After the second impregnation, the catalysts were dried overnight in an oven at 373 

K. Then, they were calcined in air at 300 °C for 3 h with the 2 °C/min temperature ramping. 

The catalysts were denoted as M-HPW/TiO2, and M = V, Fe, Ga, Ce, Co, Cu, Zn, Bi, Au, 
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Ru, Ag and Pd. 

Preparation of the silver salt of HPW deposited on TiO2 (AgPW/TiO2) 

First, a fixed amount of phosphotungstic acid hydrate (H3[P(W3O10)4] xH2O, HPW) 

was mixed with silver nitrate (AgNO3) aqueous solution. The preparation process was 

performed at ambient temperature under stirring. The obtained Ag salt was evaporated 

overnight in the oven at 353K to dryness. Then, the AgPW/TiO2 sample was prepared by 

incipient wetness impregnation of the TiO2(P25) support with aqueous solutions of Ag salt. 

After the impregnation, the samples were dried overnight in an oven at 373 K. 

 

2.1.3 Synthesis of BiVO4 base catalysts  

2.1.3.1 Synthesis of monoclinic BiVO4 crystal with controllable exposed facets 

Monoclinic BiVO4 crystal was synthesized by a hydrothermal method. In brief, the 

precursors NH4VO3 (0.015 mol) and Bi(NO3)3·5H2O (0.015 mol) were dissolved in an 

aqueous nitric acid solutions (2 M), and the pH value of the solution was adjusted to 2.0 with 

ammonia solution (14.84 M) under continuous stirring. An orange precipitate appears over 

time. After that, NaCl was added into the suspension and stirring was continued for 30 

minutes. After about 5 h aging, the suspension was transferred to a Teflon-lined stainless 

steel autoclave with a capacity of 100 mL and treated under hydrothermal conditions at 473 

K for 24 h. After the autoclave was cooled down to room temperature, the yellow powdery 

sample was separated by filtration, washed with deionized water for several times, and then 

dried at 353 K in air for overnight. Finally, the sample was calcined at 773 K in air for 2 h. 

The samples were denoted as BiVO4 - x M, and x represents the concentration of NaCl in 

the suspension1, 2, 3. 

 

2.1.3.2 Synthesis of monoclinic BiVO4 crystal with predominantly exposed {010} and {110} 

facets  

Synthesis of BiVO4-010 

The precursor Bi(NO3)3·5H2O (0.015 mol) was dissolved into an aqueous nitric acid 
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solutions (4 M). And the precursors NH4VO3 (0.015 mol) was dissolved into another 

aqueous sodium hydroxide solution (2 M). Afterwards, sodium dodecyl benzene sulfonate 

(0.002 mol) was added to the above solutions separately. After stirring for 30 minutes, the 

above two solutions were mixed under continuous stirring. The pH value of mixed solutions 

was adjusted to 7.0 with sodium hydroxide solution (2 M). After about 1 h stirring, the mixed 

solution was transferred into Teflon-lined stainless steel autoclave and hydrothermally 

treated at 473 K for 1.5 h. The yellow powdery was recovered by filtration, washed with 

deionized water for several times, and then dried at 353 K in air for overnight. This sample 

was denoted as BiVO4-0104. 

Synthesis of BiVO4-110 

The BiVO4-110 sample was synthesized using solid-liquid state reaction by mixing 

equal amount of Bi2O3 (0.005 mol) and V2O5 (0.005 mol) in an aqueous nitric acid solution 

(1 M). The suspension was stirred for four days at room temperature. The yellow powdery 

was separated by filtration, washed with deionized water for several times and dried at 353 

K in air for overnight. This sample was denoted as BiVO4-1105. 

 

2.1.3.3 Selective photo-deposition of metal oxides in monoclinic BiVO4 crystal 

Photo-reduction and photo-oxidation procedures have been used for deposition of co-

catalysts. 1.0 g BiVO4 powder and a calculated amount of metal precursors were added in 

40 mL deionized water containing a sacrificial agent. After about 20 minutes ultrasonic 

dispersion, the aqueous suspension under irradiation with a 300 W Xe lamp for 5 h under 

continuous stirring with the protection of nitrogen. Then the suspension was filtered, washed 

with deionized water for several times and dried at 353 K in air for overnight. 

5 wt% of metal in the form of metal oxides (WOx, FeOx, ZnOx, CuOx and CoOx)were 

deposited over BiVO4-0.20M by photo-reduction procedure using 20 wt% of methanol as 

sacrificial agent and (NH4)10(H2W12O42)·4H2O, Fe(NO3)3·9H2O, Zn(NO3)2·6H2O and 

Cu(NO3)2·3H2O as precursors, respectively. The obtained samples were denoted as 

WOx/BiVO4, FeOx/BiVO4, ZnOx/BiVO4 and CuOx/BiVO4. 

5 wt% of metal in the form of metal oxides MnOx, PbO2 and CoOx have been deposited 
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over CuOx/BiVO4 by photo-oxidation technique using NaIO3 (0.1 M) as the electron 

acceptor and Mn(NO3)2·xH2O, Pd(NO3)2·xH2O and Co(NO3)3·6H2O as precursor, 

respectively. The obtained samples were denoted as MnOx/CuOx/BiVO4, PbO2/CuOx/BiVO4 

and CoOx/CuOx/BiVO4. 

For comparison, the reference sample CoOx/CuOx/BiVO4(imp) has been synthesized 

by impregnation of Cu(NO3)2·3H2O and Co(NO3)3·6H2O over BiVO4-0.20M with 

subsequent calcination at 673 K. 

 

2.2 Catalyst Characterization 

The X-ray powder diffraction (XRD) experiments were conducted using a Bruker AXS 

D8 diffractometer with Cu Kα radiation (λ = 0.1538 nm). The XRD patterns were collected 

in the 5−80° (2θ) range. The diffuse reflectance UV-visible spectra of the catalysts were 

recorded on a Perkin-Elmer Lambda 650 S UV/VIS spectrometer equipped with an 

integrating sphere covered with BaSO4 as a reference.  

The textural properties of the samples were studied by N2 physisorption on a 

Micromeritics Tristar 3020 apparatus.  

The photoluminescence (PL) spectroscopy measurements were performed on a 

LabRam HR (Horiba scientific). For excitation, 325 nm or 532 nm radiation from a diode-

pumped solid-state 300 µW laser was used. The spectrophotometer has an entrance slit of 

100 µm, and is equipped with a 300 lines/mm-1 grating that permits to achieve a spectral 

resolution of 3.8 cm-1 per pixel. The luminescence light was detected with a CCD camera 

operating at 138 K.  

The scanning electron microscope (SEM) measurements were carried out using JEOL 

scanning electron microscope with 30 Kv accelerating voltage. 

The transmission electron microscope (TEM) observations were performed on a Tecnai 

instrument, equipped with a LaB6 crystal, operating at 200 kV. The point resolution was 

around 0.24 nm. Prior to the analysis, the samples were dispersed by ultrasound in ethanol 

solution for 5 min, and a drop of solution was deposited onto a carbon membrane onto a 300 
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mesh-copper grid. High quality analytical explorations using the double corrected Cold FEG 

ARM Jeol 200 (field emission gun) microscope were carried out using the 100 mm Centurio 

detector for the energy dispersive X rays (EDX) equipping this TEM. The point-to-point 

resolution reached was of the order of 78 pm under the parallel TEM mode and 0.9 Å under 

the STEM (Scanning TEM) mode. Z-sensitive high angle annular dark field, HAADF–

scanning transmission electron microscopy (STEM imaging, and EDX elemental maps were 

performed using scanning speed 20 μs/px for imaging and 0.05 μs/px for EDX (256x256px 

maps), with a 0.1 nm probe size and a current of 120pA. All spectra were recorded under a 

vacuum of 10-8 Torr and recalibrated afterwards with the binding energy of the Al 2p at 74.6 

eV. 

The fourier-transform infrared (FTIR) spectra have been collected using a Thermo iS10 

spectrometer at a 4 cm-1 resolution (0.96 cm-1 data spacing). The spectra were analyzed and 

presented (including integration, differentiation and determination of peak positions) using 

a specialized Thermo software (Omnic). 

 

2.3 Photocatalytic tests 

2.3.1 Equipment for photocatalytic conversion of methane  

The photocatalytic conversion of methane was carried out in a homemade stainless-

steel batch reactor (volume, ~250 mL) with a quartz window on the top of the reactor (Figure 

2-1a). The light source was 400 W Xe lamp (Newport). The Quantum Efficiency (QE) was 

determined by using a Hamamatsu spot light sources LC8-06 Hg-Xe lamps emitting between 

240 and 600 nm and equipped with a quartz light-guide to deliver a stable and uniform 

illumination of the sample. The spectral range of the irradiation where selected by using 

Hamamatsu optical filter. The irradiance measured by an optical power meter (Newport 

PMKIT) were 94 and 38 mW cm-2 in the ranges of >382 nm and 280-400 nm, respectively. 

All the photocatalytic tests were performed at ambient temperature. The following typical 

procedure was used. First, 0.1 g of solid catalyst was placed on a quartz glass holder on the 

bottom of reactor. Then, for selective photocatalytic conversion of methane into carbon 
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monoxide system, the reactor was filled with CH4. The methane pressure was increased up 

to 0.3 MPa. The reactor contained 0.3 MPa of CH4 and 0.1 MPa of air (78% N2 and 21% 

O2). And for photocatalytic oxidation coupling of methane system, the reactor was evacuated 

by vacuum pump and filled with CH4. The methane pressure was increased up to 0.3 MPa. 

Before starting a photocatalytic reaction, the reactor was kept in the dark for 1 h to ensure 

an adsorption-desorption equilibrium between the photocatalyst and reactants. Subsequently, 

the reactor was irradiated by a 400 W Xe lamp. The photocatalytic reaction time was varied 

from 1 to 50 h.  

The reaction products (C2H6, C3H8, CO and CO2) were analyzed by gas 

chromatography (GC, PerkinElmer Clarus® 580). The reaction system was connected to an 

online GC injection valve, and the gaseous products were directly introduced to the GC for 

analysis. The GC was equipped with a PoraBOND Q, a ShinCarbon ST 100/120, columns, 

a flame ionization detector (FID) and a thermal conductivity detector (TCD). Helium was 

used as carrier gas.  

 

2.3.2 Equipment for photocatalytic CO2 reduction  

The photocatalytic reduction of CO2 in water was carried out in a homemade stainless-

steel batch reactor (~250 mL) with a quartz window on the top of the reactor. The light source 

was 400 W Xe lamp (Newport). The catalyst was placed on a quartz glass holder in the 

middle of reactor (Figure 2-1b). 15 ml of liquid water was added at the bottom of reactor. 

The reaction has been conducted at ambient temperature and 0.2 MPa of CO2. Before start 

of the photocatalytic reaction, the reactor was kept in the dark for 1 h to ensure an adsorption-

desorption equilibrium between the photocatalyst and the reactants. Subsequently, the 

reactor was irradiated by a 400 W Xe lamp. The spectral range of the irradiation was selected 

using Hamamatsu optical filter. The photocatalytic reaction time was typically 7 h.  

The gas phase reaction products (CO, CH4, C2H6 and C3H8) were analyzed by on-line 

gas chromatography (GC, PerkinElmer Clarus® 580). Liquid products such as HCHO and 

CH3OH were analyzed by off-line GC analysis. The GC was equipped with a PoraBOND Q 

and ShinCarbon ST 100/120 columns with detection by flame ionization detector (FID) and 
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a thermal conductivity detector (TCD).  

 

 

 

Figure 2-1 The schema of (a) photocatalytic conversion of methane and (b) photocatalytic 

CO2 reduction reactor. 

 

2.3.3 13CO2 labeling experiment 

The isotopic 13CO2 labeling experiments were performed in the homemade stainless-

steel batch reactor. First, 0.1 g of solid catalyst was placed on a quartz glass holder on the 

bottom of reactor. Then, the reactor was sequentially filled with O2, which was regulated to 

0.1 MPa, CH4 and 13CO2. The reactor contained 0.3 MPa of CH4, 0.1 MPa of O2 and 0.004 

MPa isotopic 13CO2. The reactor was kept at ambient temperature. Before starting a 

photocatalytic reaction, the reactor was kept in the dark for 1 h to ensure an adsorption-

desorption equilibrium between the photocatalyst and reactants. The gas phase was analyzed 

by mass spectrometry. In particular, the (m/z=29)/(m/z=45) ratio was recorded to determine 

the contribution of 13CO2 (m/z=45) cracking to 13CO+ (m/z=29) within the ion source of the 

mass spectrometer. Subsequently, the reactor was irradiated by a 400 W Xe lamp for 14 h. 

After reaction, the isotopic products (13CO and 13CO2) were again analyzed by recording 

(m/z=29)/(m/z=45) ratio and compared to the value obtained before reaction. Any increase 

in the (m/z=29)/(m/z=45) ratio would be indicative of the formation of 13CO in the reactor 

vessel through the conversion of 13CO2. The gas from the reaction vessel was slowly released 
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in a 10 ml/min He flux and analyzed using an online mass spectrometer (Omnistar GSD300 

from Pfeiffer Vacuum). 

 

2.4 Measurement of quantum efficiency 

We measured quantum efficiency (QE) at 362 nm for the photocatalytic conversion of 

CH4 over the 6 wt. % Zn-HPW/TiO2 and the photocatalytic oxidation coupling of CH4 over 

the 6 wt. % Ag-HPW/TiO2. The quantum efficiency (η) for the formation of a product was 

calculated using the following equation6: 

𝜂 =
𝑅(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) ∗ 𝑁𝐴

𝐼(𝑊/𝑐𝑚2)  ∗ 𝑆(𝑐𝑚2)  ∗ 𝑡(𝑠)/𝐸𝜆(𝐽) 
∗ 100% 

Where NA, I, S, t represents the Avogadro’s constant, light irradiance on the sample, 

irradiation area and reaction time, respectively. Eλ is given by hc/λ (λ = 362 nm). R(electron) 

represents the amounts of electrons used in the formation of the product. For the 

photocatalytic conversion of CH4, RCO(electron) are the amounts of electrons used for the 

formations of CO. RCO(electron) = 6n(CO), where n is the amount of CO product. For the 

photocatalytic oxidation coupling of CH4, RC2(electron) and RC3(electron) are the amounts 

of electrons used for the formations of C2H6 and C3H8, respectively. R(electron) = 

RC2(electron) + RC3(electron) = 2n(C2H6) + 3n(C3H8), where n(C2H6) and n(C3H8) are the 

amount of C2H6 product and C3H8 product, respectively. 
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Chapter 3. Selective Photocatalytic Conversion of Methane into 

Carbon Monoxide over Zinc-Heteropolyacid-Titania 

Nanocomposites 

 

 

 

 

 

Abstract 

Chemical utilization of vast fossil and renewable feedstocks of methane remains one of the 

most important challenges of modern chemistry. Herein, we report direct and selective 

methane photocatalytic oxidation at ambient conditions into carbon monoxide, which is an 

important chemical intermediate and a platform molecule. The composite catalysts on the 

basis of zinc, tungstophosphoric acid and titania exhibit exceptional performance in this 

reaction, high carbon monoxide selectivity and quantum efficiency of 7.1% at 362 nm. In-

situ Fourier Transform Infrared and X-ray Photoelectron Spectroscopy suggest that the 

catalytic performance can be attributed to zinc species highly dispersed on 

tungstophosphoric acid /titania, which undergo reduction and oxidation cycles during the 

reaction according to the Mars-Van Krevelen sequence. The reaction proceeds via 

intermediate formation of surface methoxy carbonates. 
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3.1 Introduction 

In recent years, methane has become increasingly abundant due to the development of 

shale gas fields and other cost efficient or renewable feedstocks such as biogas. Methane is 

also considered as one of the greenhouse gases with a global warming potential 50 times 

higher than carbon dioxide1. Methane activation is a formidable challenge for catalysis 2, 3, 

4,5. High reaction temperatures (>700°C), low selectivity and abundant CO2 production are 

major drawbacks of the conventional thermocatalytic technologies.  

Photocatalysis, which uses sunlight, has been shown to be very promising for water 

decomposition and environmental remediation. Photocatalysis has been also considered as 

one of pathways to break the thermodynamic barrier6, 7, 8, 9, 10, 11, 12, 13, 14, 15. Only a few 

examples of methane photocatalytic conversion are available in the literature. Earlier reports 

have shown that methane can be converted by photocatalytic steam reforming (CH4 + 2H2O 

→ 4H2 + CO2)
8, 9, 10, 11, 12, 13 or can undergo photocatalytic total oxidation (CH4 + 2O2 → CO2 

+ 2H2O)9. A limited number of papers16, 17 have also addressed combined photo-

thermocatalytic18 or plasma-enhanced19 methane dry reforming, which represents an 

interesting route for production of carbon monoxide and hydrogen. A few reports20, 21, 22, 23 

also suggest that methane photo-oxidation can produce methanol, though extremely low 

yields have been achieved. 

Carbon monoxide is a very important compound and a building block in chemical 

industry. It is utilized as a feedstock in the production of chemicals ranging from acetic acid 

to polycarbonates and polyurethanes. Syngas, which is a mixture of carbon monoxide and 

hydrogen, is a valuable feedstock for manufacturing methanol, hydrocarbon fuels, oxo-

alcohols and aldehydes. CO is also an important reducing agent and it is used for 

manufacturing pure metals and in particular iron, cobalt and nickel. 

Herein, we report direct selective photocatalytic conversion of methane into carbon 

monoxide under ambient conditions with only marginal CO2 production: 

2CH4 + 3O2  2CO + 4H2O      (1) 

                    2CH4 + O2  2CO + 4H2        (2) 
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A series of catalysts were developed on the basis of metals, H3PW12O40 heteropolyacids 

(HPW) and TiO2 (P25). The Zn-HPW/TiO2 system exhibits exceptional photocatalytic 

activity in selective carbon monoxide production from methane. Zinc species seem to play 

an important role in methane activation6, 24. Importantly, methane activation and reaction are 

carried out at ambient temperature. High carbon monoxide yields (up to 3–4% in a single 

batch experiment), high quantum efficiency (QE = 7.1% at 362 nm) and extended catalyst 

stability make it potentially interesting in the future for practical applications. To the best of 

our knowledge, the present work presents the first example of utilizing photocatalysis for 

methane selective oxidation into carbon monoxide. The conducted in-situ investigation of 

the reaction mechanism is indicative of zinc reduction by methane with important 

modifications of the catalyst structure. Exposure to oxygen leads to subsequent regeneration 

of the composite catalyst according to Mars–van Krevelen mechanism25, 26, 27. 

 

3.2 Result 

3.2.1 Catalytic performance of the metal HPW/TiO2 composites 

CO, CO2 and trace amounts of hydrogen were detected on TiO2, HPW, HPW/TiO2 

composites containing different metals after light irradiation (Figure 3-1a). No methanol was 

detected. Addition of noble or transition metals (Ag, Pd, V, Fe, Ga, Ce, Co, Cu and Zn) to 

HPW/TiO2 strongly affects the rate and selectivity of methane oxidation. Much higher 

activity was observed over the catalysts containing noble metals (Figure 3-1a), but 

accompanied by significant carbon dioxide production. Among the transition metals, higher 

CO selectivity was observed on the zinc and copper catalysts.  

Compared to the Cu-based catalyst, Zn-HPW/TiO2 demonstrated a very high activity. 

Importantly, addition of zinc specifically promotes the carbon monoxide formation rate, 

which increases almost twenty times from 0.02 mmol g-1 h-1 over pristine HPW/TiO2 to 

0.429 mmol g-1 h-1 over the catalyst doped with Zn. Remarkably, the CO selectivity reaches 

more than 84% on Zn-HPW/TiO2. Clearly, the Zn-HPW/TiO2 catalyst has the highest 

potential for methane selective photocatalytic oxidation. The experiments without irradiation 
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(dark) yielded no products, confirming that the reaction is indeed driven by light. In order to 

evaluate the influence of UV, visible and IR light, we conducted photocatalytic experiments 

on selected spectral ranges (280 <  < 400 nm and  > 380, Table 3-1). The Zn-HPW/TiO2 

catalyst exhibits very mild activity under visible irradiation, while the reaction rate increases 

20 times, when the reactor is exposed to UV.  

Methane partial oxidation to CO can be compared with methane dry reforming. 

Methane dry reforming usually involves both thermo- and photo-catalysis. Note that in our 

work, methane photooxidation to carbon monoxide occurs with high selectivity at ambient 

temperature, while in previous reports16,17, methane dry reforming was conducted at 

relatively high temperatures in order to obtain noticeable conversion. 

 

Figure 3-1 Methane photocatalytic oxidation on different catalysts. a Metal-HPW/TiO2 

composite, b TiO2, HPW, and Zn containing catalysts. Reaction conditions: catalyst, 0.1 g; 

gas phase pressure, CH4 0.3 MPa, Air 0.1 MPa; irradiation time, 6 h. 

 

Table 3-1 Catalytic performances for photocatalytic CH4 conversion measured under 

irradiation at different spectral ranges. 

Spectral range 

of irradiation 

(nm) 

Formation rate (μmol g-1 h-1) 
Irradiance 

（mW cm-2） 

Formation rate to 

power ratio 

(μmol g-1 h-1 mW-1 

cm2) 
CO CO2 

>382 11 5.9 94 0.12 

280-400 208 48 38 5.5 
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Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CH4 0.3 Mpa, Air 0.1 Mpa; 

irradiation time, 6h; light source, Hamamatsu LC8-06 Hg-Xe stabilized irradiation lamps 

with a spectral irradiance in the range 240-600; Cut-off filter: Vis-IR λ > 382 nm; UV light, 

λ = 280-400 nm. 

 

The exceptional photocatalytic activity of the Zn-HPW/TiO2 catalyst seems to be 

related to zinc species. It is reasonable to suggest that the overall reaction rate on Zn-

HPW/TiO2 can be affected by zinc content. Figure 3-2a illustrates the catalytic behavior of 

Zn-HPW/TiO2 with different Zn loadings. Addition of even small amounts of zinc results in 

a major increase in the rate of methane conversion. Note that the presence of zinc principally 

increases the rate of CO production, while the rate of methane oxidation to CO2 is only 

slightly affected. Thus, formation of CO2 might be explained by the activity of HPW/TiO2, 

whereas the Zn species seem active and selective in methane photo-oxidation to CO. Note 

that the major increase in CO is only observed when the Zn content is higher than 2-3 wt. %. 

The highest zinc dispersion can be obviously obtained at lower zinc content, at the amount 

of Zn2+ ions, which can neutralize the acid sites in HPW. This amount corresponds to about 

2 wt. % Zn. 

Another catalyst parameter, which may affect the catalytic performance is the 

HPW/TiO2 ratio in the composite. Figure 3-2a shows the performance of Zn-HPW/TiO2 

catalysts with different ratio of HPW to TiO2, while the molar ratio of Zn to HPW was kept 

at 2. The HPW/TiO2 ratio in the composite Zn-HPW/TiO2 catalysts does not noticeably 

affect the rate of CO2 formation, while the effect of this ratio on the rate of CO formation is 

more significant. Note that only the CO production rate is strongly influenced by the 

concentration of highly dispersed Zn species. It is expected that higher HPW/TiO2 ratio 

could enhance zinc dispersion, because of possible localization of zinc ions in the cationic 

sites of HPW. Some small decrease in the rate of CO production at higher HPW/TiO2 ratio 

can be due to the formation of larger HPW clusters, which would affect the electron transfer 

from TiO2 to the Zn species.  
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Figure 3-2 Carbon monoxide and carbon dioxide production over Zn-HPW/TiO2 catalysts. 

an influence of different Zn loadings, b influence of HPW/TiO2 ratio. Reaction conditions: 

catalyst, 0.1 g; gas phase pressure, CH4 0.3 MPa, Air 0.1 MPa; irradiation time, 6 h. 

 

Further, photocatalytic methane oxidation was investigated on HPW and TiO2 with and 

without zinc (Figure 3-1b). TiO2, HPW, and HPW/TiO2 exhibit 10-20 times lower activity 

compared to Zn-HPW/TiO2. Methane photo-oxidation on TiO2, HPW, and HPW/TiO2 

primarily results in CO2, while CO was the major product over Zn-HPW/TiO2. This could 

suggest different mechanisms of methane photo-oxidation on these catalysts. The lattice 

oxygen activated by photo-generated hole could be the main active species for the activation 

of methane and oxygen and subsequent oxidation of the CH3 radicals to CO2 over those 

semiconductors without zinc9.  

Promotion of TiO2 or HPW with Zn results only in a slight increase in the methane 

oxidation rate, whereas CO2 remains the major reaction product. The mediocre catalytic 

performance of those composites can be due to the following phenomena. First, Zn/TiO2 

contains relatively large ZnO crystallites. In addition, because of poor zinc dispersion, the 

uncovered TiO2 surface leads to an important contribution of TiO2 to methane total oxidation 

to CO2. HPW plays a crucial role in enhancement of zinc dispersion. Indeed, TEM images 

(Figure 3c) suggest the presence of extremely small Zn clusters in the composite Zn-

HPW/TiO2 catalyst. In addition, HPW could be efficient in transfer of holes and electrons 
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from TiO2 to Zn sites28.  

Thus, a major increase in CO production from methane only occurred when the 

composite catalyst contained together three components: TiO2, HPW, and Zn. The observed 

strong effect of Zn on the catalytic performance might be therefore due to the intimate 

contact between Zn, HPW and TiO2. It is expected that the interaction of ZnO with the 

H3PW12O40 acid results in formation of Zn2+ ions and possibly small positively charged Zn 

cationic nanoclusters. The highly dispersed Zn species may have high mobility in the 

composites. In order to confirm this, we have prepared mechanical mixtures of Zn/TiO2 with 

HPW/TiO2 and performed photocatalytic conversion of methane. The activity of these 

mechanical mixtures (Figure 3-3) was much higher than over either Zn/TiO2 or HPW/TiO2. 

This could indicate substantial migration of zinc during the reaction and formation of the 

active sites with the enhanced performance of methane oxidation to CO. 

 

 

Figure 3-3 Carbon monoxide and carbon dioxide formation rate over nanocomposites and 

mechanical mixtures. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CH4 0.3 

MPa, Air 0.1 Mpa; irradiation time, 6h. 

 

3.2.2 Characterization of the Zn-HPW/TiO2 catalysts 

The Zn-HPW/TiO2 samples have shown the best catalytic performance in partial 
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methane photocatalytic oxidation to carbon monoxide. A combination of techniques was 

used for their characterization. The X-ray diffraction (XRD) patterns of Zn-HPW/TiO2, 

ZnO/TiO2, HPW/TiO2, TiO2 and HPW are shown in Figure 3-2. The samples containing 

TiO2 exhibit XRD peaks of anatase and rutile phases, while the XRD peaks assigned to the 

heteropolyacid are present in HPW. Interestingly, no diffraction peaks were detected for the 

HPW and Zn phases in Zn-HPW/TiO2. This can be probably due to their smaller crystallite 

sizes. The XRD patterns are slightly different for the Zn/TiO2 sample. They show the 

presence of the hexagonal wurtzite ZnO phase (orange bar, JCPDS #36-1451), which was 

identified by diffraction peaks at 31.8o and 34.4o attributed to crystal face (100) and (002) 

respectively9, 29. Note that the XRD peaks of ZnO almost disappear for Zn-HPW/TiO2 

catalysts. This suggests that in the presence of HPW, zinc species are highly dispersed. No 

XRD zinc carbonate peaks were observed for any catalyst. 

 

 

Figure 3-4 XRD patterns of different nanocomposites catalysts. 

 

FTIR analysis has been used to identify the acidity and state of Zn in the catalyst. Figure 

3-5 shows FTIR spectra of initial catalyst after evacuation at 200 °C. The catalyst shows 

strong bands at 1560 and 1285 cm-1, which might be assigned to νas(CO3) and νs(CO3) of 

bidentate Zn carbonate species30.  

Adsorption of Py results in strong bands at 1621 and 1453 cm-1, which might be 

attributed to the Py adsorption over strong Lewis acid sites31. The Lewis acid sites were 
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attributed to unsaturated Zn2+ ions. No Brönsted acidity associated to HPW was observed. 

The Zn-HPW/TiO2 catalyst contains 0.9 mmol of Zn, while the maximum concentration of 

potential Brönsted acid sites associated with HPW can be only 0.3 mmol/g (assuming that 

Brönsted acid sites are not neutralized by zinc). Thus, in the case of full neutralization, a 

major part of Zn should be in the form of carbonate or oxide. The presence of carbonates 

might be explained by relatively high basicity ZnO, which easily adsorbs CO2
32. 

 

 

Figure 3-5 FTIR spectra of the Zn-HPW/TiO2 catalyst before and after adsorption of 

pyridine and sample evacuation at 200°C. 

 

The UV-Vis diffuse reflectance spectra of Zn-HPW/TiO2 nanocomposite and reference 

compounds are displayed in Figure 3-6a. The samples exhibit intense absorption in the 

ultraviolet region (< 400 nm). The band gap energy estimated using Tauc’s plots20, 21, 22 varies 

from 3.0 eV to 3.2 eV (Figure 3-6b). Relatively small effect of the promotion with Zn is 

observed on the band gap. The ZnO band gap energy is a function of crystallite size and 

varies from 3.12 to 3.30 eV33. Zinc carbonate also has semiconductor properties; its band 

gas is situated at 3.36 eV34. This also is rather close to the band gap of HPW (Eg = 3.12 eV, 

Figure 4) and TiO2 (Eg = 3.20 eV35).  
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Figure 3-6 UV-visible spectra. a UV-Vis spectra, b [F(R∞)hν]1/2 versus hν for Zn-

HPW/TiO2 and reference compounds. 

 

The TEM images of the calcined Zn-HPW/TiO2 catalyst (Figure 3-7a) clearly show the 

presence of core-shell particles. The core is constituted by TiO2 crystallites of 30-40 nm, 

while the shell is built by the HPW heteropolyacid (layer thickness of 1-2 nm). Small clusters 

of zinc, which is highly dispersed on the catalyst surface, can be also observed. Figure 3-7b 

shows TEM images of used Zn-HPW/TiO2. Interestingly, the methane photocatalytic 

oxidation does not result in any noticeable zinc sintering. Some restructuring of the HPW 

shell was only observed. 

 

 

Figure 3-7 TEM images of calcined (a) and used (b) Zn-HPW/TiO2. Scale bar: 10 nm 
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3.2.3 Reaction paths in methane oxidation to CO over Zn-HPW/TiO2 composites 

Additional experiments were conducted to investigate in detail the reaction paths over 

the Zn-HPW/TiO2 composites. Figure 3-8a shows variations of the CO and CO2 

concentrations as functions of the reaction time over the Zn-HPW/TiO2 catalyst, whereas the 

CO and CO2 selectivity as functions of methane conversion are displayed in Figure 3-8b. 

The selectivity to carbon monoxide decreases and selectivity to CO2 increases as the contact 

time and conversion increase. Extrapolation to zero conversion gives the selectivity of 

primary reactions. The primary selectivity of methane oxidation to CO is about 80%, while 

only about 20% of methane directly oxidizes to CO2. Note that some small amount of CO2 

can come from decomposition of surface zinc carbonate. It can be suggested that the CH4-

O2 mixtures may react via a combination of parallel and sequential steps. Similar reaction 

paths were also observed for many partial oxidation reactions36, 37, 38, 39. 

 

 

Figure 3-8 a CO and CO2 concentrations in the reactor as function of time on stream on 

Zn-HPW-TiO2 catalyst; b CO and CO2 selectivity as functions of methane conversion. 

Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CH4 0.3 MPa, Air 0.1 MPa; 

irradiation time, 50h. 

 

In the methane partial oxidation, CO can be formed directly from methane, while CO2 

is produced either from methane total oxidation or from CO oxidation (Figure 3-9). 
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Figure 3-9 Parallel and consequent routes in methane oxidation. 

 

Therefore, in order to increase the selectivity to CO, the catalyst should contain active 

sites, which are selective for methane direct oxidation to carbon monoxide. These sites 

should have high activity towards methane oxidation to CO and lower activity for CO 

oxidation to CO2. Many reactions of partial oxidation occur with participation of oxygen 

atoms of the catalysts according to the Mars–van Krevelen mechanism25. In this mechanism, 

the oxygen of the catalyst first oxidizes the molecules of substrate. Oxygen vacancies are 

produced on the catalyst surface. Then, the oxygen vacancies react with gaseous oxygen and 

the catalytic structure regenerates. To confirm the relevance of the Mars–van Krevelen 

mechanism for methane photo-oxidation, the following experiments were conducted. 

First, the Zn-HPW/TiO2 catalyst was exposed directly to methane without adding any 

oxygen. Figure 3-10 shows the concentrations of CO and CO2 produced as functions of time. 

The catalyst shows relatively low conversion of methane to CO and CO2. The conversion 

completely stops after 20 h of reaction. This probably corresponds to exhausting oxygen in 

the catalyst. Assuming that the methane oxidation proceeds to carbon oxides and water with 

the following stoichiometry: 

CH4 + 3Os CO + 2H2O    (3) 

CH4 + 4Os CO2 + 2H2O   (4) 

Our calculation gives almost the same amount of oxygen present in ZnO in the calcined 

Zn-HPW/TiO2 catalyst before conducting the reaction (6 wt. % Zn, 7.4x10-4 mol/gcat) and 

amount of oxygen in the produced CO and CO2 (7.8x10-4 mol/gcat). This is indicative of the 

participation of oxygen linked to zinc in methane photocatalytic oxidation. Incorporation of 
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zinc oxide oxygen atoms in the produced carbon monoxide and carbon dioxide suggests that 

zinc is reduced to the metallic state during the reaction. Indeed, the catalyst color changes 

from white in the calcined catalyst to grayish (Figure 3-10, inserts). To provide further 

insights into the zinc oxidation state, both the calcined Zn-HPW/TiO2 catalyst and its 

counterpart after exposure to methane were characterized by XPS (Figure 3-11a). The 

catalyst exposure to methane under irradiation results in a shift of the Zn 2p3/2 lines from 

1021.9 eV characteristic for Zn2+ species to 1021.5 eV which corresponds to Zn0 40, 41, This 

suggests zinc reduction to the metallic state. The change in the valence state from Zn2+ to 

Zn0 was observed even more obviously (Figure 3-11b) from the 3 eV downward shift of the 

binding energy of the Zn L3M4.5M4.5 Auger peak42, 43, 44. In the Zn Auger peak from Zn-

HPW/TiO2 catalysts in Figure 3-12b is normalized to the peak height of the ZnO Auger 

feature. In the Zn Auger spectrum of Zn-HPW/TiO2 after pretreatment in 0.3 Mpa of CH4 

under 400 W Xe lamp for 12 h, a shoulder feature appeared at the binding energy that was 

reduced by 3 eV. When the catalyst was regenerated in 0.1 MPa of air under 400 W Xe lamp 

for 12 h, the shoulder almost disappeared. Simultaneously, XPS suggests complete oxidation 

of Zn metal clusters after their treatment in air and under irradiation (Figure 3-11a). The Zn 

2p3/2 binding energy shifts from 1021.5 eV to 1021.9 eV, which is characteristic for zinc 

oxide species. Thus, exposure of the Zn-HPW/TiO2 catalyst in the presence of light results 

in zinc re-oxidation to the Zn2+ oxidation state.  
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Figure 3-10 Carbon monoxide and carbon dioxide concentrations after exposure of Zn-

HPW/TiO2 to pure methane (CH4 0.3 MPa). The catalyst was regenerated by treatment in 1 

bar of air under light at ambient temperature. 

 

 

Figure 3-11 XPS (a) and Zn L3M4.5M4.5 Auger spectra (b) of Zn-HPW/TiO2 catalysts in the 

regions of Zn 2p. (1). fresh catalyst, (2). treatment in 0.3 Mpa CH4 under 400 W Xe lamp 

for 12h, (3). regeneration in 0.1 Mpa air under 400 W Xe lamp for 12h. 
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The catalytic performance can be entirely regenerated by treatment in air at room 

temperature in the presence of light. Figure 3-10 shows identical methane photocatalytic 

conversion on the Zn-HPW/TiO2 catalyst after exposure to 0.1 MPa of air and irradiation for 

16 h. The reaction-regeneration cycle can be repeated several times. Note that after exposure 

to air under irradiation for 16 h, color of the used catalyst again reverted from gray to white. 

The second series of experiments involves catalyst simultaneous exposure to methane 

and air (Figure 3-12). Exposure of the pre-calcined catalyst at the same time to methane and 

air results in the production of both CO and CO2. Similarly to the exposure of the catalyst to 

pure methane, the catalyst changes colors from white to grey in the end of the cycle. Note 

that the carbon monoxide and carbon dioxide concentrations are much higher in these 

experiments compared to the exposure of the catalyst only to methane (Figure 3-12). This is 

probably due to the presence of a larger amount of oxygen in the reactor with continuous 

zinc oxidation-reduction cycling during the reaction. Note that the oxygen for methane 

oxidation can originate both from the catalyst surface and reactor gaseous phase. The 

production of CO and CO2 then slows down after 12 h of reaction. Slower reaction rate is 

probably due to the depletion of available oxygen. The calculation again suggests that the 

amount of oxygen atoms in the produced CO and CO2 (2.4 mmol, including production of 

water) corresponds almost exactly to the amount of oxygen atoms in the 0.25 L reactor (2.3 

mmol). In the calculation, we considered both oxygen related to the ZnO species and oxygen 

atoms present as O2 in the gaseous phase. The amount of the oxygen in the calcined catalysts 

corresponds to about 3% of the amount of the oxygen from the gaseous phase. After purging, 

the reactor was once again exposed to 0.3 MPa of CH4 and 0.1 MPa of Air. Figure 3-12 

shows that methane was again converted to CO and CO2. Similar CO and CO2 formation 

rates were observed in the second and third runs. Furthermore, the catalyst stability was 

maintained over the reaction period of 78 h, when the fresh reactants were reintroduced. 
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Figure 3-12 Carbon monoxide and carbon dioxide concentrations after exposure of Zn-

HPW/TiO2 to CH4 and air. 

 

3.2.4 In-situ FTIR study of methane photocatalytic oxidation  

The structure of the Zn-HPW/TiO2 catalyst showing higher yield of CO in methane 

photocatalytic oxidation was studied in detail by in-situ FTIR spectroscopy. The calcined 

Zn-HPW/TiO2 catalyst pretreated in vacuum at 250 °C exhibits FTIR bands at 1560 and 1285 

cm-1, which correspond to bidentate surface Zn carbonates (Figure 3-14b). Then, the 

bidentate carbonate transforms into monodentate carbonate after 0.5 h of reaction (FTIR 

bands at 1510 and 1294 cm−1 corresponding to νas(CO3) and νs(CO3), respectively)30, 45. The 

transformation might be due to the conversion of bidentate to monodentate carbonate by 

water46. The presence of water was observed by highly intense broad IR band at 3460 and 

1605 cm-1 related to ν(O-H) and δ(H2O) vibrations. Subsequent exposure to light leads to 

the decrease in the intensity of carbonate bands with appearance of bands at 1225 and 1048 

cm-1, which might be assigned to ν(C-O) stretching bands in carbonate ester (O-CO2H
-, 

Figure 3-18) and methoxy group (CH3-O) respectively47. The presence of methoxy groups 

on the catalyst surface is also confirmed by a new FTIR band of C–H stretching at 2880 cm−1 
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(Figure 3-13a)47. The bands observed at 2200 and 2300 cm-1 (Figure 3-13a) probably 

correspond to carbon monoxide adsorption on the low coordinated Zn2+ ions48, 49. It can be 

suggested that these unsaturated Zn2+ ions may play an important role in methane activation. 

Strong methane chemisorption over smaller clusters of zinc oxide has been observed by 

several groups50, 51, 52, 53. During the catalyst regeneration, a gradual decrease in the intensity 

of the bands assigned to adsorbed CO species with simultaneous increase in the intensity of 

the bands assigned to carbonates was observed. 

FTIR analysis of the gaseous phase (Figure 3-14) clearly shows the presence of methane 

in the IR cell at the initial periods of the reaction (CH rotation-stretching and rotation-

bending bands at around 3020 and 1300 cm−1, respectively). At longer reaction time, gaseous 

carbon monoxide was identified by rotation - stretching bands at 2150 cm−1. In agreement 

with the results of photocatalytic tests, the intensity of the carbon monoxide FTIR band at 

2150 cm−1 increases with the reaction time. 

 

 



PhD Thesis of University of Lille 

80 
 

Figure 3-13 In situ FTIR spectra of the Zn-HPW/TiO2 catalysts in the region of a 3800–

2100 cm-1 and b 1800–1000 cm-1. The spectra were measured under light at different 

reaction times in CH4. 

 

 

Figure 3-14 FTIR spectra of gaseous phase during methane photocatalytic oxidation over 

the Zn-HPW/TiO2 catalyst as a function of reaction time. 

 

In order to confirm the presence of zinc methyl carbonate ester in the catalyst, dimethyl 

carbonate [(CH3O)2CO, DMC] was adsorbed on Zn-HPW/TiO2 with simultaneous 

measurements of FTIR spectra. The set of bands similar to those observed during the 

methane photooxidation has been observed (Figure 3-15). Treatment of the catalyst with 

adsorbed DMC in light leads to a gradual decrease in the intensity of the DMC bands and 

increase in the water bending band at 1605 cm−1. FTIR analysis of gas phase shows also an 

increase in the intensity of CO2 and CO bands, which indicates decomposition of DMC in 

the presence of light. 

The Zn-HPW/TiO2 catalyst was also exposed to the DMC vapor in the photocatalytic 

reactor in parallel experiments. In the absence of light, small amount of CO2 was produced, 

which is probably due to the DMC hydrolysis. Interestingly, in the presence of light, 

photocatalytic decomposition of DMC leads to the production of mostly CO (Figure 3-16). 
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Figure 3-15 FTIR spectra of adsorbed DMC during exposure to light (a) and gas phase 

analysis (b). 

(The bands at 1742, 1460, and 1313 cm-1 are attributable to C=O stretching, νas(CO3) and 

νs(CO3) of O–C–O stretching modes of carbonate species associated with the Zn cations. 

This assignment is supported by the work of DMC adsorption over cationic zeolites [T. 

Beutel, J. Chem. Soc., Faraday Trans., 1998,94, 985-993; Y. Zhang, A. T. Bell, Journal of 

Catalysis 255 (2008) 153–161]. The bands at 1208 and 1083 cm-1 might be assigned to ν(C-

O) stretching bands in carbonate and methoxy groups, respectively.) 
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Figure 3-16 Rates of production of CO and CO2 during decomposition of DMC over the 

Zn-HPW/TiO2 catalyst. Reaction condition: Catalyst 0.1 g, Ar 0.2 Mpa; DMC 2 mL; 6 h in 

dark or under light. 

 

Isotopic labelling experiments provided further information about the reaction 

mechanism. The goal was to elucidate if CO2 from the gaseous phase can be involved in the 

reaction. Figure 3-18 presents mass spectrum recorded before and after photocatalytic 

reaction. The experiments were conducted under a 12CH4, O2 and 13CO2 atmosphere (0.3 

MPa of CH4, 0.1 MPa of O2 and 1% isotopic 13CO2).  

To facilitate reading, signals have been normalized to the maximum intensity of peak 

m/z=45. Before reaction (black curve), m/z=45 corresponding to 13CO2 is clearly visible 

together with signal at m/z=29 corresponding to 13CO2 cracking to 13CO+ fragments in the 

mass spectrometer ion source. Peaks at m/z=28 represents residual N2 in the mass 

spectrometer vacuum chamber or CO species generated by the ion source. m/z=44 represents 

residual CO2 in the vacuum chamber and 12CO2 impurity contained in the 13CO2 cylinder. 

After reaction (red curve), m/z=28 and m/z=44 signals increase due to the production of 

12CO and 12CO2 from the photocatalytic oxidation of methane. m/z=29 signal increases due 

to the production of 13CO. Isotope labelling therefore suggests that some of added 13CO2 is 
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converted to 13CO. Figure 3-17b indicates a significant (+10%) increase in the 

(m/z=29)/(m/z=45) ratio before (black) and after (red) photocatalytic reaction. This increase 

could owe to the conversion of 13CO2 to 13CO under the reaction conditions. 

 

 

Figure 3-17 Isotopic 13CO2 labeling experiments, (a) mass spectrum (normalized); (b) 

(m/z=29/(m/z=45) ratio, black = before and red = after photocatalytic reaction. 

 

3.3 Discussion 

It is well-known that the absorption of a photon corresponding to the fundamental 

absorption band of an oxide leads to the formation of electron and hole pairs, i.e., excitons, 

which undergo radiative decay46. For the Zn-O sites, this process is represented as 

[Zn2+-O2-] ↔ [Zn+-O-]. 

This process corresponds to the band gap transition in zinc oxide with the energy of 3.2 

eV. The photocatalytic activity of the supported metal oxides is therefore closely associated 

with the charge-transfer excited [Zn+-O-] surface complex. This suggestion is also consistent 

with the uncovered dependence of the methane photo-oxidation rate on the irradiation 

wavelength. The reaction rate increases almost twenty times, when the catalyst has been 
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exposed to UV irradiation compared to the exposure to visible light. In the presence of the 

UV irradiation, the [Zn+-O-] complex would favor homolytic dissociation of methane 

molecules. Our experiments show that methane photo-oxidation occurs with participation of 

oxygen from the catalyst. Indeed, direct exposure of the oxidized catalysts to methane results 

in production of mainly CO, while the zinc is being reduced to metallic state. These reduced 

zinc particles can then easily re-oxidized and the catalyst regenerated. 

Previously, participation of the oxygen from the catalyst lattice in the photo-oxidation 

of methylene blue was shown by Ali et al26, 27 over deposited ZnO thin films. The Mars-van 

Krevelen type mechanism was also observed by Lee and Falconer55 in photocatalytic 

decomposition of formic acid on TiO2. Oxygen atoms for oxidation of formic acid were 

extracted from the TiO2 lattice. The Mars–van Krevelen oxidation–reduction mechanism 

commonly operates for many reactions of selective and partial oxidation. In agreement with 

these previous reports, our results also indicate an important role of the Mars–van Krevelen 

mechanism in the reactions of methane partial photocatalytic oxidation, which target 

selective production of carbon monoxide instead of CO2. 

The concentration of zinc carbonate significantly decreases during the methane 

oxidation. The in situ FTIR data are indicative of the formation of the surface methoxy 

carbonate. The conducted experiments with DMC suggest that CO is a major product of 

decomposition of methoxy carbonates in the presence of light. The following reaction 

sequence (Figure 3-18) is proposed to interpret the obtained photocatalytic and spectroscopic 

data. The first stage of the reaction is methane dissociation over Zn-O pairs under irradiation 

followed by the formation of Zn-methyl species. The reaction of surface Zn-methyl species 

with carbonate results in surface methoxy carbonates. The surface methyl carbonates were 

identified by the C–O stretching bands at 1225 cm−1 in the carbonate ester and C–O and C–

H stretching bands at 1048 and 2880 cm−1, respectively, in methoxy fragments. At the same 

time, zinc is reduced to the metallic state. In agreement with the DMC adsorption 

experiments, decomposition of zinc methyl carbonate leads to carbon monoxide. The 

participation of zinc carbonates in the reaction is consistent with isotope tracing experiments. 

Indeed, addition of small amounts of 13CO2 to the reacting medium results in the appearance 
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of 13CO. This suggests that during methane partial photo-oxidation, CO is formed via 

decomposition of the surface species such as methyl carbonates produced from zinc 

carbonates. 

Thus, the obtained results advocate in favor of the extremely important role of Zn–O 

pairs in the composite Zn-HPW/TiO2 catalysts in methane photocatalytic oxidation to CO. 

These pairs are involved in the methane dissociation and formation of carbonate and methyl 

carbonate species. They can be associated either with highly dispersed ZnO clusters or with 

at least two Zn2+ ions in the cationic sites of HPW. 

 

 

Figure 3-18 Reaction steps in methane photo-oxidation over Zn-HPW/TiO2. 

 

Carbon dioxide also observed in methane photo-oxidation can be produced either 

directly from methane or though methane consecutive oxidation to CO and then to CO2 

(Figure 3-9). On TiO2 and HPW, a significant fraction of CO2 is probably produced via direct 

methane oxidation, while over Zn-HPW/TiO2, CO2 seems to primarily occur via CO 

secondary oxidation. CO2 is mostly produced as a secondary product of methane photo-

oxidation over the zinc-containing catalysts. The mechanism of the CO total oxidation to 

CO2 over TiO2 has been investigated in several previous reports56, 57, 58. Linsebigler et al.57, 

58 have reported that the reaction proceeds over on vacancy defect sites on the TiO2 surface 
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and involves O2
− surface species. 

 

3.4 Conclusion 

To summarize, among metal-tungstophosphoric composite catalysts supported on 

titania, the zinc counterpart exhibits remarkable activity in methane photocatalytic oxidation 

at ambient temperature with extremely high selectivity to carbon monoxide. In the composite 

catalysts, tungstophosphoric acid constitutes a thin layer of 1-2 nm over titanium oxide, 

while zinc species are highly dispersed on the tungstophosphoric layer.  

The methane photocatalytic oxidation proceeds as a combination of parallel and 

consecutive reactions with carbon monoxide being a primary reaction product. The carbon 

monoxide yield can reach 3-4 % with high QE (7.1% at 362 nm) values. The reaction is 

consistent with the Mars-Van Krevelen type sequence and involves formation of the surface 

methoxy-carbonates as intermediates and zinc oxidation-reduction cycling.  
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Chapter 4. Selective Photochemical Synthesis of Ethane from 

Methane at Ambient Temperature over Silver-Heteropolyacid-

Titania Nanocomposites 

 

 

 
 

 

Abstract 

Methane activation and utilization are among the major challenges of modern chemistry. 

Herein, we uncovered a highly selective (>90%) quantitative photochemical conversion of 

methane to ethane at ambient temperature over silver-heteropolyacid-titania nanocomposites. 

The strategy for methane unitization developed in this work makes use of photosensitivity 

of silver salts utilized in the analog photography. The ethane photochemical synthesis from 

methane involves stoichiometric reaction of methane under irradiation with silver cationic 

species highly dispersed over heteropolyacid layer over titania resulting in the formation of 

methyl radicals. Recombination of the generated CH3 radicals leads to the selective and 

almost quantitative formation of ethane. Silver cationic species are simultaneously reduced 

to metallic silver. Small amounts of propane are also produced. The silver-heteropolyacid-

titania nanocomposites can be regenerated in the presence of light at the ambient temperature. 

The ethane yield from methane reaches 9 % on the optimized materials. High selectivity, 

significant yield of ethane combined with high quantum efficiency, excellent stability and 

simple regeneration of the silver-heteropolyacid-titania nanocomposites are major 

advantages of ethane quantitative synthesis from methane using the photochemical looping. 
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4.1 Introduction 

Methane is the main component of natural, shale gas, methane clathrates and biogas. 

Methane emission is a major source of the global warming and greenhouse effect. Although 

methane is the most promising alternative to crude oil as a greener and less expensive carbon 

feedstock for the chemical industry1, 2, about 90% of methane currently is burnt in various 

combustion processes, releasing carbon dioxide into the atmosphere3, 4, 5, 6, 7. Methane is a 

highly stable molecule. It has no functional groups and a very high C-H bond enthalpy (439 

kJ mol−1). Methane is inert relative to the acid attack and it has very low proton affinity (544 

kJ mol-1) and acidity (pKa=40). Direct chemical conversion of methane to value-added 

chemicals and fuels remains, therefore, a formidable challenge for modern science8, 9, 10.    

Commercial technologies of methane utilization other than combustion, are rather 

limited. They involve methane steam reforming, partial oxidation, autothermal reforming or 

Andrussow reaction11, 12, 13. Numerous attempts to elaborate new routes for methane 

conversion have described in the literature14, 15, 16, 17. The most portrayed non-commercial 

routes for methane conversion can be divided into oxidative and non-oxidative ones. The 

non-oxidative routes such as methane aromatization result in significant carbon deposition, 

while the oxidative routes such as methane thermocatalytic coupling and methane partial 

oxidation usually suffer from insufficient selectivity and coincide with major production of 

CO2. Most of the known methane conversion reactions require very high temperatures 

(>800°C). All these thermochemical processes are typically accompanied by major CO2 

emissions arising from combustion of fossil fuels used to maintain the reactor at high 

temperatures18, 19, 20 ,21, 22, 23.  

Photocatalytic non-oxidative coupling of methane with very low quantum efficiencies 

was discovered in the 1980s over Mg and Ce species highly dispersed on silica-alumina24, 25, 

26. More recently, Chen et al. reported C-H activation of methane over the Zn2+/ZSM-5 and 

Ga3+/EST-10 photocatalysts. The photocatalytic activity was attributed to the presence of the 

extraframework zinc cations and Ti-OH groups on titanate wires27, 28. Long et al. observed 

the photocatalytic non-oxidative coupling of methane from the surface plasmon effect of 



Chapter 4. Photochemical Synthesis of C2H6 from CH4 over Ag-HPW/TiO2 

95 
 

Au29. Very recently, Zhang30 et al. investigated the photo-driven non-oxidative coupling of 

methane over Ga and Pt photocatalysts supported on TiO2-SiO2. Note that very low quantum 

efficiency and low yield were observed over all these systems. The major challenges of 

methane coupling in both thermocatalytic and photocatalytic routes are insufficient 

selectivities and yields of ethane or ethylene, large production of CO2 and poor catalyst 

stability. 

In this work, we uncovered highly selective and quantitative methane conversion into 

ethane occurring at ambient temperature under the UV irradiation over the silver-

heteropolyacid–titania nanocomposites through a photochemical looping approach. Our 

strategy for methane selective coupling to ethane is based on the photosensitivity of silver 

salts, which have been used for many decades in the analog photography. Silver species in 

the nanocomposites react stoichiometrically with methane under UV irradiation and generate 

methyl radicals. Ethane is then produced from the recombination of methyl radicals. Silver 

oxidized species are simultaneously reduced to small metallic silver clusters. Following the 

methane coupling, the nanocomposites can be reversibly regenerated in air under irradiation 

at ambient temperature. The ethane selectivity from methane reaches 90%. The ethane yield 

of 9.2% from methane has been obtained under the optimized conditions in a batch reactor. 

High selectivity, significant yield of C2H6 at ambient temperature, high quantum efficiency 

(QE = 3.5% at 362 nm) and excellent stability in the photochemical looping make direct 

ethane synthesis via methane selective coupling over silver-heteropolyacid-titania 

nanocomposites potentially interesting for practical applications.   

 

4.2 Result and discussion 

4.2.1 Photochemical coupling of methane over the metal HPW-TiO2 nanocomposites  

First, we investigated photochemical conversion of methane over TiO2, HPW, 

HPW/TiO2 composites containing different metals in a batch photoreactor. No methane 

conversion to any products was observed in the absence of light on all the solids. CO2 was 

detected as the only reaction product after exposure of TiO2, HPW and HPW/TiO2 
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composites to methane at ambient temperature using the 400 W Xe lamp illumination 

(Figure 4-1). This suggests complete photooxidation of methane to CO2 occurring under 

these conditions over TiO2, HPW and their mixtures. Previously, complete photo-oxidation 

of methane to CO2 has been observed on TiO2 and other semiconductors31, 32. Note that the 

gaseous phase in the reactor contained only methane, no oxygen or other gases were present. 

This suggests that oxygen for methane oxidation to CO2 is probably provided by the solids 

(TiO2, HPW, etc) present in the reactor.  
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Figure 4-1 Production of ethane, propane and carbon dioxide and ethane selectivity during 

photocatalytic oxidation coupling of methane on different materials: (a) Metal-HPW/TiO2 

composite, (b) TiO2, HPW, and Ag containing samples. 

 

Interestingly, methane conversion over metal containing HPW/TiO2 composites yields 

both C2H6 and CO2 (Figure 4-1a). Trace amounts of CO were also observed, while no 

hydrogen or oxygen were detected. Lower methane coupling conversion was observed over 

the solids containing transition metals. Addition of noble metals (Ag, Au, Ru,) to HPW/TiO2 

strongly increases the rate of methane coupling. Higher selectivity to ethane was observed 

on the Au and Ag based nanocomposites. Besides ethane, small amounts of propane were 

detected. Remarkably, compared to the Au-based counterpart, Ag-HPW/TiO2 demonstrated 

both a higher ethane selectivity and a very high methane conversion rate. The overall 

selectivity of methane coupling to ethane and propane is greater than 90% on the Ag-

HPW/TiO2 system.  

Apart from the analysis by GC, the composition of the gaseous phase during the 

methane conversion on Ag-HPW/TiO2 was followed by FTIR using an in-situ cell filled with 

methane. The FTIR spectra are shown in Figure 4-2. FTIR clearly shows the presence of 

methane in the FTIR cell at the initial periods of the reaction (CH rotation- stretching and 
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rotation-bending bands at around 3020 cm-1 and 1300 cm-1, respectively). Gaseous carbon 

dioxide and water were identified in the cell at longer reaction times by rotation- stretching 

bands at 2350 cm-1 of carbon dioxide and by OH rotation-stretching and rotation-bending 

bands of water at around 3200 cm-1 and 1700 cm-1 respectively. Interestingly, the intensity 

of the H2O IR bands noticeable increases with the reaction time. This suggests that water 

can be one of the products of methane coupling to ethane and methane oxidation to CO2 over 

the Ag-HPW/TiO2 nanocomposites. Among the studied materials, Ag-HPW/TiO2 has the 

highest potential for selective photochemical coupling of methane to higher hydrocarbons. 

After the exposure to methane in the presence of light, the Ag-HPW/TiO2 sample 

becomes black. This could indicate photochemical decomposition of the silver species in the 

nanocomposite and appearance of the silver metallic phase, which can occur in the presence 

of methane. This also suggests that some of methane conversion reactions could involve 

oxygen of the Ag-HPW/TiO2 nanocomposites. The evolution of the Ag chemical state during 

the photochemical reaction is detailed below in the manuscript.    

 

 

Figure 4-2 FTIR spectra of gaseous phase during photochemical coupling of methane over 

Ag-HPW/TiO2 as a function of reaction time. 

 

In order to enhance the production of ethane and propane, an attempt was made to 

optimize the chemical composition of Ag-HPW/TiO2. Figure 4-3 displays methane 

photochemical conversion on Ag-HPW/TiO2 with different Ag contents. No methane 
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coupling occurs in the absence of silver. Addition of even small amounts of silver to 

HPW/TiO2 results in a major increase in the rate of methane coupling. Thus, silver species 

seem to be essential for ethane synthesis from methane. The highest rate of methane coupling 

was observed at the Ag content of 6.0 wt. %, while the coupling rate somehow decreases at 

higher Ag loadings. Note that the rate of methane oxidation to CO2 also slightly increases 

with the increase in silver content.  

 

 

Figure 4-3 Products over Ag-HPW/TiO2 with different Ag loadings. 

 

Another parameter, which may affect the methane conversion, is the HPW/TiO2 ratio 

in the nanocomposite. Figure 4-4 shows the performance of Ag-HPW/TiO2 with different 

ratio of HPW to TiO2, while the sliver content was maintained at 6 wt. %. The optimized 

performance was obtained at HPW/TiO2 ratio of 0.6, while the methane coupling rate 

decreases at higher HPW/TiO2 ratio. One of the reasons of the decrease in methane coupling 

rate could be the decline of the specific surface area measured by BET at high content of 

heteropolyacid (Table 4-1).  
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Figure 4-4 Products over Ag-HPW/TiO2 with different ratio of HPW/TiO2. 

 

Table 4-1 BET specific surface area measured for the Ag-HPW/TiO2 composites with 

different ratio of HPW/TiO2. 

Ag-HPW/TiO2  

(the ratio of HPW/TiO2) 
BET (m²/g) 

0.15 40 

0.30 36 

0.60 31 

0.90 25 

1.2 18 

 

The role of silver and hetepolyacid species have been evaluated in photochemical 

conversion of methane using different supports, such as TiO2, SiO2, g-C3N4 and BiVO4 

(Figure 4-5). The methane conversion is very low on the BiVO4 and g-C3N4 supported 

systems, while their silica supported counterpart produces significant quantities of carbon 
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dioxide. TiO2 is therefore, the best performing nanocomposite support for methane 

photochemical conversion. Additionally, several heteropolyacids such as phosphotungstic 

acid, phosphomolybdic acid and silicotungstic acid, were used in the preparation of silver-

hetepolyacid titania nanocomposites. The amounts of ethane, propane and carbon dioxide 

produced over these systems as a function of reaction time are shown in Figure 4-6. 

Interestingly, ethane and propane are produced with high selectivity only in the presence of 

phosphotungstic acid. The nanocomposites prepared using phosphomolybdic and 

silicotungstic acids display lower ethane and higher carbon dioxide selectivities. 
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Figure 4-5 Methane conversion on silver-heteropolyacid on different semiconducting 

supports. 
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Figure 4-6 Photochemical conversion of methane on the Ag-HPW-TiO2 nanocomposites 

prepared suing different heteropoly acids 

 

Comparison of methane photochemical reaction data over the investigated solids 

suggests that a major increase in the C2H6 production from methane only occurs when the 

nanocomposite contains together TiO2, phosphotungstic acid and Ag with specific ratios 

between these components. Phosphotungstic acid has been discovered earlier as highly 

efficient for transfer of holes and electrons from TiO2. The photochemical performance of 

the HPW/TiO2 nanocomposite can be enhanced by p-n semiconductor heterojunction, which 

created by adding to TiO2 a semiconductor with lower levels of valence and conduction 

bands. The valence and conduction bands of phosphotungstic acid are located at a lower 

energy than that for TiO2,
 which may result in higher electron flux from TiO2 onto HPW33, 

34, 35, 36. High selectivity of the Ag-HPW/TiO2 nanocomposite in the methane conversion to 

ethane seems to be related to silver species. The most reactive silver species are obtained at 

the intermediate silver contents, ~5-6 wt.% (Figure 4-3). Interestingly, the Ag-HPW/TiO2 

nanocomposite and silver salt of heteropolyacid deposited on TiO2 (AgPW/TiO2) exhibit 

similar performance in methane coupling (Figure 4-1). 
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4.2.2 Characterization of the Ag-HPW/TiO2 composites 

A combination of techniques was used for extensive characterization of the Ag-

HPW/TiO2 samples, which have shown the best selectivity in photochemical methane 

coupling to ethane and propane. X-ray diffraction (XRD) patterns of the Ag-HPW/TiO2, 

Ag/TiO2, HPW/TiO2, TiO2 and HPW samples are shown in Figure 4-7. All the samples 

supported over TiO2 (P25) exhibit intense XRD peaks of anatase and rutile phases, while the 

peaks assigned to the heteropolyacid are only observed in the XRD patterns of the pure HPW 

sample. Interestingly, no HPW diffraction peaks were detected in the Ag-HPW/TiO2 

nanocomposite. XRD peaks attributable to silver species were not observed either even at a 

relatively high silver content. This could be due to the high dispersion of HPW and smaller 

crystallite size of silver species. The TEM, STEM-HAADF and STEM-EDX elemental maps 

of the Ag-HPW/TiO2 sample are shown in Figures 4-8 and 4-9. They identify irregular 

morphology of TiO2 crystallites with the mean sizes of 30-40 nm. The STEM-EDX maps 

for tungsten indicate the formation of a thin layer of HPW (1-2 nm) embedding the TiO2 

crystals. Extremely small silver nanoparticles (probably as silver oxide species) with the 

mean diameter of 1.9 nm are uniformly dispersed on the surface of HPW/TiO2. Silver oxide 

nanoparticles are located on the top of the HPW layer from the surface of TiO2. Note that 

the Ag-HPW/TiO2 sample can also contain isolated silver cations in the cationic sites of the 

heteropolyacid, which cannot be undoubtedly detected by TEM for this particular system. 
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Figure 4-7 XRD patterns of different calcined nanocomposites. 

 

 

Figure 4-8 TEM images and Ag particle size distribution of Ag-HPW/TiO2. 
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Figure 4-9 STEM-EDX images of fresh Ag-HPW/TiO2 sample. 

 

The TPR profiles of different based TiO2 samples are shown in Figure 4-10. No 

noticeable TPR peaks were observed for TiO2 up to temperature of 1000 K. This suggests 

that bulk reduction of TiO2 does not occur under these conditions. The HPW/TiO2 

composites exhibit broad low intense peaks at 770 and 980 K. These peaks probably 

correspond to the reduction of the HPW heteropolyacid. The introduction of silver results in 

the occurrence of additional low temperature TPR peaks at 400 K, which could be attributed 

to the reduction of silver species. Interestingly, the position of silver reduction peaks does 

not depend on the support. They are observed at 400 K on both Ag/TiO2 and Ag-HPW/TiO2 

samples. The calculated amount of hydrogen consumed in the low temperature TPR peak 

corresponds to 0.56 mmol of Ag. This suggests that all silver is reduced to the metallic state. 

The stoichiometry of silver reduction is given below: 

2Ag+ + H2 → 2Ag0 + 2H+ 
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Figure 4-10 H2-TPR profiles of TiO2 based composites (a) and fresh, used and regenerated 

Ag-HPW/TiO2. 

 

The UV-Vis diffuse reflectance spectra of Ag-HPW/TiO2 and reference compounds are 

displayed in Figure 4-11. The samples exhibit intense absorption in the ultraviolet region (< 

400 nm). The band gap energy estimated using Tauc’s plots varies from 2.9 eV to 3.2 eV37, 

38, 39. Relatively small effect of the promotion with Ag is observed on the band gap. In order 
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to evaluate the influence of UV, visible and IR light, we conducted photochemical 

experiments on selected spectral ranges (280 <  < 400 nm and  > 380 nm, Table 4-2). The 

Ag-HPW/TiO2 nanocomposite exhibits a very mild reaction rate in the methane coupling 

under visible irradiation, while the reaction rate increases 90 times, when the reactor is 

exposed to UV. This suggests that excitation of the band gap transfer in TiO2 could be 

necessary for this photochemical process.  
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Figure 4-11 a. UV-Vis spectra of Ag-HPW/TiO2 sample b. [F(R∞)hν]1/2 versus hν for Ag-

HPW/TiO2 sample. 

 

Table 4-2 Rate of photochemical methane coupling measured under irradiation at different 

spectral ranges. 

Spectral range 

of irradiation 

(nm) 

Formation rate (μmol g-1 h-1) 
Irradiance 

（mW cm-2） 

Formation rate to 

power ratio 

(μmol g-1 h-1 mW-1 

cm2) 
C2H6 C3H8 

>382 0.7 0 94 0.0074 

280-400 23 1.2 38 0.64 

Reaction conditions: solid sample, 0.1 g; Gas phase pressure, CH4 0.3 Mpa; irradiation time, 

7h; light source, Hamamatsu LC8-06 Hg-Xe stabilized irradiation lamps with a spectral 

irradiance in the range 240-600; Cut-off filter: Vis-IR λ > 382 nm; UV light, λ = 280-400 

nm. 
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4.2.3 Reaction pathways in photochemical coupling of methane to ethane and propane 

over Ag-HPW/TiO2  

In order to explore the molecular pathway of photochemical methane coupling, Ag-

HPW/TiO2 was exposed to methane, ethane or a mixture of methane and ethane under 

irradiation (Figure 4-12). Ethane and propane have been observed during the photochemical 

conversion of methane and small amounts of CO2 have been produced. Interestingly, the 

exposure of Ag-HPW/TiO2 to ethane under the Xe-lamp irradiation leads to some amounts 

of butane, whilst CO2 becomes the main product of ethane photochemical conversion. When 

the reactor contained a mixture (95% methane, 5% ethane), ethane, propane and butane were 

produced under the Xe-lamp irradiation. This is indicative of simultaneous ethane self-

coupling and ethane-methane cross-coupling over Ag-HPW/TiO2, though the selectivity to 

higher hydrocarbons in the ethane coupling is much lower because of the competitive 

reactions of complete oxidation of the produced ethane and higher hydrocarbons. 

Interestingly, the addition of small amounts of hydroquinon results in a major decrease in 

the methane conversion over Ag-HPW/TiO2. Hydroquinon is a well-known inhibitor of 

radical reactions40. Therefore, it can be suggested that the methane oxidative coupling 

proceeds via radical pathways (Figure 4-12). Indeed, selective formation of ethane in 

methane photo-oxidative coupling indicates that the CH3 radicals can be intermediates of 

this reaction.  
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Figure 4-12 Photochemical coupling of methane and ethane on Ag-HPW/TiO2. 

 

The variation of ethane concentration during exposure of Ag-HPW/TiO2 to light in the 

presence of methane is shown in Figure 4-13 and Figure 4-14. The ethane concentration 

increases sharply during the first 2 h of the reaction and reaches a plateau. In the experiments 

conducted with different amounts of Ag-HPW/TiO2, the molar amount of produced ethane 

was always comparable with that of silver present in the reactor. During the reaction, the 

nanocomposite changes color, which is indicative of the formation of metallic silver species 

(Figure 4-13, inserts). At longer reaction time, the amounts of ethane and propane decrease, 

while the amount of CO2 continuously increases. The selectivities to ethane, propane and 

CO2 as a function of the reaction time are displayed in Figure 4-14b. Extrapolation to zero 

reaction time gives primary overall selectivity to ethane and propane higher than 90%. The 

ethane and propane selectivities decrease and CO2 selectivity increases with the reaction 

time suggesting that some CO2 can be produced by secondary oxidation of ethane and 

possibly, propane. Indeed, complete oxidation of ethane under the same conditions seems to 

proceed much more easily than that of methane (Figure 4-12) 

After conducting the reaction for 7 h, the nanocomposite without any regeneration was 
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exposed again to methane under the Xe-lamp irradiation (Figure 4-13). The amount of ethane 

produced from methane was much lower than that in the first cycle, most probably because 

of the lower concentration of silver oxidized species and presence of metallic silver, which 

could be inactive in methane coupling.  

 

 

Figure 4-13 Recycle activity of photochemical coupling on Ag-HPW/TiO2.  
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Figure 4-14 (a) Production of ethane, propane and carbon dioxide, and (b) selectivity on 

carbon basis as a function of the reaction time over Ag-HPW/TiO2 nanocomposite. 

 

To provide further insights into the variation of silver oxidation state during the reaction, 

both the freshly calcined Ag-HPW/TiO2 nanocomposite and its “spent” counterpart after 

exposure to methane have been characterized by XRD and XPS. The nanocomposite 

exposure to methane under irradiation results in several new peaks in the XRD profile. These 

peaks at 2θ of 44.48°, 64.69° and 77.62° correspond to 200, 220, and 311 planes for silver, 
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respectively41, 42. When the solid material was regenerated in ambient air under 400 W Xe 

lamp for 2 h, the XRD peaks of metallic silver almost disappear (Figure 4-15). XPS 

characterization provided further insights into the silver oxidation state in the fresh and spent 

materials. The value of the Ag 3d5/2 binding energy does not allow discerning the silver 

oxidation state. The Ag 3d5/2 lines for metallic Ag and silver oxide are positioned at 368.2 

eV and 367.8 eV, respectively43. Such a small difference in the binding energy is often 

beyond the resolution of the XPS spectrometers. The energy of Auger peaks M4N45N45 

(M4VV) is known to be more sensitive to the oxidation state (Figure 4-16). It differs by more 

than 1 eV for Ag+ vs. Ag0 44, 45, 46. The positions of all Auger peaks were aligned by the C 1s 

peak, and a Shirley background was subtracted. In the Ag Auger spectrum of the Ag-

HPW/TiO2 material that was recorded after treatment in 0.3 MPa CH4 under 400 W Xe lamp 

for 7h, the M4N45N45 (M4VV) peak shifts to lower binding energy by 1.9 eV. When the 

sample was regenerated, the peak returns to its initial position (Figure 4-15). The results 

obtained by XRD and Auger spectroscopy are indicative of reversible reduction and re-

oxidation of highly dispersed silver species, which take place under the Xe-lamp irradiation, 

respectively in methane and air. 
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Figure 4-15 XRD spectra. fresh and used Ag-HPW-TiO2 sample: treatment in 0.3 Mpa 
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CH4 under 400 W Xe lamp for 7h, regenerate catalyst: regeneration in ambient air under 

400 W Xe lamp for 2h. 

 

Figure 4-16 Ag M4VV Auger spectra of Ag-HPW-TiO2. (1). fresh sample, (2). treatment in 

0.3 MPa CH4 under 400 W Xe lamp for 7h, (3). regeneration in ambient air under 400 W 

Xe lamp for 2h. 

 

The acidity of the Ag-HPW/TiO2 nanocomposites during methane oxidative coupling 

was characterized by IR spectroscopy using Py adsorption. The IR spectra of the fresh 

oxidized Ag-HPW/TiO2 show the FTIR bands of adsorbed Py at 1490 and 1450 cm-1, which 

can be attributed to Py adsorption over the Lewis acid sites probably associated with 

unsaturated Ag+ cations47 (Figure 4-17). The exposure of Ag-HPW/TiO2 to methane under 

irradiation results in appearance of the FTIR peak at 1540 cm-1, which is assigned to Py 
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adsorbed over Bronsted acid sites. This suggest that silver atoms located in the cationic sites 

of Ag-HPW/TiO2 are converted into metallic silver with generation of the Brønsted acid sites:  

2Ag+ + CH4 → 2Ag0 + 2H+ + C2H6 

The FTIR experiments suggest therefore, reversible photoreduction and reoxidation of 

isolated silver ions located in the cationic sites of HPW. These species seem to exhibit 

enhanced selectivity in methane coupling to ethane. Much lower ethane selectivity was 

observed in methane conversion over Ag/TiO2 samples, which contains larger clusters of 

silver oxide. The participation of silver cations, located in HPW, in methane selective 

coupling to ethane is consistent with the results obtained for the silver salt of HPW deposited 

on TiO2 (AgPW/TiO2, Figure 4-1b), which was synthesized for this model experiment. The 

silver salt of HPW over TiO2 shows a very high selectivity to ethane after its exposure to 

methane under the Xe-lamp irradiation. The experimental ratio of reacted methane to the 

silver amount in the nanocomposite calculated from Figure 4-3 is close to 0.6 at silver 

content up 6 wt. %. The suggestion about the role of isolated silver cations in the ethane 

production from methane is also consistent with the observed decrease in the rate of methane 

coupling at higher silver contents (Figure 4-3). Indeed, higher silver contents in the 

nanocomposites could result in the lower concentrations of isolate silver cations and an 

increase in the fraction of sliver oxide clusters, which are less selective in methane coupling. 
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Figure 4-17 FTIR of Py adsorbed over fresh, spent and regenerated Ag-HPW/TiO2. 

 

4.2.3 Quantitative synthesis of ethane from methane via photochemical looping 

The reaction tests and characterization suggest that stoichiometric reaction of methane 

with silver cationic species can selectively yield ethane. During the reaction, under 

irradiation silver cationic species are reduced to metallic silver, hence, the reaction 

eventually stops. In order to conduct ethane synthesis from methane continuously, the 

reduced silver species should be reversibly reoxidized, so that the spent Ag-HPW/TiO2 

nanocomposite could be regenerated. Figure 4-18 shows photochemical conversion of 

methane on spent Ag-HPW/TiO2, which was regenerated via its exposure to air at 

atmospheric pressure and irradiation for 7 h. The rate and amounts of ethane, propane and 

CO2 are the same over the fresh and regenerated Ag-HPW/TiO2 nanocomposites. The 

reaction-regeneration cycle without losing the amount of produced ethane can be repeated 

numerous times.  
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Figure 4-18 Stability of methane photochemical coupling on Ag-HPW/TiO2.  

 

A different response is observed (Figure 4-19) during reaction-regeneration cycles for 

the silver species supported on TiO2 (Ag/TiO2). It is worth noting that at methane conversion 

on Ag/TiO2 results in mostly CO2 and small amounts of ethane (Figure 4-1b). The lower 

selectivity to ethane in methane conversion over Ag/TiO2 is consistent with the important 

role of silver cationic sites in achieving higher ethane selectivity. Indeed, the Ag/TiO2 sample 

contain relatively large silver oxide clusters. Interestingly, the Ag/TiO2 sample exhibits a 

different behavior following its regeneration. In contrast to the Ag-HPW/TiO2 

nanocomposite, the amounts of the produced CO2 and ethane decrease as a function of the 

number of reaction-regeneration cycles. This is indicative of the irreversible modifications 

of the Ag/TiO2 structure. It seems that the presence of the hetepolyacid stabilizes the 

photochemical activity of the Ag-HPW/TiO2 nanocomposite. The effect of heteropolyacid 

on the stability of Ag-HPW/TiO2 has been examined by the particle size measurements using 

TEM in fresh and used Ag-HPW/TiO2 and Ag/TiO2 (Figures 4-20). For the used Ag/TiO2 

sample, the Ag nanoparticles became noticeably larger after the reaction, a much broader 

particle size distribution was observed due to sintering (3.3 ± 1.3 nm, Figures 4-20b). In 
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contrast to Ag/TiO2, the Ag particle size in Ag-HPW/TiO2 was essentially unchanged after 

the reaction and regeneration (Figures 4-20a). This suggests that the presence of HPW 

stabilizes high silver dispersion, while silver sintering is a major reason for the decrease in 

the photochemical activity of Ag/TiO2 after several reaction-regeneration cycles. Another 

role of HPW and in particular HPW/TiO2 heterojunction can be in the efficient transfer and 

charge separation of electron and holes.  
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Figure 4-19 Stability of photochemical coupling of methane on Ag2O/TiO2.  
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Figure 4-20 TEM images of fresh and used sample after photochemical coupling of 

methane, (a) Ag-HPW/TiO2, (b) Ag/TiO2.  

 

The stability of the Ag-HPW/TiO2 nanocomposite after numerous reaction-

regeneration cycles suggests that methane coupling to ethane can be conducted using the 

chemical looping strategy. Chemical looping has been previously used for several reactions. 

Chemical looping combustion (CLC) is an emerging combustion technology48, 49, 50, which 

facilitates CO2 capture and sequestration. In this process, fuel is oxidized by a reducible 

(a) 

(b) 
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metal oxide, e.g. Fe3O4, producing selectively CO2, which can be sequestrated and the 

reduced metal oxide is re-oxidized by air in a separate step. Recently, the chemical looping 

concept was applied for methane dry reforming51, 52, 53. The working principle of the 

“photochemical looping process” system proposed in this work for the methane 

photochemical coupling to ethane over Ag-HPW/TiO2, is schematically shown in Figure 4-

21. During the methane-coupling step, pure CH4 is fed into reactor with the Ag-HPW/TiO2 

nanocomposite under irradiation. The interaction of methane with silver cationic species 

leads to formation of metallic silver, ethane, propane and small amount of CO2. This reaction 

also generates Brønsted acidity, observed by FTIR monitoring of Py adsorption, in the spent 

Ag-HPW/TiO2 sample (Figure 4-17). In the regeneration step, Ag-HPW/TiO2 is exposed to 

ambient air under irradiation, which leads to re-oxidation of metallic silver. The relevant 

chemical reactions are specified below: 

2CH4 + 2Ag+ → C2H6 + 2Ag0 + 2H+      methane coupling step 

4Ag0 + O2 + 4H+ → 4Ag+ + 2H2O      silver regeneration step 

In the photochemical looping strategy, Ag-HPW/TiO2 reacts stoichiometrically with 

methane. The maximum amount of ethane and higher hydrocarbons produced during the 

photochemical conversion of methane depends on the amount of cationic silver in the reactor.  

 

 

Figure 4-21 Schematic description of chemical looping process. 

 

An attempt was made to increase the yield of ethane in the photochemical looping, since 

separation of methane and ethane can be prohibitively expensive if the yield and 
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concentration of the target product in the post-reaction mixture are low. In order to increase 

the methane conversion and correspondingly the yield of ethane, the ratio of photoactive Ag-

HPW/TiO2 nanocomposite to methane should be high. To achieve these goals, methane 

coupling was conducted in a capillary photoreactor with a reduced volume (Figure 4-22). 

The ratio of sliver to methane amounts in the reactor was 0.33 (3 μmol of silver and 9 μmol 

of methane). The yield of ethane of 9.2% (on carbon basis) was obtained after 5 h of the 

exposure of the capillary reactor to irradiation. Note that the maximum yield of ethane from 

methane assuming that all sliver atoms are involved in the methane coupling can be 30% 

under these conditions. Further works are in progress to design a commercially viable 

photoreactor and process for ethane selective synthesis from methane.  

 

 

Figure 4-22 Capillary photoreactor. 

 

4.3 Conclusion 

High selectivity of methane coupling to ethane and high ethane yield were observed 

over silver-hetetopolyacid-titania nanocomposites in the presence of irradiation at ambient 

temperature. Ethane synthesis involves stoichiometric methane reaction with highly 

dispersed silver cationic species resulting in methyl radicals recombining to ethane. The 

photosensitive silver cationic species are reduced to metallic silver during the reaction. The 

selectivity of methane coupling to ethane of 90% can be achieved over the optimized 

materials. High silver dispersion essential for the methane coupling to ethane during the 

reaction is maintained by the thin heteropolyacid layer over titania. The nanocomposites can 
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be regenerated by exposure to air at ambient temperature under irradiation. The 

photochemical looping strategy has been demonstrated as a viable approach to attain a higher 

methane conversion and higher ethane yield (9%) from methane under the optimized 

conditions.  
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Chapter 5. Design of Core-Shell Titania-Heteropolyacid-Metal 

Nanocomposites for Photocatalytic Reduction of CO2 to CO at 

Ambient Temperature 

 

 

 
 

 

Abstract 

The photocatalytic conversion of CO2, which occurs at ambient temperature, not only 

reduces the greenhouse effect, but also provides value-added solar fuels and chemicals. 

Herein, we report design of new efficient core-shell nanocomposites for selective 

photocatalytic CO2 to CO conversion. A combination of characterization techniques (TEM, 

STEM-EDX, XPS, XRD, photoluminescence) indicates that the CO2 reduction occurs over 

zinc species highly dispersed on the heteropolyacid/titania core-shell nanocomposites. These 

core-shell structures create n-p heterojunction, which increases charge separation, lifetime 

of the charge carriers and leads to higher electron flux. In-situ FTIR investigation of the 

reaction mechanism uncovered that the reaction involved surface zinc bicarbonates as key 

reaction intermediates. In a series of catalysts containing noble and transition metals, the 

zinc phosphotungstic acid - titania nanocomposites exhibit high activity reaching 50 µmol 

CO/g·h and selectivity (73 %) in the CO2 photocatalytic reduction to CO at ambient 

temperature. The competitive water splitting reaction has been significantly suppressed over 

the Zn sites in the presence of CO2. 
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5.1 Introduction 

Development of human economic activities, especially use of fossil fuel in 

transportation, industry and household combined with deforestation and land-use changes 

have led to the increase in the concentration of CO2 in the atmosphere from 280 ppm to 390 

ppm. The CO2 concentration may reach 500-1000 ppm and cause the average temperature 

increase of 1.9 ºC by 21001, 2, 3, 4. The carbon dioxide content in the atmosphere can be 

reduced using carbon capture and storage (CCS) and carbon capture and utilization (CCU)5. 

An important strategy of the CCU is the CO2 chemical conversion into useful products6, 7, 8, 

9, 10. 

Development of novel carbon dioxide utilization technologies should meet three major 

challenges2: design of efficient catalysts, surmounting unfavorable thermodynamics and 

achieving competitive cost of the CO2-based fuels and chemicals. The CO2 chemical 

conversion is typically an endothermic process that requires a large amount of energy input 

due to the CO2 high thermodynamic stability11. Photocatalysis is particularly interesting for 

CCU, because it can overcome thermodynamic limitations typical for thermocatalytic 

processes.  

One of the most promising technologies for the CO2 mitigation is its photocatalytic 

reduction12, 13. Photocatalytic reduction of CO2 may result in the formation of several 

compounds: carbon monoxide, formic acid, formaldehyde, methanol, methane, ethane, 

ethane and others. The photocatalytic process involves three steps such as (i) light harvesting, 

(ii) charge separation, transport and (iii) CO2 adsorption and catalytic reaction. Major 

progress has been obtained in the optimization of the first two steps. Low energy efficiency, 

uncontrollable selectivity (because of the presence of several CO2 reduction products and 

competing water-splitting reaction) and deactivation are major challenge of CO2 

photocatalytic reduction. In addition, in order to improve the yield of desired products, 

further information is required about the reaction mechanism and active intermediates. 

Numerous semiconducting materials have been studied for the CO2 photocatalytic 

reduction. TiO2 has been so far the most studied semiconductor due to its high chemical 
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stability, availability and low toxicity13, 14. The selectivity of carbon dioxide reduction 

principally depends on the structure and catalytic properties of co-catalysts, which intervene 

at the third step of the photocatalytic process such as reduction of CO2 or water splitting. As 

summarized by Ran et al15, cocatalysts can promote separation and migration of 

photoexcited electron–hole pairs. The CO2 reduction selectivity to specific products and 

semiconductor stability can be therefore improved and the side reactions are impeded. The 

photocatalytic CO2 reduction rate is a function of several catalyst parameters such as 

dispersion of active phase, catalyst porosity, basicity, oxygen vacancies, and presence of 

functional groups.   

Several groups of cocatalysts have been proposed for CO2 photocatalytic reduction: 

noble metals15, metal oxides (CuO16, 17, ZnO18, CeO2
19, Zn2GeO4

20, ZnGa2O4
21 and 

BiWO6
22), metal complexes23, metal–organic-frameworks24, carbon nitrides25, 26, 27, 28, 29, 

sulfides30 or biological systems31, 32. Noble metal-based cocatalysts represent almost a half 

of studied systems. High price and rarity of noble metals significantly limit their possible 

industrial use for photocatalytic CO2 reduction. Use of transition metal oxides as cocatalysts 

seems to be an interesting route for design of efficient photocatalysts for the CO2 

hydrogenation. In addition, the photocatalytic performance in the CO2 hydrogenation can be 

further enhanced by p-n semiconductor heterojunction33. This heterojunction can be created 

by adding to TiO2 a semiconductor with lower levels of valence and conduction bands. This 

heterojunction can be achieved by combining TiO2 with a heteropolyacid acid (H3PW12O40). 

The valence and conduction bands of phosphotungstic acid are located lower34, 35, 36 than for 

TiO2
34, 37, which may result in better charge separation and higher electron flux from TiO2 

onto HPW. Recently, we developed zinc-modified heteropolyacid - titania-nanocomposites, 

which exhibit selective carbon monoxide production from methane at ambient temperature38. 

In the present study, we report for the first time that the Zn-HPW/TiO2 system exhibited high 

photocatalytic activity in selective conversion of carbon dioxide to carbon monoxide in the 

presence of water. In-situ study of the reaction mechanism by IR and XPS has provided 

important insights into the reaction mechanism. We uncovered that CO was produced during 
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the decomposition of zinc bicarbonate in the presence of H2O under light. No change of the 

Zn valence state occurred from the fresh to the used catalyst.  

 

5.2 Result and discussion 

5.2.1 CO2 conversion over titania-heteropolyacid-metal nanocomposites to CO at ambient 

temperature 

Photocatalytic conversion of CO2 in the presence of water vapor was investigated for a 

series of catalysts supported on the HPW/TiO2 composites (Figure 5-1), which were 

prepared by impregnation. Carbon monoxide, oxygen, methane and hydrogen were detected 

as reaction products on these solids exposed to light irradiation using a 400 W Xe lamp. Note 

that no oxygenates (alcohols, aldehydes etc.) were observed. No CO2 conversion and 

reaction products were observed in the experiments without irradiation (dark). This confirms 

that the CO2 catalytic conversion is indeed driven by light. Addition of noble or transition 

metals including Ag, Pd, V, Fe, Ga, Ce, Co, Cu and Zn to the HPW/TiO2 composites 

enhances the CO2 and water reduction compared to the pristine HPW/TiO2 composite 

(Figure 5-1). Note that the reaction selectivity and product formation rates strongly depend 

on the type of metal. Much higher H2 and O2 production rates were observed over the 

catalysts containing noble metals. The production of hydrogen indicates water-splitting 

reaction, which occurs over these catalysts alongside with CO2 conversion to CO in the 

presence of light12, 39. The CO formation rates was higher over the catalysts containing 

transition metals than those with noble metals catalysts, while the formation rate of methane 

was higher with the latter catalysts. The Zn containing catalyst showed extremely high rate 

of the CO2 reduction to CO compared to all studied transition and noble metal containing 

samples.  
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Figure 5-1 Performances of different catalysts in photocatalytic reduction of CO2 in water. 

Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CO2 0.2 MPa; H2O, 15mL; 

irradiation time, 6h. 

 

In order to provide further insights into the catalytic performance of the Zn-containing 

catalysts, a series of catalysts with different composition were prepared from HPW and TiO2 

with and without zinc and tested in photocatalytic reduction of CO2 (Figure 5-2). The 

promotion of pure TiO2 or HPW with Zn results only in a slight increase in the CO2 

conversion rate compared to the pristine semiconductors.  
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Figure 5-2 Performances of TiO2, HPW and Zn containing catalysts in photocatalytic 

reduction of CO2 in water. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CO2 

0.2 MPa; H2O, 15mL; irradiation time, 6h. 

 

Figure 5-3 displays the catalytic performance data of Zn-HPW/TiO2 with different Zn 

contents. It is clear that higher Zn loading significantly enhances the CO, O2 and H2 

formation rates, while the rate of methane production decreases at high zinc content. Note 

also that higher Zn content leads to higher selectivity to CO and lower hydrogen selectivity. 

This suggest that relative contribution of water splitting decreases at higher zinc content. 
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Figure 5-3 CO, CH4 and H2 production over Zn-HPW/TiO2 catalysts with different Zn 

loadings. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CO2 0.2 MPa; H2O, 

15mL; irradiation time, 6h. 

 

Another catalyst parameter, which may affect the catalytic performance, is the 

HPW/TiO2 ratio in the Zn-HPW/TiO2 composite. Figure 5-4 shows the carbon monoxide, 

oxygen, hydrogen and methane production rates over the Zn-HPW/TiO2 catalysts with 

different ratios of HPW to TiO2. In these catalysts, the ratio of Zn to HPW was kept at 2. 

Note that higher HPW/TiO2 ratio in the catalysts results in a slight increase in the rate of CO 

production, where the rates of formation of other products were affected to a lesser extent 

by the HPW/TiO2 ratio. Furthermore, photocatalytic CO2 reduction was investigated as a 

function of carbon dioxide pressure (Figure 5-5). The CO2 pressure has a mild effect on the 

CO2 conversion rate and selectivity. 
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Figure 5-4 CO, O2, CH4 and H2 production formation rates over Zn-HPW/TiO2 composites 

with different ratio of HPW/TiO2. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, 

CO2 0.2 MPa; H2O, 15mL; irradiation time, 6h. 

 

 

Figure 5-5 CO, O2, CH4 and H2 production formation rates over Zn-HPW/TiO2 composites 

with different pressure. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CO2 0.2 ~ 

0.5 MPa; H2O, 15mL; irradiation time, 6h. 
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Thus, the presence of three components: TiO2, HPW and Zn is required in order to attain 

a major increase in CO production from CO2. Importantly, the selectivity were also very 

different over the Zn-HPW/TiO2 three-component catalyst as compared to the binary 

Zn/HPW and Zn/TiO2 systems. CO and oxygen were major products over Zn-HPW/TiO2 

composites, while the rates of CO and hydrogen production (because of water splitting 

reaction) were comparable over the binary catalysts (Figure 5-2). Zn2+ isolated ions can form 

because of the reaction of ZnO with the H3PW12O40 acid. 

High mobility of Zn species within the HPW-TiO2 composites can be suggested. The 

mechanical mixtures of Zn/TiO2 with HPW/TiO2 were then prepared for CO2 photocatalytic 

reduction. The activity of the Zn/TiO2-HPW/TiO2 mechanical mixture (Figure 5-6) was 

much higher than over pure Zn/TiO2 and HPW/TiO2. This can be assigned therefore, to 

significant Zn migration under the reaction conditions. 

 

 

Figure 5-6 Performances of Zn-HPW/TiO2, Zn/TiO2, HPW/TiO2 and mechanical mixture 

Zn/TiO2 + HPW/TiO2 photocatalytic CO2 reduction. Reaction conditions: catalyst, 0.1 g; 

Gas phase pressure, CO2 0.2 MPa; H2O, 15mL; irradiation time, 6h 
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characterizations techniques. Figure 5-7 displays XRD patterns of the Zn-HPW/TiO2, 

ZnO/TiO2, HPW/TiO2, TiO2 and HPW samples. The XRD peaks of anatase and rutile phases 

were detected in the samples containing TiO2, while the HPW sample showed the presence 

of the XRD peaks assigned to the heteropolyacid. The absence of diffraction peaks attributed 

to the HPW and Zn phases in Zn-HPW/TiO2 can indicate high HPW and Zn dispersion and 

smaller crystallite sizes. No zinc carbonate XRD patterns were observed in any sample. 

Hexagonal wurtzite ZnO phase (♦ symbol, JCPDS #36-1451) identified by diffraction peaks 

at 31.8o and 34.4o attributed to crystal face (100) and (002)40, 41 was detected in Zn/TiO2. The 

ZnO XRD peaks disappear in Zn-HPW/TiO2 catalysts. This indicates high dispersion of zinc 

species in the presence of HPW are highly dispersed. 

 

 

Figure 5-7 XRD patterns of different nanocomposites catalysts. 

 

Photoluminescence (PL) spectroscopy (Figure 5-8) is a powerful tool that provides 

information on the surface processes involved in the recombination of photogenerated 

charge carriers. We observed a visible luminescence band centered at ∼450nm for TiO2
42, 43. 

The intensity of the luminescence band at ∼450nm, which was caused by the recombination 

of photogenerated electron-hole pairs, decreased in the order of TiO2 > HPW/TiO2 > Zn-

HPW/TiO2. This suggests that the Zn-HPW/TiO2 composite was the most efficient for the 

separation of photogenerated electron-hole pairs. This can be explained by the migration of 

excited electrons from TiO2 to the HPW and Zn nanoparticle, preventing the electron−hole 



Chapter 5. Photocatalytic Reduction of CO2 to CO over Zn-HPW/TiO2 

137 
 

recombination. This effect is discussed in detail below in the manuscript. It has been 

observed earlier for other photocatalytic reactions in the presence of HPW44. 

 

 

Figure 5-8 Photoluminescence spectra of TiO2, HPW and Zn containing catalysts. 

 

FTIR analysis has been used to identify Zn species and catalyst acidity. Figure 5-9 

shows FTIR spectra of the Zn/HPW-TiO2 composites which different Zn contents. The three 

strong bands at 1510, 1410 and 1320 cm-1 are attributed to carbonates species are observed 

at zinc content in the catalysts higher than 1 wt. %. In agreement with previous report45, 

these bands can be attributed to mono-dentate carbonates. Interestingly at higher zinc 

contents, two new IR bands appear at 1634 cm-1 and 1390 cm-1. The bands at 1634 and 1390 

cm-1 can be assigned to the bicarbonate species (HCO3
-)46, 47. The assigned of the bands at 

1634 and 1390 cm-1 to bicarbonates is also confirmed by a significant increase in the 

intensity of IR band at 3300 cm-1 assigned to OH stretching vibrations. It can be tentatively 

suggested that the new species identified by the bands at 1630 and 1390 cm-1 correspond to 

zinc bicarbonates containing OH groups, though some contribution of chemisorbed water 

molecules to the intensity of the bands at 1634 cm-1 and 3300 cm-1 cannot be excluded. 
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Figure 5-9 FTIR spectra of the Zn-HPW/TiO2 catalysts with different Zn content. The 

spectra were recorded without preliminary pretreatment. 

 

Two strong bands at 1621 and 1453 cm-1 appeared after adsorption of Py (Figure 5-10), 

They might be respectively attributed to the complexes of Py with strong Lewis acid sites48. 

The Lewis acidity can be related to unsaturated Zn2+ ions. Interestingly, no Brönsted acidity 

associated to HPW was observed in the samples with zinc. Thus suggests full neutralization 

of the HPW Brönsted acidity by Zn2+ ions. Indeed, in the Zn-HPW/TiO2 catalyst (6 wt.% 

Zn), the maximum concentration of potential Brönsted acid sites associated with HPW is 

only 0.3 mmol/g, while the amount of zinc is three times higher (0.9 mmol). Thus, Zn should 

be mostly present as cationic Zn, carbonate, bicarbonate or oxide. It is known that ZnO has 

high basicity. This would favor adsorption of CO2 from the atmosphere resulting in zinc 

carbonates49. FTIR spectra (Figure 5-9) show appearance of bicarbonate bands at 1634 and 

1390 cm-1 in the Zn-HPW/TiO2 catalysts starting from 1 wt. % of Zn. It should be noted as 

zinc content in the catalyst reaches 1 wt.%, their activity in the CO formation from CO2 

significantly increases. 
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Figure 5-10 FTIR spectra of the Zn-HPW/TiO2 (6wt.%) catalyst before and after 

adsorption of pyridine and sample evacuation at 200°C. 

 

The UV-Vis diffuse reflectance spectra of Zn-HPW/TiO2 nanocomposite and reference 

compounds are displayed in Figure 5-11. The sample exhibits intense absorption in the 

ultraviolet region (< 400 nm). The band gap energy for different nanocomposites estimated 

using Tauc’s plots of UV-Vis spectra varies from 3.0 eV to 3.2 eV. Relatively small effect of 

the promotion with Zn is observed on the band gap of HPW (Eg = 3.12 eV) and TiO2 (Eg = 

3.20 eV50). Note that both zinc oxide and zinc carbonate have semiconductor properties; 

their band gaps vary from 3.12 to 3.36 eV51, 52.  
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Figure 5-11 a UV-Vis spectra of Zn-HPW/TiO2 sample; b [F(R∞)hν]1/2 versus hν for Zn-

HPW/TiO2 sample 

 

The catalysts were characterized by high resolution transmission electron microscopy 

(HRTEM), high angle annular dark-field scanning TEM (HAADF-STEM) and EDX maps 

(Figure 5-12a, Figure 5-13). The Zn-HPW/TiO2 composite shows the presence of two 

populations of particles: highly faceted NPs with sizes >100 nm and smaller faceted NPs 

with sizes between 10 and 50 nm (Figure 5-14). Figure 5-12b displays TEM images of the 

spent catalyst. Interestingly, the HPW shell remains almost intact after conducting CO2 

photochemical reduction and no noticeable sintering of zinc species was observed. The 

clearly observed separation of TiO2 and HPW phases in the core-shell structure is indicative 

of a possible semiconductor heterojunction, which might affect the photocatalytic properties. 

The enhanced contrast achieved in the high-resolution STEM-HAADF micrographs 

(Figure 5-13 and Figure 5-15) is due to the difference of the Z-atomic number of the 

constituents. Therefore, the presence of the lighter shell is associated to the presence of the 

HPW embedding the TiO2, as anticipated by the previous TEM observations. This issue is 

further confirmed by the elemental maps corresponding to the Ti, O, W and Zn. Here, the Ti 

defines the facetted grains, whilst the TiO2 edges appear to be covered by the W and P from 

the HPW heteropolyacid. The Zn is present as small nanoparticles and/or clusters highly 

dispersed on the catalyst surface (light-grey circular nanoparticles in the right-side image 

from Figure 5-13a, with a slight tendency of agglomeration at the TiO2 rims, similar to 

tungsten and phosphorous. 
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Figure 5-12 TEM images of the calcined (a) and used (b) Zn-HPW/TiO2 catalyst. 

 

 

Figure 5-13 a. HAADF-STEM image; b. EDX maps of Zn-HPW/TiO2 catalyst. 
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Figure 5-14 TEM images of Zn-HPW/TiO2 composite 

 

 

Figure 5-15 High resolution TEM images showing formation of core shell structure in Zn-

HPW/TiO2. 

 

To provide further insights into the zinc oxidation state and its evolution during the 

reaction, both the calcined Zn-HPW/TiO2 catalyst and its spent counterpart after the reaction 

were characterized by XPS (Figure 5-16). XPS is indicative of the presence of Zn2+ species 

in the calcined catalysts, which were identified by the Zn 2p binding energies at 1021.9 eV. 

No changes were noticed in the Zn 2p3/2 XPS binding energy after catalyst exposure to CO2 

and H2O
53, 54 (Figure 5-16). It is known that Auger spectroscopy is more sensitive than the 

XPS binding energy to the changes in the Zn valence state (Figure 5-17). The Zn Auger peak 

from Zn-HPW/TiO2 catalysts is normalized to the peak height of the ZnO Auger feature. The 
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positions of all Auger peaks are aligned by the C 1s peak, and a Shirley background was 

subtracted. Note however that the Auger peaks were similar for the fresh Zn catalyst and that 

after conducting the catalytic reaction. Thus, Auger spectroscopy also suggests no changes 

in the oxidation state of Zn during the reaction.  

 

 

Figure 5-16 XPS spectra of Zn-HPW/TiO2 catalysts in the regions of Zn 2p; a. fresh 

catalyst, b. used catalyst. 

 

 

Figure 5-17 Zn L3M4.5M4.5 Auger peaks for the Zn-HPW/TiO2 catalysts; a. fresh catalyst, 
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b. used catalyst. 

 

5.2.3 Mechanistic aspects of CO2 photo-reduction to CO 

Additional experiments were conducted to investigate in detail the reaction paths in the 

CO2 photocatalytic reduction over the Zn-HPW/TiO2 composites. Table 5-1 shows the CO, 

CH4 and H2 reaction rates measured in the CO2 in the presence of water, in dry atmosphere 

and in the presence of hydrogen. Higher CO formation rate was observed in the presence of 

water. Note that the CO formation rates were extremely low in the absence of water; no 

methane was produced in the dry atmosphere even in the presence of added hydrogen. This 

suggests that water plays a critical role in this reaction. 

 

Table 5-1 Catalytic behavior of Zn-HPW/TiO2 catalyst in different reaction atmospheres. 

Catalyst Reaction atmosphere 
Formation rate μmol g-1 h-1 

CO CH4 H2 

Zn-HPW/TiO2 

CO2 + H2O vapor a 51 4.1 19 

CO2 
b 0.42 0 0 

CO2 + H2 
c 0.51 0  

Reaction conditions: catalyst, 0.1 g; a Gas phase pressure, CO2 0.2 Mpa; H2O, 15mL; b CO2 

pressure, 0.2 MPa; c H2/CO2 = 1/10; irradiation time, 6h. 

 

Figure 5-18 shows variation of the product amount with the reaction time during the 

photocatalytic reduction of CO2 over the Zn-HPW/TiO2 catalyst. First, the catalyst was 

exposed to irradiation in nitrogen in the presence of water, but without CO2. Mostly 

hydrogen, oxygen and small amounts of carbon monoxide (~2.5 μmol in 10 h) were 

produced. The small amounts of CO can possibly come from decomposition of surface zinc 

bicarbonate detected in the calcined catalysts by IR. Second, the system was degassed, and 

then CO2 was introduced into the system. Figure 5-18 shows that CO2 was converted to CO 

and CH4 in the presence of H2O vapor. Some amounts of oxygen were also produced. Note 
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also the production of H2, which is probably generated from H2O splitting. Third, after the 

catalytic test for 10 h, the reactor was degassed again and N2 was reintroduced into the 

system. Note that the amount of CO was larger than that formed in the first step, and only a 

trace amount of CH4 was detected (< 1.0 μmol in 10 h). This confirms that the surface zinc 

carbonate was formed on the catalyst in the presence of CO2 and its decomposition yields 

CO. Finally, in the fourth step, CO2 and water were again introduced to the reactor (Figure 

5-18). Similar CO, CH4, O2 and H2 formations were again observed. Interestingly, the 

reaction rates were similar to those in the second step. This suggests that the Zn-HPW/TiO2 

catalyst can operate with the same activity after several reaction cycles and does not 

deactivate after the 40 h test. 

 

 

Figure 5-18 Variation of the amount of CO, CH4 and H2 production in the reactor with 

reaction time and repeated uses of the Zn-HPW/TiO2 catalyst for photocatalytic reduction of 

CO2 in the presence of H2O vapor. Reaction conditions: catalyst, 0.1 g; Gas phase pressure, 

CO2 or N2 0.2 MPa; H2O, 15mL; irradiation time, 10h. Initially the reactor filled with N2 

and H2O, after 10h, the system was degassed, and the CO2 was introduced into the reactor. 

 

The CO2 photoreduction in the presence of water vapor is likely to proceed via 

adsorption of the reactants (CO2 and H2O) on the catalyst surface followed by photo-induced 

activation by electron and hole transfer55. Adsorption of CO2 onto the surface of the photo-
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catalyst, which results in zinc carbonate may be an initial step in the CO2 reduction. Single 

electron transfer to form surface-bound CO2/CO2·
- is thought to trigger a series of chemical 

reactions [Eq. (1)]. However, this process is highly thermodynamically unfavorable because 

of the high negative redox potential of 1.85 V (vs NHE at pH=7)56, 57. In contrast, an 

alternative and more favorable process to reduce CO2 can occur through the proton-assisted 

multi-electron transfer with relatively lower redox potential, as shown in Eqs. (1) – (5). The 

interaction of CO2 with protons and electrons lowers to some extent the reaction redox 

potential. This transfer was already suggested for many CO2 photo-reduction systems56, 57, 58, 

59, 60, 61. 

CO2 + e- → CO2·
- (1) 

CO2 + 2e- + 2H+ = CO + H2O (2) 

CO2 + 6e- + 6H+ = CH3OH +H2O (3) 

CO2 + 8e- + 8H+ = CH4 +2H2O (4) 

2H+ +2e- = H2 (5) 

It is interesting to note that the rate of water splitting reaction slows down in the 

presence of CO2 in comparison with the test under inert atmosphere. This suggests some 

competition between water and CO2 for the catalyst active sites, which can produce either 

hydrogen or CO. 

The TEM and STEM EDX indicate the presence of core shell structures with the shell 

formed by HPW and core, which contains TiO2. These core-shell structures are expected to 

create n-p heterojunction (Figure 5-19, band levels from Ref. 34), which would increase 

charge separation and lifetime of the charge carriers33. This could also build up the electrical 

potential. In the presence of irradiation and electric field, the electrons are transferred to the 

conduction band of the p-type semiconductor (HPW) and the holes to valence of the n-type 

semiconductors (TiO2). This will increase electron concentration over HPW and hole 

concentration in TiO2. Consequently, the HPW ability for electron transfer and carbon 

dioxide reduction will be enhanced. Water oxidation will be enhanced by higher 
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concentrations of holes on the surface of TiO2 (Figure 5-19). The characterization techniques 

did not reveal the presence of ZnO phase. Indeed, XRD and imaging techniques indicate the 

presence of isolated Zn2+ species and possibly extremely small clusters. These highly 

dispersed zinc species do not have any semiconductor band structure. Zinc located on the 

surface of HPW seems to play a role of cocatalyst by providing active sites for fixing CO2 

on the surface and facilitating subsequence reduction. 

 

 

Figure 5-19 Elementary steps in the CO2 photocatalytic reduction to CO. 

 

Further information about the catalytic role of Zn species in the CO2 reduction was 

obtained using in-situ IR spectroscopy (Figure 5-20). The experiments were conducted in a 

Pyrex cell in the presence of carbon dioxide and water with catalyst exposure to the 

irradiation through Pyrex and KBr windows. The Zn-HPW/TiO2 catalyst pellet has been 

saturated by water vapors and the cell has been filled by CO2. The pretreated sample exhibits 

IR bands at 1634, 1510, 1410, 1390 and 1320 cm-1. The bands at 1320 and 1510 cm-1 might 

be assigned to mono-dentate carbonates (Figure 5-20)62, 63. The bands at 1634 and 1390 cm-

1 correspond to bicarbonate (Figure 5-20). Interestingly, the intensity of the band at 1634 cm-

1 always correlates with the intensity of the bands at 1390 cm-1.  

Catalyst exposure to light during 3 h leads to gradual decrease in the intensity of the 
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bands at 1634 and 1390 cm-1 assigned to the bicarbonates containing OH groups. The 

intensity of the band of OH stretching vibration decreases simultaneously with the bands 

attributed to bicarbonate. Indeed, the concentration of the bicarbonate containing hydroxyl 

groups decrease during the reaction. Similar correlation between the intensity of bicarbonate 

IR band and that of the hydroxyl groups was observed in previous report46. 

The intensities of the bands at 1510 and 1320 cm-1 corresponding to mono-dentate 

carbonates are affected to a lesser extent by the reaction. This indicates higher reactivity of 

the zinc bicarbonates compared to monodentate carbonates. One of the reasons of the higher 

reactivity of bicarbonates can be due to localization of protons in a close proximity to the 

carbonates fragments. The decomposition of these bicarbonates under irradiation provides 

carbon monoxide and oxygen. The analysis of the gas phase during the in-situ experiments 

(Figure 5-21) shows the presence of P (<2140 cm-1) and R (>2140 cm-1) branches of gas 

phase CO64. The intensity increases with increase of the time of the treatment of the sample. 

Thus, these results clearly show that the observed decomposition of carbon bicarbonates 

results in the carbon monoxide production. The performance of the developed catalyst can 

further improve by optimization of the reaction conditions and catalyst promotion. 

 

 

Figure 5-20 In situ FTIR spectra of the Zn-HPW/TiO2 catalyst in the region of stretching 

vibrations of hydroxyl groups (a) and carbonates (b) measured under light at different 

reaction times in CO2 and H2O vapor. 

 

1510a b



Chapter 5. Photocatalytic Reduction of CO2 to CO over Zn-HPW/TiO2 

149 
 

 

Figure 5-21 In situ FTIR spectra of and gas phase over the Zn-HPW/TiO2 catalyst 

measured under light at different reaction times in CO2 and H2O vapor. 

 

5.3 Conclusion 

Among a series of metal catalysts supported on the composite materials on the basis of 

TiO2 and phosphotungstic acid, the zinc-containing counterparts showed the extremely high 

activity and selectivity in the carbon dioxide reduction to carbon monoxide. The reaction 

requires the presence of water vapor. The heteropolyacid forms a thin layer over titania 

nanoparticles. The enhanced activity in photocatalytic reduction of carbon dioxide to carbon 

monoxide was attributed to the formation of p-n heterojunction, which slows down charge 

recombination and facilitates electron transport to Zn species highly dispersed over HPW. 

The CO2 reduction to CO proceeds via formation of zinc bicarbonate species over the 

heteropolyacid. No visible deactivation was observed, the catalyst was stable after 

conducting several reaction cycles for more than 40 h of reaction. No changes of zinc 

oxidation state or zinc sintering were observed under the reaction conditions. The in-situ IR 

experiments suggest that reaction involves zinc bicarbonates containing hydroxyl groups. 

The decomposition of these zinc bicarbonate species under irradiation leads to the selective 

production of carbon monoxide, while water oxidation leading to O2 takes place over TiO2.   
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Chapter 6. Selective Deposition of Cobalt and Copper Oxides on 

BiVO4 Facets for Enhancement of CO2 Photocatalytic 

Reduction to Hydrocarbons 

 

 

 
 

 

Abstract 

The nanostructure of a semiconductor is a crucial parameter for efficient photocatalytic 

performance. Hereby, we have synthesized monoclinic bismuth vanadate (BiVO4) crystals 

with controlled ratio of {010} and {110} facets. The selective deposition of CuOx and CoOx 

over {010} and {110} facets has been performed using photo-reduction and photo-oxidation 

methods, respectively. It resulted in a highly efficient charge separation of photogenerated 

electrons and holes and enhancement of the photocatalytic reduction of CO2 by H2O into 

hydrocarbons, including CH4, C2H6 and C3H8. The controlled cocatalyst deposition different 

semiconductor facets provide a strategy for the synthesis of hydrocarbons from CO2 and 

H2O by efficient charge separation.  
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6.1 Introduction 

Carbon dioxide is widely recognized as a major greenhouse gas that causes global 

environmental problems1. Worldwide consumption of limited fossil fuels not only 

accelerates their depletion but also results in production of excessive atmospheric CO2. In 

this regard, transformation of CO2 to the fuels is a promising method for simultaneous 

solution of energy and environmental problems2. In 1979, Japanese researcher Fujishima 

and Honda reported 3 for the first time the photocatalytic reduction of CO2 into organic 

compounds using semiconductor catalysts such as SiC, GaP, and TiO2. Since then, numerous 

works have focused on the development of new semiconductor materials for reduction of 

CO2 
4, 5, 6, 7. Various semiconductors were proven to be effective in photocatalytic reduction 

of CO2, for example: TiO2 
8, 9, Ga2O3 

10, 11, Zn2GeO4 
12, 13, WO3 

14, Bi2WO6 
15, 16 and so on. 

The main products of photocatalytic reduction of CO2 by water are usually methane, higher 

hydrocarbons, methanol, ethanol, formaldehyde, formic acid or CO 7.  

 Although a lot of progress has been made in this field, the activity of photocatalytic 

reduction of CO2 is still insufficient due to poor charge separation and low quantum 

efficiency. In addition, photocatalytic transformation of CO2 is limited due to low adsorption 

over the catalyst and difficulties in the activation of the stable CO2 molecule.  

In the photocatalytic reaction, the difference in the morphology of the catalyst often has 

a significant impact on the photocatalytic performance17. The difference in catalyst 

morphology is mainly reflected by the exposure of different crystal facets, or the proportion 

of exposed crystal facets. In recent years, more and more reports have addressed the effects 

of exposed crystals on photocatalytic properties. It is generally believed that photocatalysts 

exhibit better catalytic properties when more active crystal facets are exposed to reacting 

molecules 18, 19. In many classical photocatalytic semiconductors, it has been shown that 

controlling the exposure of a suitable crystal facets is an effective strategy to improve 

photocatalytic performance, for example: TiO2 
20, 21, BiVO4 

22, 23, 24, Cu2O 25, 26 and CeO2 
27. 

In photocatalytic reactions, the high recombination rate of photogenerated electrons and 

holes is a major factor limiting its photocatalytic performance. The recombination rate of 
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photogenerated electrons and holes can be greatly reduced with increase of activity by 

deposition of co-catalysts over semiconductors. In general, the role of co-catalyst can be 

relevant to the following processes: (1) better charge separation, (2) higher activity and 

selectivity of CO2 reduction by suppression of side reactions and (3) enhanced stability of 

photocatalyst28. 

Bismuth vanadate (BiVO4) is a promising visible light-driven semiconductor 

photocatalyst with low production cost, low toxicity, high stability and narrow band gap (2.4 

eV) with good response to visible light excitation. BiVO4 has demonstrated as efficient 

catalyst for the reduction of CO2 into methanol and ethanol 29, 30. However, the photocatalytic 

efficiency of BiVO4 is low because of relatively low visible-light utilization and inefficient 

charge separation. The formation of Z‐scheme photocatalytic systems that mimic natural 

photosynthesis with photocatalytic systems and electron mediator is a promising strategy to 

improve charge separation 31. According to a few reports, the photocatalytic efficiency can 

be improved by Z-scheme on the BiVO4 catalyst 32, 33, 34.  

Herein, the separation of electrons and holes in bismuth vanadate (BiVO4). is improved 

by control of the semiconductor morphology. The photocatalytic reduction of CO2 under 

irradiation is significantly enhanced by selective photo-deposition of Cu and Co co-catalysts 

over different facets providing Z-scheme charge flow.  

 

6.2 Result and discussion 

6.2.1 Monoclinic BiVO4 crystal with designable facets 

Uniform truncated tetragonal bipyramidal morphology BiVO4 with designable exposed 

facets has been prepared using hydrothermal method with variation of NaCl content 24. XRD 

measurements indicate that these samples exhibit a monoclinic structure 23, 35 (Figure 6-1). 

The intensity of the (040) diffraction peak at 30.5 2θ depends on the concentration of NaCl. 

Increase of NaCl concentration from 0.04 to 0.5 M leads to increase of intensity with 

subsequent rapid decrease when the concentration reaches 2 M, indicating that NaCl affects 

the morphology of BiVO4.  
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Figure 6-1 XRD patterns of the monoclinic BiVO4 samples with different concentration of 

NaCl and BiVO4 with predominately exposed {010} and {110} facets. 

 

The SEM images show that the BiVO4 crystals were composed of uniformed single 

crystal with truncated tetragonal bipyramidal shape (Figure 6-2b-e) when the concentration 

of NaCl is between 0.04 - 0.50 M. However, the BiVO4 crystals has an irregular morphology 

(Figure 6-2a, f) when NaCl was not included or if the concentration is too high. Interestingly, 

the morphology of monoclinic BiVO4 crystals changed gradually with the concentration of 

NaCl. Crystal model of monoclinic BiVO4 crystals with truncated tetragonal bipyramidal 

shape contains two {010} facets on the top and bottom and eight {110} facets on the edges 

(Figure 6-3). The fraction of {010} facets has been calculated by the crystal model equation. 

The percentages of {010} facets can be calculated as follows 21, 24.  
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S010 = 2a2, 

S110 = 8 * 0.5 * (a + b) * LDE, LDE = LCE – LCD, LCE = 0.5b / cosθ, LCD = 0.5a / cosθ, 

S110 = 2 * (b2 – a2) / cosθ, 

F010% = S110 / (S110 + S010) = 2a2 / 2 * (b2 – a2) / cosθ = cosθ / (cosθ + b2 / a2 –1)  

Here θ is the theoretical value (66.07o) for the angle between the {010} and {110} facets 

of monoclinic BiVO4 crystal. Note that the fraction of {010} facets increases significantly 

with the increase of NaCl concentration from 26 % to 75 % (Table 6-1).  

BiVO4-010 and BiVO4-110 samples with predominantly {010} and {110} facets have 

been synthesized. The SEM images confirm that the BiVO4 crystals have {010} and {110} 

facets predominantly exposed (Figure 6-2). XRD measurements also confirm synthesis of 

BiVO4-010 and BiVO4-110 samples with predominantly {010} and {110} facets (Figure 6-

1).  
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Figure 6-2 SEM images of BiVO4 samples synthesized with different concentration of 

NaCl. NaCl concentration: (a) 0 M, (b) 0.04 M, (c) 0.10 M, (d) 0.20 M, (e) 0.50 M, (f) 2.0 

M, (g) BiVO4-010, (h) BiVO4-110. Scale bar: 1.0 μm. 
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Figure 6-3 Crystal model of monoclinic BiVO4 crystals with truncated tetragonal 

bipyramidal shape. 

 

The UV-Vis diffuse reflectance spectra of the BiVO4 crystals with different 

concentration of NaCl is shown in Figure 6-4. The samples exhibit intense absorption in the 

ultraviolet region (< 400 nm) as well as visible light region (< 500 nm). The band gap energy 

for different morphology samples estimated using Tauc’s plots of UV-Vis spectra is the same, 

being 2.3 eV (Table 6-1).  

 

 

Figure 6-4 UV-Vis spectra of BiVO4 samples synthesized with different concentration of 

NaCl. 
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Photoluminescence spectroscopy has been used to evaluate the recombination of holes 

and electrons of different BiVO4 catalysts. A luminescence band centered at 620 nm was 

observed for monoclinic BiVO4 crystals (Figure 6-5). It is generally accepted that 

photoluminescence is produced by the recombination of photogenerated carriers on a 

semiconductor, and therefore the higher intensity of the luminescent band means that the 

probability of photogenerated carrier recombination is higher 36. For the series of BiVO4 

samples, the intensity of the luminescence band decreases in the order of BiVO4-0.04M > 

BiVO4-0M > BiVO4-2.0M > BiVO4-0.50M > BiVO4-0.10M > BiVO4-0.20M, indicating that 

BiVO4-0.20M with 64 % of {010} facet has the lowest ability of electron-hole recombination. 

Note that the irregular BiVO4 crystals show a higher ability of electron-hole recombination. 

In other words, truncated tetragonal bipyramidal shape is good for electron-hole separation. 

 

 

Figure 6-5 (a) Photoluminescence spectra of BiVO4 samples synthesized with 

different concentration of NaCl. (b) Photoluminescence spectra of BiVO4-0.20M crystal 

with selective photo-deposited the metal oxides. 
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Table 6-1 Fraction of {010} facets, specific surface areas, bandgap energies of BiVO4 

samples with different NaCl concentration. 

Sample 
Fraction of 

{010} facets (%) 

Surface area 

(m2 g-1) 

Bandgap energy 

(eV) 

BiVO4-0M / 1.3 2.3 

BiVO4-0.04M 26 2.2 2.3 

BiVO4-0.10M 44 2.8 2.3 

BiVO4-0.20M 64 2.9 2.3 

BiVO4-0.50M 75 2.6 2.3 

BiVO4-2.0M / 1.4 2.3 

 

ZnOx, WOx, FeOx and CuOx were loaded onto series of BiVO4 samples through photo-

reduction deposition technique (Figure 6-6). SEM images show that CuOx nanoparticles 

were selectively deposited onto the {010} facets of BiVO4 crystal (Figure 6-7b). Several 

oxide co-catalysts MnOx, PbO2 and CoOx have been deposited by photo-oxidation using 

NaIO3 as sacrificial agent on the surface of CuOx/BiVO4 catalyst. SEM analysis 

demonstrates that these oxides are located on the {110} facets of BiVO4 crystal (Figure 6-6, 

6-7c). 

 

 

Figure 6-6 Schematic of the synthesis of CuOx/CoOx/BiVO4 catalyst.  
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Figure 6-7 SEM images of BiVO4-0.20M sample with selective photo-deposited metal 

oxides: (a) CuOx/BiVO4, (b) CoOx/BiVO4, (c) CuOx/CoOx/BiVO4. 

 

To provide further insights into the copper and cobalt state in CoOx/CuOx/BiVO4 

catalyst was characterized by XPS (Figure 6-8). The binding energies of Cu 2p3/2 for the 

catalyst was about 932.7 eV, which could be attributed to either Cu0 or CuI 37, 38, 39. The 

positions of the Cu L3VV Auger lines for these samples were centered at 916.7 eV, 

corresponding to that of CuI
 in Cu2O 

40. Figure 6-8 represents the Co 2p XPS spectra of the 

catalyst. Co 2p3/2 binding energies at 781.5 eV, absence of the satellite structure and 2p3/2-

2p1/2 spin-orbit splitting (ΔE) of 15.1 eV indicates on the presence of Co3O4 phase 41, 42, 43. 
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Figure 6-8 XPS spectra for the CuOx/CoOx /BiVO4 catalyst. (a) Cu 2p spectra, (b) Cu 

L3VV Auger spectra and (c) Co 2p spectra. 

 

6.2.2 Catalytic performance 

Figure 6-9 demonstrates the effect of photo-reductive deposition of different metal 

oxides over BiVO4-0.20M sample, which according to our characterization study 

demonstrates the most efficient charge separation. Methane, ethane, propane, formaldehyde 

and methanol were formed as the products of the reaction of CO2 reduction by H2O. The 

deposition of W and Fe does not lead to significantly improve of the catalytic performance 

in comparison with the parent BiVO4-0.20M which is almost inactive. The main products of 

the reaction were CO and methane. In the presence of ZnOx activity significantly increases 

to 2 μmolg-1h-1 with increase of the contribution of methane in the products in comparison 

with CO. The highest activity (6.8 μmolg-1h-1) has been observed over CuOx/BiVO4-0.20M 
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with formation of broad range of hydrocarbons (methane, ethane and propane) and 

oxygenates (formaldehyde and methanol).  

 

 

Figure 6-9 Effect of metal oxides on the performance of BiVO4-0.20M for photocatalytic 

reduction CO2 with H2O. 

 

Further we have studied effect of CuOx deposition over BiVO4 catalyst with systematically 

changed fraction of {010} facets (Figure 6-10). As compared to BiVO4 with an irregular 

morphology, which was synthesized without addition of NaCl, CuOx/BiVO4 catalysts with 

a uniform truncated tetragonal bipyramidal morphology exhibited higher formation rate of 

hydrocarbon fuels. Interestingly, the photocatalytic performance depends on the fraction of 

{010} facets. The formation rate of hydrocarbons has bell shaped curve with maximum at 

the fraction of exposed {010} facets 64 % with formation rate 6.8 μmolg-1h-1. CuOx/BiVO4-

010 and CuOx/BiVO4-110 with predominantly {010} and {110} facets demonstrate lower 

formation rate of hydrocarbons in comparison with catalysts containing both facets. 
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Figure 6-10 Effect of the fraction of {010} facets on the photocatalytic performance of 

CuOx/BiVO4 catalyst for reduction CO2 with H2O. a BiVO4 with an irregular morphology 

(NaCl concentration: 0M). 

 

Recent studies have demonstrated that photogenerated electrons and holes in 

monoclinic BiVO4 crystals will migrate to the {010} and {110} facets respectively 23. Li and 

coworker 44 evaluated the energy levels of {010} and {110} facets of BiVO4 crystals by DFT 

calculation method. They observed a slight difference in energy of the valence and 

conductive band between the {010} and {110} facets which suggested that the electron 

transfer from {110} to {010} facets is feasible thermodynamically. Thus, it can be expected 

that the coexistence of the {010} and {110} facets with the appropriate ratio will favor the 

separation of photogenerated electrons and holes. This order fits well with obtained 

photoluminescence measurement, confirming that the {010} and {110} facet coexistence 

and appropriate ratio facilitates the separation of electron-hole pairs. Furthermore, the order 

of the efficiency of electron-hole pairs separation is the same as that of the formation rate of 

hydrocarbon fuels for the photocatalytic reduction of CO2 with H2O (Figure 6-10). Therefore, 

we believe that the ability of electron-hole pairs separation is a key factor in determining the 

catalytic behavior of CuOx/BiVO4 with different fraction of {010} facets.  

0

2

4

6

8

0

1

2

3

4

5

B
iV

O 4

a

C
uO

x

C
uO

x

C
uO

x

C
uO

x

H
y
d
ro

c
a
rb

o
n
 f

o
rm

a
ti
o

n
 r

a
te

 (

m

o
l 
g

-1
 h

-1
)

F
o
rm

a
ti
o
n
 r

a
te

 (

m

o
l 
g

-1
 h

-1
)

 CO

 CH
4

 C
2
H

6

 C
3
H

8

 HCHO

 CH
3
OH

/B
iV

O 4
-1

10

/B
iV

O 4
-0

10

/B
iV

O 4
-0

.0
4M

/B
iV

O 4

a

  

 

 

C
uO

x

/B
iV

O 4
-0

.1
M

C
uO

x

/B
iV

O 4
-0

.2
M

C
uO

x

/B
iV

O 4
-0

.5
M

 



PhD Thesis of University of Lille 

168 
 

Table 6-2 displays the photocatalytic performance data of CuOx/BiVO4 with different 

CuOx contents over BiVO4-0.20M. Note that the increase in Cu content from 1 to 5 wt% 

enhances the formation rate of hydrocarbons with further stabilization at 8 wt%. The surface 

area of BiVO4 is quite low and saturation of {010} facets takes place already at relatively 

low Cu content. 

 

Table 6-2 Effect of Cu content on the performance of CuOx/BiVO4-0.20M for photocatalytic 

reduction CO2 with H2O. 

Catalyst 

Product formation rate 

(μmol g-1 h-1) 

Hydrocarbon 

formation rate 

(μmol g-1 h-1) CO CH4 C2H6 C3H8 HCHO CH3OH 

1% CuOx/BiVO4 0.51 0.73 0 0 0 0 0.73 

3% CuOx/BiVO4 0.82 2.5 0.61 0.42 0.35 0.55 4.4 

5% CuOx/BiVO4 1.4 3.5 1.1 0.80 0.60 0.82 6.8 

8% CuOx/BiVO4 1.3 3.3 1.0 0.63 0.51 0.60 6.0 

 

The catalytic properties after deposition of co-catalysts by photo-oxidation over 

CuOx/BiVO4 have been studied by catalytic tests at the same conditions (Figure 6-11). The 

catalytic activity was gradually increasing in the row: CuOx/BiVO4<MnOx/CuOx/BiVO4 

<PbO2/CuOx/BiVO4 <CoOx/CuOx/BiVO4. Afterwards the catalytic performance of 

CoOx/CuOx/BiVO4 has been optimized by variation of CoOx content. The catalytic behavior 

is similar to those of Cu with increase of the catalytic activity till 5 wt% of CoOx and stable 

performance at higher loading (Table 6-3). Thus, the highest catalytic activity for CO2 

reduction by water is achieved for the CuOx/CoOx/BiVO4 catalyst with selective photo-

deposited CuOx and CoOx nanoparticles over {010} and {110} facets, respectively. For 

comparison, the CuOx/CoOx/BiVO4 (imp) synthesized by impregnation method with non-

selective loading of CuOx and CoOx demonstrates much lower catalytic activity (Figure 6-

11). This result indicates that the photocatalytic performance can be significantly enhanced 

when the reduction/oxidation co-catalysts were selectively deposited on the corresponding 
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reduction/oxidation reaction facets, which can minimize electron-hole pairs recombination. 

This assumption has been confirmed by the fact that intensity of photoluminescence band 

decreased significantly by loading CuOx and CoOx onto the BiVO4-0.20M crystal (Figure 6-

5).  

 

 

Figure 6-11 Effect of cocatalyst on the performance of CuOx/BiVO4-0.20M for 

photocatalytic reduction CO2 with H2O. 
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Table 6-3 Effect of CoOx cocatalyst content on the performance of CuOx/CoOx/BiVO4-64% 

for photocatalytic reduction CO2 with H2O. 

Catalyst 

Product formation rate 

(μmol g-1 h-1) 

Hydrocarbon 

formation rate 

(μmol g-1 h-1) CO CH4 C2H6 C3H8 HCHO CH3OH 

5% CuOx/ 

1% CoOx/BiVO4 
1.9 4.0 1.2 0.81 0.92 0.90 7.8 

5% CuOx/ 

3% CoOx/BiVO4 
2.2 5.0 1.6 0.80 1.0 1.1 9.5 

5% CuOx/ 

5% CoOx/BiVO4 
2.5 5.5 1.7 1.0 1.5 1.3 11 

5% CuOx/ 

8% CoOx/BiVO4 
2.6 5.2 1.5 0.81 1.5 1.1 10 

 

The stability of optimized catalyst containing 5 wt% Cu and 5 wt% Co over BiVO4-

0.20M has been studied by repeated tests with degassing and CO2 reintroduction after 7 h of 

reaction. Similar activities for the formations rate of hydrocarbon fuels were observed after 

five cycles (Figure 6-12).  
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Figure 6-12 Repeated uses of the 5 wt% CuOx/5 wt% CoOx /BiVO4-0.20M catalyst for 

photocatalytic reduction of CO2 with H2O. 

 

Table 6-4 shows that the formation rate of the CO2 reduction over CoOx/CuOx/BiVO4 

catalyst under visible light range (382-600 nm) is only slightly lower compared to the results 

with light range before filtration (240-600 nm). The main advantage of BiVO4 as 

semiconductor in comparison with TiO2 is its ability to work under visible light irradiation. 

 

Table 6-4 Performances of the 5wt%CuOx/5wt%CoOx/BiVO4-64% catalyst for 

photocatalytic reduction CO2 with H2O measured under irradiation at different spectral 

ranges. 

Spectral range of 

irradiation (nm) 

Product formation rate 

(μmol g-1 h-1)a 

Hydrocarbon 

formation rate 

(μmol g-1 h-1) CO CH4 C2H6 C3H8 HCHO CH3OH 

dark 0 0 0 0 0 0 0 

240-600 1.5 3.8 1.1 0.50 1.1 0.81 7.3 

382-600 0.60 2.0 0.52 0.21 0.30 0.41 3.1 
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a Reaction conditions: catalyst, 0.1 g; Gas phase pressure, CO2 0.2 Mpa; H2O 15 mL; 

irradiation time, 7h; light source, Hamamatsu LC8-06 Hg-Xe stabilized irradiation lamps 

with a spectral irradiance in the range 240-600 nm; Cut-off filter: visible light, 382 < λ < 600 

nm. 

 

6.2.3 Z-scheme mechanism of the CuOx/CoOx /BiVO4-0.20M catalyst for photocatalytic 

reduction CO2 with H2O 

The valence band (VB) of Cu2O is very close to the conduction band (CB) of BiVO4. 

This fact suggests a possibility of construction of the Z-scheme photocatalysis system for 

reduction of CO2 similar to the previous reports 34, 45, 46, 47. The significant enhancement of 

photocatalytic CO2 reduction can be explained by Z-scheme charge-transfer mechanism 

(Figure 6-13).  

In summary, when both Cu2O and BiVO4 were excited by the irradiation, the 

photogenerated electrons in the CB of BiVO4 recombine with the photogenerated holes in 

the VB of Cu2O owing to their close band position. Finally, the photogenerated electrons in 

the CB of Cu2O are used for the reduction of CO2 produce hydrocarbon fuels, while the 

photogenerated holes in the VB of BiVO4 transfer to Co3O4 of oxidation co-catalyst, which 

used for the oxidation reaction of water (Figure 6-13). 

The effect of close position of CB of BiVO4 and VB of Cu2O has been verified by 

deposition of other metal oxides (WOx, FeOx and ZnO) by photo-reduction technique with 

different band positions instead of CuOx (Figure 6-9). The activity correlates well with band 

position on the Figure 6-13. Thus, FeOx and WOx almost did not affect catalytic activity of 

pure BiVO4 due to low CB potential in comparison with the CO2/CH4 reduction potential 

However, ZnO with higher reduction potential results in significant increase of the catalytic 

activity.  
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Figure 6-13 (a) Comparison of the band structures of various semiconductor with respect 

to the redox potentials of reduction of CO2; (b) Schematic of the Z-scheme of CuOx/CoOx 

/BiVO4-0.20M catalyst. 

 

6.3 Conclusion 

The present work focuses on the design efficient photocatalyst construction for the 

preferential photocatalytic reduction of CO2 with H2O. The monoclinic BiVO4 crystals with 

truncated tetragonal bipyramidal morphology and controllable exposed {010} and {110} 

facets ratios have been synthesized. The fraction of {010} facets could be varied in the range 

from 26 to 75 %. The facet-selective photo-deposition of the metal oxides can significantly 

enhance the photocatalytic reduction of CO2. BiVO4 crystals containing 64% of {010} facets 

fraction with Cu2O and Co3O4 nanoparticles photo-deposited onto {010} and {110} facets, 

respectively, were the most efficient for the separation of photogenerated electron-hole pairs. 

This catalyst demonstrated the highest stable catalytic activity toward production of 

hydrocarbons even under visible light irradiation. The construction of Z-scheme for CO2 

reduction by water using oxidation and reduction co-catalysts played a key role in enhancing 

of the efficiency of charge separation.  
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Chapter 7. General Conclusions and Perspectives 

In the past few decades, considerable attention has been paid to energy conversion and 

environment. Semiconductor photocatalysis has attracted considerable attention because it 

is a promising way to deal with the global energy scarcity, environmental degradation and 

modern organic synthesis. Over the past few decades, numerous strategies have been put 

forward to improve the visible-light absorption and decrease the electron–hole 

recombination of semiconductor photocatalysts. This thesis mainly focuses on the progress 

in morphology and the structure design of heterostructure based semiconductor 

photocatalysts. In addition, the photocatalytic performance of semiconductor systems 

discussed mainly involves the environmental and energy application, including the methane 

photocatalytic oxidation to carbon monoxide, photochemical coupling to upgrading products 

and photocatalytic reduction of carbon dioxide.  

 

7.1 General Conclusion 

7.1.1 Photocatalytic conversion of methane 

We developed a new system on the basis of metal, tungstophosphoric acid and titania 

which exhibits exceptional performance for the photocatalytic conversion of methane. 

Interestingly, different metal-heteropolyacid-titania catalysts can lead to different reaction 

pathways (Figure 7-1). 

 

Figure 7-1 Reaction pathways of photoactivation of methane over different metal-
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heteropolyacid-titania nanocomposites 

 

A simple way to prepare metal-heteropolyacid/TiO2 composite catalysts is the direct 

loading of a different noble or transition metal onto the heteropolyacid /TiO2 composite via 

impregnation. The composite catalysts show the presence of core-shell particles. The core is 

constituted by TiO2 crystallites of 30-40 nm, while the shell is built by the HPW 

heteropolyacid (layer thickness of 1-2 nm), while metal species are highly dispersed on the 

tungstophosphoric layer. 

The Zn-HPW/TiO2 system exhibits extremely selective photocatalytic methane partial 

oxidation to CO at ambient temperature. The methane photocatalytic oxidation proceeds as 

a combination of parallel and consecutive reactions with carbon monoxide being a primary 

reaction product. The carbon monoxide yield from methane can reach 3-4 % and give high 

quantum efficiency (7.1% at 362 nm) values under the optimized reaction conditions. In-situ 

FT-IR and XPS uncover that the catalytic performance can be attributed to zinc species 

highly dispersed on tungstophosphoric acid/titania, which undergo reduction and oxidation 

cycles during the reaction according to the Mars-Van Krevelen sequence. Surface methoxy 

carbonates were identified as reaction intermediates 

The Ag-HPW/TiO2 system exhibited high selectivity of methane coupling to ethane and 

high ethane yield in the presence of irradiation at ambient temperature. The reaction involves 

stoichiometric reaction of methane with silver oxidized species highly dispersed over 

heteropolyacid layer over titania resulting in methyl radicals. The recombination of the 

generated CH3 radicals leads to selective and almost quantitative formation of ethane. The 

ethane yield from methane reaches 9 % on the optimized materials. The photochemical 

looping strategy has shown to be viable to attain higher methane conversion and higher and 

stable ethane yield from methane under the optimized conditions. 

 

7.1.2 Photo-reduction of carbon dioxide 

The photocatalytic conversion of CO2, which occurs at ambient temperature, not only 

reduces the greenhouse effect, but also provides value-added solar fuels and chemicals. We 



Chapter 7. General Conclusions and Perspectives 

181 
 

developed zinc modified the heteropolyacid-titania nanocomposites which exhibit 

exceptional photocatalytic activity in selective carbon monoxide production from methane 

at ambient temperature. Interestingly, we report for the first time that the Zn-HPW/TiO2 

composite system exhibited extremely high photocatalytic activity reaching 50 µmol CO/g·h 

and selectivity (73 %) in the CO2 photocatalytic reduction to CO in the presence of water. A 

combination of characterization techniques indicates that the heteropolyacid forms a thin 

layer over titania nanoparticles. The activity in photocatalytic reduction of carbon dioxide to 

carbon monoxide was attributed to zinc bicarbonate species highly dispersed over 

heteropolyacid. No visible deactivation was observed, the catalyst was stable after 

conducting several reaction cycles for more than 40 h of reaction. In-situ FTIR investigation 

uncovered that the reaction involved surface zinc bicarbonates species as key reaction 

intermediates. HPW transfers photo-energy from TiO2 to zinc bicarbonate with its reduction 

to carbon monoxide. The water splitting has been significantly suppressed over the Zn sites 

in the presence of CO2. In addition, the photocatalytic performance in the CO2 hydrogenation 

can be further enhanced by p-n semiconductor heterojunction. This heterojunction can be 

created by adding to TiO2 a semiconductor with lower levels of valence and conduction 

bands. This heterojunction can be achieved by combining TiO2 with a heteropolyacid acid 

(H3PW12O40), which may result in better charge separation and higher electron flux from 

TiO2 onto HPW. 

To date, most of research has been focused on titanium dioxide (TiO2) photocatalyst for 

energy and environmental applications owing its outstanding photocatalytic activity, non-

toxicity and high photostability. However, TiO2 is only sensitive under UV-light and utilizes 

only 4% of available solar energy, which highly restricts its potential application. Hence, 

there is a need to develop new strategies to improve the use of solar energy. 

Bismuth vanadate is a promising visible light-driven semiconductor photocatalyst with 

low production cost, low toxicity, high stability and narrow band gap (2.4 eV) with good 

response to visible light excitation. we successfully designed efficient photocatalyst 

construction for the preferential photocatalytic reduction of CO2 with H2O. The formation 

of Z-scheme photocatalytic systems that mimic natural photosynthesis with photocatalytic 
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systems and electron mediator is a promising strategy to improve charge separation. Herein, 

the separation of electrons and holes in bismuth vanadate is improved by control of the 

semiconductor morphology. The photocatalytic reduction of CO2 to hydrocarbons under 

irradiation is significantly enhanced by selective photo-deposition of Cu and Co co-catalysts 

over different facets providing Z-scheme charge flow. The activity of Cu2O/Co3O4/BiVO4 

increases up to 100 times in comparison with the parent BiVO4. 

 

7.2 Perspectives 

Semiconductor photocatalysts have been widely applied to solve environmental 

pollutions and convert solar energy into renewable fuels, which represents a promising way 

to achieve sustainable society. Nevertheless, the photocatalytic process is a complex reaction, 

which still exists some problems for future studies, such as exploiting novel photocatalytic 

materials, better understanding the mechanism of heterogeneous photocatalysts and the 

charge transportation way on the interface. 

 

7.2.1 Photocatalytic conversion of methane 

The catalytic conversion of methane to value-added chemicals and fuels by a 

sustainable method is a highly attractive goal that still has significant challenges in catalysis. 

Solar energy can be employed with photocatalysts to activate methane and drive methane 

conversions. Although very impressive progress has been achieved in photocatalytic 

conversion of methane, there are still a number of challenges that have to be solved, as 

discussed in the following. First, although photocatalytic methane conversion can proceed 

under mild conditions, the efficiencies of the reported processes remain low. One solution is 

to efficiently utilize solar light (such as UV, visible, and infrared light) through the 

development of photocatalysts. Second, the selectivity of photocatalytic methane oxidation 

to desired liquid products such as methanol and formic acid remains challenging since the 

reactivity of oxygenates is higher than that of methane under reaction conditions. Finally, at 

present, the mechanism investigations of methane activation and conversion both on 
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semiconductors and plasmonic metal nanoparticles remain in the preliminary stages due to 

the complicated reaction pathways and the limited characterization techniques for 

photocatalytic reaction systems. 

 

7.2.2 Photocatalytic carbon dioxide reduction 

Photocatalytic reduction of CO2 into hydrocarbon fuels is a challenging, yet promising 

avenue for achieving a sustainable alternative to conventional fossil fuels with advantages 

as follows: (1) it can be carried out in relatively mild conditions – room temperature and 

pressure, (2) this process uses a mass of abandoned CO2 as the starting carbon source driven 

by inexhaustible and clean solar energy, (3) the photoreduction of CO2 can directly generate 

short-chain hydrocarbon fuels such as CH4, CH3OH, C2H6 and so on, which can alleviate 

increasingly tense energy crisis, (4) the realization of this technology will make it possible 

to replace fossil fuels by CO2 as C source in chemical industry. Therefore, photocatalytic 

reduction of CO2 with H2O into hydrocarbon fuels would be like killing two birds with one 

stone in terms of saving supplying energy and our environment. 

The pathways to improve the performance of photocatalytic operation are either by 

enhancing the photocatalyst activity or improving the design configuration of photoreactor. 

To enhance the photocatalyst efficiency, light harvesting, charge excitation, preventing 

charge recombination and photocatalytic reduction and oxidation steps must be enhanced. 

Although a lot of progress has been made in this field, it is clear that the existing techniques 

are not sufficient to make them applicable for industrial production of fuels. A deep 

understanding of engineering aspects of CO2 reduction is still required for the development 

of highly efficient photoreactor designs. In order to achieve high conversion efficiency, 

photoreaction system designs must take into account: (1) The material of construction and 

thickness of reactor chosen is constricted by the necessity of light transmission and 

reflectance. (2) The collectivity of photons which depends on the geometry (length, volume 

etc.) of photoreactor vessel, light intensity, and operating wavelength, catalyst and substrate 

should be optimized. (3) Mixing and flow characteristics must be designed properly to attain 

high contact between the reactants and catalyst by reducing mass transfer limitations. (4) 
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Moreover, the CO2 photo-reduction system must be designed with high stability, cycle-

ability, nontoxicity that has very critical significance. 
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