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Introduction
Solar reforming of hydrocarbons from the photocatalytic reduction of carbon dioxide is receiving considerable worldwide attention due to the simplicity of the process and also easy manageability of the system.   Carbon dioxide, the so-called greenhouse gas, is considered as a waste material till recently, but nowadays it is regarded as a good C1 source material and thus has become to be considered as a wealth [1]. The methods of reducing carbon dioxide can be electro-chemical, photochemical, photocatalytic, photoelectrochemical and biochemical. Studies on methods for recycling carbon dioxide into useful products like CO, methanol, methane, formic acid, formate and ethane, particularly using semiconductors in aqueous suspension systems have received considerable attention in recent times.    In view of this realization, followed by intense research on the reduction of carbon dioxide into value added chemicals or fuels, the conversion levels still remain small (less than millimolar quantities) thus not amenable for commercial exploitation [2,3,3a].  Even though this process has environmental interest, but the low turn over rates of the available current procedures have prevented wide-scale industrial adaptation. Lehn and Ziessel [3b] were the first in the 1980s led the study of catalytic CO2 reduction using visible light. They observed that Co(I) species produced in solutions containing CoCl2, 2,2'-bipyridine (bpy), a tertiary amine, and a Ru(bpy)3Cl2 photosensitizer was responsible for this reaction.  Subsequent to these studies, several catalysts have been reported with rhodium bipyridyl photosensitizer.
 
 One of the issues for this low yield in the reduction of carbon dioxide is associated with high value of the reduction potential for the initial electron transfer from the catalyst surface, that is for the following reduction reaction; CO2(aq) + e → CO2(aq)- the reduction potential value is -2.14 V vs SCE[2] even though the subsequent electron transfers may be favorable i.e. more negative or positive value redox potential with respect to the conduction band minimum of most of the semiconductor materials, a situation favourable for the feasibility of the reaction. Rapid reduction thus requires an overpotential of up to 0.6 V due to the kinetic restrictions imposed in converting the linear neutral molecule to the bent anion moiety. The question to be answered at this stage is how this thermodynamic limitation is overcome in the product formation in photocatalytic reduction of carbon dioxide? Possibly photon assisted multielectron transfer is possible under photocatalytic reduction of carbon dioxide. A comprehensive listing of reduction potential values for the photocatalytic reduction of carbon dioxide is given in Table 1 [16].
Table 1 Reduction potential values for carbon dioxide (the value for hydrogen production from water is included for comparative purpose and its relevance in CO2 reduction)
	Reaction
	E0redox  in eV 

	CO2 +  e → CO2-
	 ≥-1.9

	CO2 + 2H+ + 2e → HCOOH
CO2 + 2H2O +2e → HCOOH_ + OH-
	-0.61
-1.491

	CO2 + 2H+ + 2e → CO + H2O
CO2 + 2H2O + 2e → CO + 2OH_
2CO2 + 2H+ + 2e → H2C2O4
2CO2 + 2e → C2O42-
	-0.53
-1.347
-0.913
-1.003

	CO2 + 4H+ + 4e → C + 2H2O
	-0.20

	CO2 + 4H+ + 4e → HCHO +H2O
CO2 + 3H2O  + 4e →HCHO + 4OH-
CO2 + 2H2O  + 4e → C + 4OH__
	-0.48
-1.311
-1.040

	CO2 + 6H+ + 6e → CH3OH + H2O
CO2 + 5H2O  + 4e →CH3OH +6H2O
	-0.38
-1.225

	CO2 + 8H+ + 8e → CH4 + 2H2O
CO2 + 6H2O  + 8e → CH4 +8OH--
	-0.24
-1.072

	2CO2 + 12H+ + 12e→ C2H4 + 4H2O
2 CO2 + 8H2O + 12e→ C2H4 + 12 OH—
2CO2 + 12H+ + 12e→ C2H5 OH + 3H2O
2CO2 + 9H2O +12e→ C2H5 OH + 12 OH--
	-0.349
-1.177
-0.329
-1.157

	2CO2 + 14H+ + 14e → C2H6 +4H2O
	-0.270

	3CO2 +18H+ + 18e → C3H7 OH +H2O
	-0.310

	2H+ + 2e → H2
	-0.42

	3CO2 + 18H+  + 18e- → CH3CH(OH)CH3 +5H2O
	-0.30

	2CO2 + 10H+ + 10e- → CH3CHO + 3H2O
	-0.36

	3CO2 + 16H+ + 16e- → CH3CH2CHO + 5H2O
	-0.32

	3CO2 + 16H+ + 16e- → CH3COCH3 + 5H2O
	-0.31

	2CO2 + 8H+ + 8e- → CH3COOH + 2H2O 
	-0.31


Although low yields in the photocatalytic reduction of carbon dioxide are observed, encouraging laboratory experimental results have been obtained in both gas and liquid phases. Semiconductor-based systems, metal–organic frameworks (MOFs), and composites involving C3N4 and MoS2 have been employed for the photoreduction. Semiconductor heterostructures, containing bimetallic alloys and chemical modification of oxides with anion substitution (N3– and F– in place of O2–), have been tried as possible catalytic candidates
There are many attempts employing various means of activation to reduce carbon dioxide.   These are briefly summarized in Table 2.
Table 2 The attempts/activation procedure employed to reduce carbon dioxide to useful chemicals [4]
	Process
	Representation

	1. Radiochemical
	          gamma-irradiation
CO2                                    HCOOH, HCHO

	2. Chemical Reduction
	2Mg + CO2             2MgO  + 2C
Sn + 2CO2               SnO2 + 2CO
2Na  + 2CO2            Na2C2O4

	3. Thermo-chemical
	    Ce4+ ; T > 9000C
CO2                      CO  + 1/2O2

	4. Photo-chemical
	               hν
CO2                    CO, HCOOH, HCHO

	5. Electrochemical
	CO2  +Xe-  + XH+         ev         CO, HCOOH, (COOH)2 

	6. Bio-chemical
	                   Bacteria
CO2 + 4H2                    CH4  + 2H2O

	7.  Bio-photochemical
	                                         hν
CO2 + Oxoglutaric acid             Isocitric acid

	8.  Photo-electrochemical
	                            hν
CO2 + 2e-  + 2H+               CO + H2O 
                             eV, Semiconductor

	9.  Bio-electrochemical
	                                        Enzyme, eV
CO2 + Oxoglutaric acid                Isocitric acid
                                        methylviologen

	10. Bio-photoelectrochemical
	        Hν, enzyme p-InP
CO2                                          HCOOH  
          eV, Methyl-viologen


Among the various activation procedures, only a few have been vigorously pursued in view of the possibility of commercializing the developed process. Among these very few possibilities, photo-catalytic or photoelectrochemical processes assume prominence. 
2. Heterogeneous Photocatalytic Reduction of Carbon dioxide with Water
In photocatalytic Carbon dioxide reduction with water, both photo-reduction of Carbon dioxide and photo-oxidation of water take place simultaneously under sunlight irradiation employing a photocatalyst. Since a variety of reaction conditions affects, predicting the product distribution on a catalyst system is a difficult proposition [5]. 
Photocatalytic reduction of carbon dioxide is one of the pathways involved in the carbon dioxide conversion process and has been receiving considerable attention from the scientific community in the last few decades. The mechanism of carbon dioxide reduction is not still clear and the information available is not sufficient for developing it into large scale commercial viable applications, possibly because of the invariable hurdles associated with the reduction process. The reductive photocatalytic conversion of CO2 involves all the redox reactions occurring at the interface of the semiconductor such as water splitting, hydrogen evolution, oxygen evolution, photo-oxidation reactions and reactions of radical intermediates. The overall product yield is highly dependent on the extent of these competing reactions. [31]
The work by Lehn et al. showed the selective CO2 reduction into CO by using Re(I) diimine complexes [6]. Subsequently, metal complexes in photocatalysis has been greatly studied for both CO2 reduction [7-10] and H2O oxidation [11-13]. CO2 is reduced to form CO with homogeneous photocatalysts, such as Re complexes, however, efficiency of the process increased in the presence of electron donors, such as triethanolamine [14,15]. However, CO2 reduction and H2O oxidation processes require distinct and possibly separate reaction conditions. As a result, carrying out these reactions simultaneously using a metal complex catalyst in a single system is difficult task. Reverse oxidation of organic products generated from the reduction of CO2 and the reverse reduction of O2 generated from the oxidation of H2O may terminate the continuity of the reaction. In this presentation the catalysis by metal complexes will not be further considered as the scope of this presentation is only to examine heterogeneous photocatalytic reduction of carbon dioxide by semiconducting materials.  There can be questions as to why one should restrict consideration only on semiconducting materials especially for a global reaction like carbon dioxide reduction. The limited answer to this point is that the literature is vast if one were to consider all materials and also there appears to be vast choice of materials among these.   Any successful direction in these materials will go a long way in attempting commercializing this process.                                                                                                                             
On irradiation of a semiconductor with light suitable for the band gap, the electrons from the valence band is excited to the conduction band (CB) with the holes in the valence band (VB). The energy positions of the excited electron and that of the hole should straddle the reduction potential of carbon dioxide and oxidation potential of water, that is the conduction band minimum must be more negative to that of the reduction potential of carbon dioxide and the potential of valence band maximum must be more positive to the oxidation potential of water since these reactions are uphill reactions. The various processes that are possible on a semiconductor on illumination is pictorially represented in Fig.1.[image: ]
Fig.1. Schematic diagram of photo-excitation and electron transfer process in a semiconductor [adopted and reproduced from 5].
The reduction potentials for the Proton coupled electron transfer (PCET) reactions of carbon dioxide are within the range of −0.7 to −0.2 V (refer to table 2) and are close to the reduction potential of water (−0.414 V at pH 7). Gas phase carbon dioxide is a linear molecule while when it is adsorbed on catalyst surface the bond angle is reduced from 1800 thus becomes susceptible for reduction. The reduction of carbon dioxide as shown in the values in Table 2 are generally multi-electron/proton transfer reaction as compared to water decomposition which is two electron transfer reaction and hence in liquid-phase hydrogen generation from water can be facile compared to the reduction of carbon dioxide.   This may account for the low yields obtained in the experiments on the reduction of carbon dioxide in the presence of water decomposition. However, the solubility of carbon dioxide in water is small of the order of ~5.4 to 6 X10-4 mole fraction of carbon dioxide [17] in liquid phase at around atmospheric pressure.  The solubility of CO2 in water can be improved by the addition of substances such as NaOH, NaHCO3 or Na2CO3.  
It is normal to use sacrificial reagents to consume the generated holes. The addition of a sacri-
ficial reagent to the reaction mixture enhances photocatalytic reduction. For example, methanol is used as a sacrificial hole scavenger. This implies that part of the CO2 reduction products is formed through the action of holes and not that of the electrons. The presence of organic adsorbents (CH3CO2H, CH3OH, HCO2H) on the surface of the photocatalyst plays an important role in the photoreduction of CO2. The presence of CH3CO2H on the photocatalyst surface leads to the formation of CH4. This can occur by the conversion of CH3CO2H to CH4 via the photo-Kolbe reaction. 
It has been already stated that the deviation of the bond angle from 1800 is essential in activating carbon dioxide and facilitate its reduction.   This implies that the adsorption sites should be such that the band angle of linear carbon dioxide is reduced from the value of 180.  One such visualization has been made in the literature as shown in Fig.2.

                                         [image: http://www.niscair.res.in/sciencecommunication/researchjournals/rejour/ijca/ijca2k12/ijca_janfeb12_files/image026.jpg]
Fig.2. One of the adsorption geometry for carbon dioxide which facilitates its reduction [Reproduced from ref 18].
This type of sites may be present on stepped surfaces of semiconductors.   The other possible geometrical arrangements are possible for the adsorption and activation of carbon dioxide [19].
Fujishima, Honda, and their co-workers reported the photocatalytic reduction of CO2 to organic compounds, such as HCOOH, CH4, CH3OH and HCHO, in the presence of semiconductor photocatalysts, such as TiO2, ZnO, CdS, SiC, and WO3 [20].  Heterogeneous semiconductor compounds, including metal oxides, oxynitrides, sulfides, and phosphides, had been investigated for this purpose [21,22].
The photocatalytic CO2 reduction is a useful method since no additional energy is needed and no negative effect on the environment. The use of cheap and abundant sunlight to convert greenhouse gas into other carbon containing products is also an ideal approach. The type of semiconductors employed for study in this reaction are assembled in Table 3.
Table.3. Typical Semiconductors used for the Photo-reduction of Carbon dioxide
	Semiconductor
	Band Gap eV
	Description
	Ref

	TiO2
	3.2
	UV, λ = 365 nm, λ = 254 nm, Methane, CO and other products
	23,24, 25,40,41

	Graphene-TiO2
	
	methanol and formic acid, under light of 365 nm, can reach 160 and 150 μmol g−1
	32

	ZnO
	3.44
	CO formation rate (3.814 μ mol g-1h -1) in comparison with ZnO microspheres and ZnO microflowers (3.357 and 1.627 
Μ mol g-1h-1 , respectively)
	33,34

	CdS
	2.42
	Methanol nearly 40 micromoles g-1 h-1; CdS on MMT the product yield H2> CH4 >CO
	29,34

	Bi2O3
	2.8
	Methanol nearly 60 micromoles g-1h -1
	29

	SiC
	3.0
	HCOOH, HCHO, and CH3OH are the main products
	30

	u–g–C3N4 (Cu loaded)
	2.75
	Better performance in photocatalytic carbon dioxide reduction Methane is major product
	34, 42

	ZrO2
	5.0
	Rates of gas evolutions were 19.5 μmol/h of H2 , 10.8 μmol/h of O2 , and 2.5 μmol/h of CO
	26

	Ta2O5-rG 
	
	High methanol yeilds
	34

	ZnS
	3.91
	CO2 reduced to HCOOH, ZnS–MMT (montmorillonite ) nanocomposite exhibited the 5-to 6-folds higher efficiency of the photocatalytic CO2 reduction
	31,34

	GaN
	3.4
	The reduction of CO2 to CO dominates on as-grown GaN nanowires under ultraviolet light irradiation
	39

	GaP
	2.16
	HCOOH, HCHO, and CH3OH are the reported products
	30

	GaAs
	1.43
	spontaneously produce CH3OH, even under conditions of no net current
	37

	PbS
	0.37
	The PbS QDs enhance CO2 photoreduction rates with TiO2 by a factor of ~5 in comparison to unsensitized photocatalysts
	35

	SrTiO3
	3.3
	7 micromol h-1 methanol and less than 1 micromol formaldehye
	27

	LiNbO3
	4.0
	lithium niobate achieved unexpectedly high conversion of CO2 to products despite the low levels of band-gap light available.
	38

	MoS2
	1.23
	Compared with the pristine Bi2S3 or MoS2, the as-synthesized D-Bi2S3 @MoS2 composite has exhibited much higher adsorption behavior and photocatalytic activity under visible-light irradiation. 
	36

	BaLa4Ti4O15

	~ 4 and 5
	H2 :10micromolh-1,O2 -7micromolh-1,CO-4.3micromoleh-1, HCOOH-0.3micromolh-1)
	26

	KTaO3
	~3.5
	Reduce CO2  to CO and oxidise water to O2 .
	28

	WO3 and graphene-WO3
	2.8
	Around 5 micromoles h-1 methanol
	27,34



One-dimensional (1D) nanomaterials with different morphologies and high surface areas, have been shown to facilitate the electron transport and also to minimize the loss of charge
Carriers. [Z1 7].   Among the 1D nanostructures, highly ordered vertical TiO2 nanotube arrays (NTAs) have shown the significant photocatalytic activity of CO2reduction.[z2z32,8]
However, maintaining the long-time stability and high activity of the catalyst, especially the co-catalyst, is still a great challenge. Noble-metal Pt nanoparticles (NPs) are
easily poisoned by CO during the catalytic process [z49] and for non-noble metal NPs, changes of surface states[z510] is the main reason for the co-catalyst deactivation.
[Z22] X. Zhang, F. Han, B. Shi, S. Farsinezhad, G. P. Dechaine, K. Shankar, Angew. Chem. Int. Ed. 2012, 51, 11778 – 11782; Angew. Chem. 2012, 124, 11948 – 11952.                               [Z17] a) X. Wang, Z. Li, J. Shi, Y. Yu, Chem. Rev. 2014, 114, 9346 – 9384; b) Y. Li, X. Y. Yang, Y. Feng, Z. Y. Yuan, B. L. Su, Crit. Rev. Solid State Mater. Sci. 2012, 37, 1 – 74.      [z38] a) X. Feng, J. D. Sloppy, T. J. LaTempa, M. Paulose, S. Komarneni, N. Bao, C. A. Grimes, J. Mater. Chem. 2011, 21, 13429 – 13433; b) O. K. Varghese, M. Paulose, T. J. LaTempa, C. A. Grimes, Nano Lett. 2009, 9, 731 – 737.                                                                                       [z49] R. M. Rioux, R. Komor, H. Song, J. D. Hoefelmeyer, M. Grass, K. Niesz, P. D. Yang, G. A. Somorjai, J. Catal. 2008, 254, 1 – 11.                                                                                     [z510] Y. Sugano, Y. Shiraishi, D. Tsukamoto, S. Ichikawa, S. Tanaka, T. Hirai, Angew. Chem. Int. Ed. 2013, 52, 5295 – 5299; Angew. Chem. 2013, 125 , 5403 – 5407
Efficient photocatalytic conversion of CO2 into CO and hydrocarbons by hydrous hydrazine (N2H4.2H2O) is shown on SrTiO3/TiO2 coaxial nanotube arrays loaded with Au–Cu bimetallic alloy. The synergetic catalytic effect by the Au–Cu alloy nanoparticles and the facile electron-transfer in SrTiO3/TiO2 coaxial nanoarchitecture are the reasons for the efficiency.  The reduction products are identified by IR spectroscopy. [z6]
[Z6] K.Qing, W.Tao, L.Ping, L.Lequan, C.Ku, L.Mu and Y.Jinhua, Photocatalytic Reduction of Carbon Dioxide by Hydrous Hydrazine over Au–Cu Alloy Nanoparticles Supported on SrTiO3/TiO2 Coaxial Nanotube Arrays, Angew. Chem. Int. Ed. 2015, 54, 841 –845.
By varying the fraction of one component in this bimetallic alloy system, a Au3Cu@STO3/TiO2 nanotube array has been found that is the most reactive photocatalyst in this family to generate hydrocarbons from diluted CO2 .N2H4·H2O, as the Hydrogen source and electron donor, provides a reductive atmosphere for maintaining the alloying effect. 



Computational investigations of electrochemical reduction of CO2 to CH4 on neutral doped clusters (Cu4O, Cu4S, Cu4Se) have been carried out. It has been shown that the doped clusters are better than pristine cluster and the activation barrier on Cu4O and Cu4S is reduced by 0.37 V and 0.15V compared to Cu4 cluster. In the doped system, the adsorption of CO2 is facile.  The overpotentials for producing CH4 are in the order: Cu4S＜Cu4O＜Cu4Se, which indicates that the Cu4S cluster as a catalyst displays the best activity among these doped clusters [X]. 
[X] Qi-Yan Zhang, Qin-Fu Zhao, Xi-Min Liang, Xiao-Li Wang, Feng-Xian Ma, Bing-Bing Suo,
Wen-Li Zou, Hui-Xian Han, Qi Song, Qi Wu, Zhen-Yi Jiang, Yanming Lin, Ya-Wei Lie, Hai-Yan Zhu, Computational studies of CO2 electrochemical reduction on chalcogen doped Cu4 cluster, International Journal of Hydrogen Energy (in press)
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Plasmonic Photocatalyst
Plasmonic photo-catalysts have been come in vogue in recent times. [A1]. Nano-metals like Au, Ag, Pt exhibit strong absorption in the UV-visible region due to their surface plasmon resonance (SPR) [A2]. SPR means the collective oscillations of conduction band electrons in a metal particle and it is driven by the electromagnetic field of incident light [A3 A4]. Dispersing of metal nanoparticles (10 to 100 nm) on semiconductor photocatalyst shows significant enhancement in photocatalytic activity under UV and visible light irradiation due to SPR.
A1. Jiang J., Li H., Zhang L. New insight into daylight photocatalysis of AgBr@Ag: Synergistic effect between semiconductor photocatalysis and plasmonic photocatalysis. Chem. A Eur. J. 2012;18:6360–6369. doi: 10.1002/chem.201102606. 
A1. Zhang N., Liu S., Xu Y.-J. Recent progress on metal core@semiconductor shell nanocomposites as a promising type of photocatalyst. Nanoscale. 2012;4:2227–2238. doi: 10.1039/c2nr00009a. 
A1. Chen J.-J., Wu J.C., Wu P.C., Tsai D.P. Plasmonic photocatalyst for H2 evolution in photocatalytic water splitting. J. Phys. Chem. C. 2010;115:210–216. doi: 10.1021/jp1074048. 
A2. An C., Wang R., Wang S., Zhang X. Converting AgCl nanocubes to sunlight-driven plasmonic AgCl:Ag nanophotocatalyst with high activity and durability. J. Mater.  Chem. 2011;21:11532–11536. doi: 10.1039/c1jm10244c. 
 A3. Link S., El-Sayed M.A. Spectral Properties and Relaxation Dynamics of Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods. J. Phys. Chem. B. 1999;103:8410–8426. doi: 10.1021/jp9917648. 
A4. Ghosh S.K., Pal T. Interparticle coupling effect on the surface plasmon resonance of gold nanoparticles: From theory to applications. Chem. Rev. 2007;107:4797–4862. doi: 10.1021/cr0680282. 
The strong interaction with the resonant photons through an excitation of SPR is the characteristic of plasmonic metal nanoparticles.  This resonance frequency can be turned by manipulating the size, shape, material, and proximity of the nanoparticles.Noble metal nanoparticles are combined with the surface area and active sites. In the photocatalytic CO2 reduction with water, Hou et al. reported that depositing Au nanoparticles on  TiO2 results in plasmonic enhancement (532 nm) of a 24-fold enhanced photocatalytic activity [155]. 
He et al. reported the synthesis, characteristics, and application of plasmonic photocatalyst in CO2 reduction with H2O, where CH4 and CO are produced under visible-light irradiation (>400 nm wavelength) [57]. The comparative photocatalytic activities towards the CO2 reduction of a different photocatalyst in the presence of water under visible light were evaluated by the amount of carbon containing products. The results show the increasing amount of CH4 and CO formation with time under visible light range.
The outstanding CO2RR FE (97.4%) and high selectivity to C–C coupling of Fe/N-C derive from the synergistic effect between the carbon surface chemistry and Fe–OOH nanostructure. Most relevant are the small Ferrihydrite-like Fh-FeOOH clusters or Fe single atoms at the edge of the graphitic layers, where potential induced Fe(II) species adsorb and reduce HCO3 - species. The potential at which the Fe(II) sites are formed dictates the potential for the CO2RR. While the reactivity toward the formation of formic acid is related to the Fe species, N species act concertedly to enable the C–C coupling. In order to maintain these performances in an extended range of applied negative potentials, synthetic strategies must aim to maximize and further promote the stabilization of these small Ferrihydrite-like Fh-FeOOH clusters.[a]
[a] Chiara Genovese, Manfred E. Schuster, Emma K. Gibson, Diego Gianolio, Victor Posligua,
Ricardo Grau-Crespo , Giannantonio Cibin , Peter P. Wells, Debi Garai, Vladyslav Solokha,
Sandra Krick Calderon, Juan J. Velasco-Velez, Claudio Ampelli, Siglinda Perathoner, Georg Held, Gabriele Centi and Rosa Arrigo, Operando spectroscopy study of the carbon
dioxide electro-reduction by iron species on nitrogen-doped carbon, Nature Communications, 9 (2018),935.
Table 1 List of semiconductors with data on band gap and valence band maximum and conduction band minimum [data collected from literature, Wei-Ning Wang, Johnathon Soulis, Y. Jeffrey Yang, Pratim Biswas, Comparison of CO2 Photoreduction Systems: A Review, Aerosol and Air Quality Research, , 14: 533–549, 2014 and B.Viswanathan and M.Aulice Scibioh, Photoelectrochemistry, Alpha Science, and others] 
 
	Name
	Formula
	Eg(eV)
	CB Edge (eV)
	VB Edge(eV)
	λ (nm)

	
	
	
	At pH = 7
	

	Silicon
Tungsten Selenide
Copper (II) Oxide
Cuprous Oxide
Cadmium Selenide
Ferric oxide
Bismuth Vanadate
Cadmium Sulphide
Tungsten Oxide
Indium Tantalum Oxide
Vanadium Pentoxide
Indium Oxide
Silicon Carbide
Titanium Oxide (Rutile)
Titanium Oxide (anatase)
Zinc Oxide
Strontium titanate
Tin oxide
Manganese(II) oxide
Zinc Sulphide
Nickel Oxide
Aluminium Oxide
Magnesium Oxide
Methyl lead bromide
Methyl lead Iodide
Methyl lead chloride
FAPbI3
Methyl tin Iodide
Lead titanate
Bariun titanate
Copper Titanate
Bismuth oxychloride
Bismuth niobiumoxychloride
Boron carbon nitride

Silver Oxide
Barium titanate
Bismuth Oxide
Cadmium Oxide
Cadmium Ferrite
Cerium Oxide
Cobalt Oxide
Cobalt Titanate
Chromium Oxide
Copper Oxide
Cuprous Oxide
Copper Titanate
Iron(II) Oxide
Ferric Oxide
Ferrous Ferric Oxide
Iron Titanate
Gallium Oxide
Mercury Oxide
Indium Oxide
Potassium Niobate
Potassium Tantalate
Lanthanum Oxide
Litium Niobate
Lithium Tantalate
Magnesium Titanate
Manganese Oxide
Manganese Dioxide
Manganese Titanate
Niobium Oxide
Nickel Oxide
Nickel Titanate
Lead Oxide
Niobium pentoxide
Nickel Titanate
Palladium Oxide
Antimony Oxide
Tin Oxide
Tin dioxide
Strontium Titanate
Tantalum Oxide
Vanadium Pentoxide
Tungsten Oxide
Zinc Oxide
Zinc Titanate
Zirconium dioxide
Silver sulphide
Arsenic sulphide
Cadmium sulphide
Copper iron sulphide
Ferrous sulphide
Iron di sulphide
Indium sulphide
Manganse sulphide
Manganse disulphide
Molybdenum sulphide
Nickel sulphide
Nickel disulphide
Lead sulphide
Lead copperantimony sulphide
Platinum sulphide
Rhodium sulphide
Ruthenium sulphide
Antimony sulphide
Tin sulphide
Titanium sulphide
Tungsten sulphide
Zinc sulphide
Zinc Indium sulphide
Zirconium sulphide
	Si
WSe2
CuO
Cu2O
CdSe
Fe2O3
BiVO4
CdS
WO3
InTaO4
V2O5
In2O3
SiC
TiO2
TiO2
ZnO
SrTiO3
SnO2
MnO
ZnS
NiO
Al2O3
MgO
MaPbBr3
MAPbI3
MAPbCl3
FAPbI3
MASnI3
PbTiO3
BaTiO3
CuTiO3
BiOCl
Bi4NbO8Cl
h-BCN

Ag2O
BaTiO3
Bi2O3
CdO
CdFe2O4
Ce2O3
CoO
CoTiO3
Cr2O3
CuO
Cu2O
CuTiO3
FeO
Fe2O3
Fe3O4
FeTiO3
Ga2O3
HgO
In2O3
KNbO3
KTaO3
La2O3
LiNbO3
LiTaO3
MgTiO3
MnO
MnO2
MnTiO3
Nb2O5
NiO
NiTiO3
PbO
Nb2O5
NiTiO3
PdO
Sb2O3
SnO
SnO2
SrTiO3
Ta2O3
V2O5
WO3
ZnO
ZnTiO3
ZrO2
Ag2S
As2S3
CdS
CuFeS2
FeS
FeS2
In2S3
MnS
MnS2
MoS2
NiS
NiS2
PbS
PbCuSbS3
PtS2
Rh2S3
RuS2
Sb2S3
SnS
TiS2
WS2
ZnS
Zn3In2S6
ZrS2
	1.1
1.4
1.35
1.9
2.0
2.2
2.4
2.4
2.6
2.6
2.7
2.9
3.0
3.02
3.23
3.2
3.4
3.5
3.6
3.7
4.3
7.1
7.3
2.3
1.55
3.09
1.5
1.3
2.75
3.30
3.0
3.42
2.39
2.82

1.20
3.30
2.80
2.20
2.30
2.40
2.01
2.25
3.50
1.70
2.20
2.99
2.40
2.20
0.10
2.80
4.80
1.90
2.80
3.30
3.50
5.50
3.50
4.00
3.70
3.60
0.25
3.10
3.40
3.50
2.18
2.80
3.40
2.18
1.00
3.00
4.20
3.50
3.40
4.00
2.80
2.70
3.20
3.07
5.00
0.92
2.50
2.40
0.35
0.10
0.95
2.00
3.00
0.50
1.17
0.40
0.30
0.37
1.50
0.95
1.50
1.38
1.72
1.01
0.70
1.35
3.60
2.81
1.82
	-0.6
-0.25
4.07
-1.30
1.2
0.13
-0.3
-0.6
0
-0.75
-4.7(6.54)
-3.88 (8.64)
-1.5
-0.52
-0.29
-0.31
-3.24(8.6)
-4.5(4.3)
-3.49(8.61)
-3.46(1.7)
-0.5
-3.6
-3.0
-5.68
-5.43
-2.54
-5.42
-5.47
-2.75
-3.4
-0.18
-1.5
-2.11
-1.59

0.19
0.08
0.33
0.11
0.18
-0.50
-0.11
0.14
-0.57
0.46
-0.28
-0.18
-0.17
0.28
1.23
-0.21
-1.54
0.63
-0.62
-0.86
-0.93
-1.97
-0.73
-0.95
-0.75
-1.01
1.33
-0.46
0.09
-0.50
0.20
-0.48
0.09
0.20
0.79
0.32
-0.91
0.0
-1.26
-0.17
0.20
0.74
-0.31
-0.23
-1.09
0.0
0.08
-0.52
0.47
0.47
0.42
-0.80
-1.19
0.49
0.23
0.53
0.89
0.24
0.11
1.03
0.11
0.39
0.22
0.16
0.26
0.36
-1.04
-0.91
-0.21
	0.5
1.15
5.42
0.60
3.2
2.33
2.1
1.8
2.5-2.8
1.85
-2.0
-0.98
1.5
2.5
2.94
2.91
0.16
-1.0
0.11
0.24
3.8
3.5
4.3
-3.38
-3.88
0.55
-3.92
-4.17
0.0
0.1
2.81
1.92
0.28
1.23

1.49
3.38
3.13
2.31
2.48
1.9
1.9
2.39
2.93
2.16
1.92
2.81
2.23
2.48
1.33
2.59
3.26
2.53
2.18
2.44
2.57
3.53
2.77
3.05
2.95
2.59
1.58
2.64
3.49
3.0
2.38
2.32
3.49
2.38
1.79
3.32
3.29
3.5
2.14
3.83
3.0
3.44
2.89
2.84
3.9
0.92
2.58
1.88
0.82
0.57
1.37
1.20
1.81
0.99
1.40
0.97
1.19
0.61
1.61
1.98
1.61
1.77
1.94
1.17
0.96
1.71
2.56
1.90
1.61
	1125
1032
1032
620
620
560
517
517
495-442
477
458
428
415
410
384
387
364
354
345
335
285
175
159
539
800
400
827
954
451
376
413
363
519
440

1033
376
443
564
539
517
617
551
354
729
564
415
517
564
----
443
258
653
443
376
354
227
354
310
335
344

400
365
413
569
443
365
569
1240
413
295
354
365
310
443
459
388
404
248
1348
496
517
----
-----
----
620
413
---












344
441
681



The figures in brackets are the pH value at which the band edges values are reported.
Wei-Ning Wang, Johnathon Soulis, Y. Jeffrey Yang, Pratim Biswas, Comparison of CO2 Photoreduction Systems: A Review, Aerosol and Air Quality Research, , 14: 533–549, 2014 .
Lehn and Ziessel were the first in the 1980s led the study of catalytic CO2 reduction using visible light. They observed that Co(I) species produced in solutions containing CoCl2, 2,2'-bipyridine (bpy), a tertiary amine, and a Ru(bpy)3Cl2 photosensitizer was responsible for this reaction.  Subsequent to these studies, several catalysts have been reported with rhodium bipyridyl photosensitizer.
Every year, the billions of metric tons of carbon dioxide (CO2) are released into the atmosphere.  But what if one could recycle all that  CO2 and turn it into something useful?
By adding electricity, water, and a variety of catalysts, scientists can reduce CO2 into short molecules such as carbon monoxide and methane, which they can then combine to form more complex hydrocarbon fuels like butane. Now, researchers think we could be on the cusp of a CO2-recycling revolution, which would capture CO2 from power plants—and maybe even directly from the atmosphere—and convert it into these fuels at scale
[image: ]
Liang Liang, Xiaodong Li, Yongfu Sun, Yuanlong Tan, Xingchen Jiao, Huanxin Ju, Zeming Qi, Junfa Zhu and Yi Xie, Infra red light driver carbon dixode overall splitting at room temperature, Joule, 2, 1-13 (2018).


In a publication [1] the photosynthetic conversion of CO2 to hydrocarbons (methane and other higher hydrocarbons) on Pd /TiO2 in conjunction with nafion has been reported. The conversion efficiency of this process is not very high.   Since the one-electron reduction of CO2 (the initial step in the reduction process)  requires high potentials of the order of 2 Volt, a favorable pathway is to reduce CO2 though proton-coupled multiple-electron transfers (PCET). The role of  Nafion layer is to enhance the local proton activity within the layer to facilitate PCET reactions and to stabilize intermediates and to inhibit the re-oxidation of the CO2 reduction products. Nf/Pd–TiO2 is more active than Pd–TiO2 for the photo-production of hydrocarbons (e.g., methane, ethane, and propane). 
The conceptual design of the catalyst system employed in this study is shown in Fig.X2  [This figure is reproduced from this paper]
         [image: ]
Fig.X2: Pd/TiO2 on Nafion catalyst system for the photochemical reduction of CO2  [from ref 1]
In the light of this communication, the following is presented for conceptual  analysis and possible adaptation.    Essentially the points of relevance are:
1. A direct proton source rather than from the decomposition of water is desirable so that the reduction of CO2 is facilitated.
1. It must be ensured that the species employed for proton source should not undergo any electrochemical reaction within the potential range for CO2 reduction reaction.
1. The reactivity of the proton should be as high as that in Nafion, where the Proton is in a highly electronegative environment of Fluorine atoms.
1.  The available protons should be capable of reacting with carbon dioxide directly promoted by the light absorbed in TiO2 and reduction reaction should be carried out on some reactive metal sites.
1. In order to overcome the low solubility of CO2 the source is any carbonate which can in situ generate CO2  and thus can sustain source.
Considering these aspects and also based on argumentative formulations it is possible that alternate PCET catalyst support systems which may sustain more acidic protons can be tried like heteropoly acids or super acids like sulphated zirconia. 
 [1] Wooyul Kim, Taehong Seok and Wonyong Choi, Nafion layer-enhanced photosynthetic conversion of  CO2 into hydrocarbons on TiO2 nanoparticles,  Energy Environ. Sci., 5, 2012, 6066 – 6070.
In the last six to eight years the number of publications on halide perovskites ( CH3NH3PbI3) is around 3 times or more compared to the publications on kesterite ( Cu2ZnSn(S,Se)4 ) while the recorded efficiency reached a level of nearly 24% in the case of hybrid perovsite while the same in the case of kesterite is nearly half the value. Kesterite may become one of the possible alternate materials for the photocatalytic reduction of carbon dioxide in the near future.  In the next decade, there is possibility that the efficienty of these materials may improve and thus pave the way for commercialization of this process. To substantiate these claims, we reproduce the data from literature in Fig.X1.
[image: ]
FigX1. Comparison of total publications on halide perovskites and kesterites and how the efficiency of the solar cells are improved in these last years.  [reproduced from  Suzanne K. Wallace, David B. Mitzi, and Aron Walsh, The Steady Rise of Kesterite Solar Cells, ACS EnergyLett., 2017, 2, 776—779].
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The process of CO2 photoreduction
The earliest C02 photoreduction was reported by Inoue et al. in 1979, where C02
was photo-reduced in aqueous solution into organic materials, such as
formaldehyde (HCHO), formic acid (HCOOH), methanol (CH30H), and
methane (CH4) by using semiconductor photocatalysts..
The basic mechanism of C02 photoreduction in the presence of H20 is
schematically described in Fig. 1  When the  semiconductor is exposed
to light it absorbs photon energy (hv). Then, if the absorbed photon energy is
sufficient to overcome the band-gap of the semiconductor (the void energy
region that extends from the top of the filled valance band to the bottom of the
vacant conduction band (Usubharatana et aI., 2006) the electrons (e-) in the
valence band (VB) can be excited and transferred to the conduction band (CB),
leaving positively charged holes (h) in the VB. These photo-generated
electron and hole pairs (e-/h+) may move to the surface of the semiconductor
and react with the adsorbed species (e. g. C02, H20) to initiate the C02
photoreduction.

Fig. .1: Mechanism of photocatalytic reduction of CO2•
It should be noted that the photo-generation of electron and hole pairs is a
reversible process, and such electron and hole pairs may experience bulk or
surface recombination emitting photon and heat energy. Such recombination
process can inhibit electron and hole pairs participating in reactions for CO2
photoreduction. Therefore, the decrease of the electron and hole recombination
rate can increase the life-time of these charge carriers and significantly improve
the efficiency of C02 photoreduction (Indrakanti et aI., 2009).

The possible reactions involved in C02 photoreduction with H20 and their
corresponding redox potentials with respect to NHE (normal hydrogen
electrode) are shown in Reactions 2.1-2.8 (Indrakanti et aI., 2009):
	H20 + 2h+-+ 11202 + 2H+ 
	0.82 V 
	Reaction. 2.1

	2H+ + 2e· -+ Ih 
	OV 
	Reaction. 2.2

	C02 + e· -+ CO2· 
	-1.90 V 
	Reaction 2.3

	C02 + 2H+ + 2e- -+ CO + IhO 
	-0.53 V 
	Reaction 2.4

	C02 + H+ + 2e- -+ HC02- 
	-0.49 V 
	Reaction 2.5

	CO2+ 4H+ + 4e- -+ HCHO + H2O 
	-0.48 V 
	Reaction 2.6

	C02 + 6W + 6e- -+ CH30H + H2O 
	-0.38 V 
	Reaction 2.7

	CO2+ 8W + 8e- -+ CH4 + 2H20 
	-0.24 V 
	Reaction 2.8



It can be seen that CO2 photoreduction with H20 requires both multi-electron
transfer reactions (Reactions 2.4 - 2.8) and water oxidation (Reaction 2.1) to
occur simultaneously (Jiang et at. 2010). Wherein, the band-edge energy
[image: ]


positions of the VB and CB of the semiconductor are critical to determine
whether these reactions can be initiated. The band-edge position of the VB
must be sufficiently positive to allow photo-generated hole to initiate the
necessary oxidation (e. g. more positive than the redox potential of H20
decomposition, 0.82 V, Reaction 2.1). Meanwhile, the band-edge position of
the CB must be sufficiently negative to allow photo-generated electron to
participate in the reduction reactions (e. g. more negative than redox potential
of CO2 reduction into CH4, -0.24 V, Reaction 2.8). Moreover, based on the
redox potentials of equations 2.3-2.8, C02 photoreduction may be more
favourable to be a multi-electronic process which yields the final product of
CH4 through different intermediates (C02 -+ BCOOH -+ HCBO -+ CH30H
-+ CH4), because Reactions 2.4-2.8 require much less energy per electron
transferred as compared to mono-electron process (Reaction 2.3) (lshitanij et
aI., 1993; Yahaya et aI., 2004; Hwang et aI., 2005; Tan et aI., 2006; Yang et aI.,
2009; Dey, 2007).
TiO2 as a catalyst for CO2 photoreduction
Based on the description of the C02 photoreduction mechanism in Section 2.2,
it can be realized that the semiconductor photocatalyst is the key for this
process. The suitable semiconductor photocatalyst for C02 photoreduction
should not only provide appropriate VB and CB with suitable energy positions
that can induce water decomposition and C02 reduction reactions
simultaneously, but also have the properties of chemical stability and low cost
(Bhatkhande et aI., 2001). To combine all of these factors into consideration,
titanium dioxide (Ti02), the most widely used semiconductor in world, is one
of the best options to act as photocatalyst for C02 photoreduction (Fujishima et
aI., 2000; Ni et aI., 2007; Chen and Mao, 2007; Nguyen and Wu, 2008a;
Indrakanti et aI., 2009; Jiang et aI., 2010).
Two different crystalline structures of Ti02, rutile and anatase, are commonly
used in photocatalysis, with anatase showing a higher photocatalytic activity
(Augustynski, 1993; Sclafani, 1996). This may be because of the relatively
larger band-gap of anatase (3.2 eV) than that of rutile (3.0 eV), which allows
anatase to provide more sufficiently negative and positive redox potentials in
CB and VB during photocatalysis (Usubharatana et aI., 2006). Hence, most of
the Ti02 reported to successfully initiate C02 photoreduction had the
crystalline structure of anatase (Tseng et al.,2002; Yahaya et aI., 2004; Wu et
aI., 2005; Nguyen and Wu, 2008a; Koci et. al. 2009, 2010; Varghese et aI.,
2009; Zhang et aI., 2009a; Zhao et aI., 2009; Luo et aI., 2011). The inherent
properties of Ti02 anatase are listed in Table 2.1. It can be seen that the VB and
CB positions of Ti02 anatase make it possible to induce simultaneously water
decomposition (0.82 V, Reaction. 2.1) and C02 reduction into CH4 (-0.24 V,
Reaction 1.8).
 However, there are still disadvantages hindering the use of Ti02 as effective
catalyst for C02 photoreduction. Firstly, the efficiency of CO2 photoreduction
by using Ti02 is still too low for practical application. Indrakanti et al. (2009)
summarized the highest rates of C02 photoreduction obtained by using Ti02 as
catalysts in published works (Fig. 2.2). It can be seen that even the best work
(conducted by Ikeue et al. (2001)could only achieve a CO2 conversion rate at
around 26 micromol/'g'h (lndrakanti et. aI., 2009). Such reaction efficiency is
obviously too low for practical application, and therefore, it is necessary to
improve the activity ofTi02 for CO2photoreduction.

Fig_ 2.2: The highest specific rates of CO2 photoreduction obtained by using
Ti-based catalysts in the selected articles (lndrakanti et aI., 2009). A:
Yamashita et aI., I994a, B: Anpo et aI., 1997, C: Yamashita et aI., 1998, D:
Kaneco et aI., 1998, E: Kaneco et aI., 1999, F: Ikeue et aI., 200 I, G: Ikeue et aI.,
2002a, H: Tseng et aI., 2002, I: Wu et aI., 2005, J: Nguyen and Wu, 2008a.
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Another problem when using Ti02 is its relatively large band-gap (3.2 eV, as
shown in Table 2.1) that can only be effectively excited by ultraviolet (UV)
light (wavelength: 400-100 nm, corresponding to photon energies of 12.40-3.1
eV). As only small fraction of solar spectrum is within the UV region (no
higher than 3%), there is a need to modify the light absorption range of Ti02 to
efficiently utilize solar energy for C02 photoreduction.
One of the most widely used methods to improve the activity of Ti02 for CO2
photoreduction is by modifying Ti02 with metal (Choi et al., 1994; Linsebigler
et al., 1995; Kohno et al., 1999; Xie et. al., 2001; Tseng et. al. 2002, 2004; Wu
and Chen, 2004; Nguyen and Wu, 2008a; Zhang et al., 2009a; Luo et al., 2011).
This is because the added metal is able to act as the traps of the
photo-generated charge carriers in order to suppress the recombination rate of
electron/hole and improve the activity of Ti02. 
Metal modification on Ti02
To improve the activity of Ti02 by metal modification, certain amount of metal
is added to the surface of Ti02 (Linsebigler et al., 1995). Such added metal has
two ways to modify Ti02: one of them is to load the metal on the Ti02 surface,
and another one is to dope the metal into the lattice of the Ti02 surface. These
two types of metal modification have different mechanisms to affect the Ti02
activity.
 Metal loading on Ti02 surface
When a metal is loaded on Ti02, the added metal is deposited on the Ti02
surface and not incorporated into the Ti02 lattice. The way for such loaded
metal to improve the activity of Ti02 for C02 photoreduction is to function as
the electron trap. The key point for this phenomenon is believed to be the
formation of the Schottky barrier between the loaded metal and its TiO2
support (Linsebigler et a!., 1995). Linsebigler et a!. (1995) have clearly
illustrated the mechanism of the formation of a Schottky barrier in one of their
publications (Fig. 2.3). If electrically neutral and isolated from each other, the
metal and n-type semiconductor (e.g. Ti02) have different Fermi level positions
( the value which corresponds to the energy halfway between the conduction
and valence band edges) (Rhoderick and Williams, 1988; Linsebigler et a!.,
1995; Xu and Schoonen, 2000). When these two materials are in contact with
each other and the work function of metal ( energy required to move an
electron from the Fermi level into vacuum) is higher than that of the
semiconductor , the electron will migrate from semiconductor to metal
until the two Fermi levels are aligned as shown in Fig 2.3. This causes a
negative charge carrier accumulation on the outer surface region of the
semiconductor. To preserve electrical neutrality, a positive space charge layer
(depletion layer) is formed just within semiconductor causing a bending of
bands upward toward the surface. As a result, a barrier is formed at the
metal-semiconductor interface preventing any further electron migration
between the loaded metal and semiconductor. This barrier is called the
Schottky barrier (Linsebigler et aI., 1995).
Fig. 2.3: Schematic of Schottky barrier, modified from Linsebigler et al.
(1995).
Therefore, the procedure of the metal loaded Ti02 for photocatalysis can be
described by Fig. 2.4, wherein the semiconductor support (e. g. Ti02) firstly
absorbs photon energy (hv) to generate electron and hole pairs, then the
electron will migrate to the loaded metal and be trapped by Schottky barrier.
This process can suppress the recombination rate of electron/hole and increase

the possibility for those charge carriers to react with the adsorbing species on
this metal loaded semiconductor photocatalyst.
Fig. 2.4: Metal loaded semiconductor particle (Linsebigler et aI., 1995).
Moreover, since most of the metal loaded Ti02 catalysts usually experience
calcinations in air during their preparation processes, the loaded metals could
be oxidized into different metal oxides and exist on the surface of Ti02 with
different chemical states (e. g. the loaded Cu to be CU20 or CuO (Tseng et aI.,
2002; Yang et. aI., 20 II )). It is interesting to note that some of these loaded
metal oxides, can act as another semiconductor material located on the Ti02
surface, e.g. both CU20 and CuO are also widely used semiconductor materials
(Xu and Schoonen, 2000; Hara et aI., 1998). In this case, such metal oxide
loaded Ti02 can be considered to be a composite semiconductor catalyst,
wherein the charge carriers can transfer from one semiconductor to another due
to the different absolute positions of CB and VB of these two semiconductor
materials (e.g. CdS loaded TiOz, Fig. 2.5, (Linsebigler et aI., 1995».
Fig. 2.5: Photoexcitation in composite semiconductor photocatalyst
(Linsebigler et aI., 1995).
The loaded metal oxide can act as electron and hole traps, depending on the
relative positions of the CB and VB. For example, the photo-generated electron
on the CB of Ti02 can transfer to that of the loaded metal oxide if the CB
position of Ti02 is relatively higher than that of the loaded metal oxide. And
such electron transition can allow the loaded metal oxide to act as electron trap
and improve the activity of Ti02 (Linsebigler et aI., 1995). Meanwhile, the
loaded metal oxide can also trap the photo-generated hole if its VB is relatively
higher than that of Ti02. Such phenomenon allows the loaded metal oxide to
trap both electron and hole at the same time. But the trapped electron and hole
may recombine, where the rate of this trapped charge carrier recombination is
determined by the average distance separating the trapped electron and hole,
and such separating distance is inverse proportional to the concentration of the
loaded metal oxide on the surface of Ti02 (Gratzel, 1987). This means that the
excessive metal oxide loading is also possible to increase the rate of
recombination of the electron and hole photo-generated by Ti02.
Metal doped into the lattice ofTi02
When the added metal is doped into the lattice of Ti02, the doping can be either
substitutional or interstitial. Both of these two types of doping can affect the
lattice spacing ofTi02.
Substitutional metal doping means that some of the Ti4+ ions in the lattice of
Ti02 are replaced by the doped metal ions (or atoms). Such doping is likely
when the ionic (or atomic) radius of the dopant is comparable (normally when
the size difference is not higher than 15 %) to that of the Ti4+ ion (Barrett and
Massalski, 1980; Li et aI., 2005). Substitutional metal can either decrease or
increase the lattice spacing of Ti02, depending on valency and the ionic (or
atomic) size of the doped metal (Barrett and Massalski, 1980).
On the other hand, interstitial metal doping indicates that the ions (or atoms) of
the doped metal are accommodated in the interstices of the lattice of Ti02.
Because the dopant is doped into the interstices of the lattice of Ti02,
interstitial metal doping can always increase the lattice spacing of Ti02 (Barrett
and Massalski, 1980).
Metal doping is reported to be able to improve the activity of Ti02 bec<luse
such doping can introduce additional energy level into the band-gap of Ti02,
which is able to act as the trap site of charge carriers and increase the
separation of electron and hole (Choi et aI., 1994). Choi et al. (1994) explained
that that when the doped metal (Mn+) had a energy level of Mn+/M(n-l)+ below
the CB edge of Ti02, the metal dopant would be able to act as electron trap
(Reaction 2.9). Conversely, if the energy level of Mn+/M(n+I)+ lay above the VB
edge of Ti02, the metal dopant would be able to act as hole trap (Reaction 2.10)
(Choi et aI., 1994).
However, it must be noted that the trapped charge carriers may recombine with
the other electrons and holes photo-generated by Ti02 (Reaction 2.11 and 2.12)
(Choi et aI., 1994).
In this case, the energy level introduced by metal doping will act as the charge
carrier recombination center to decrease the TiOz activity. For example, Zhu et
al. (2006) reported that Cr3+ dopant was able to trap the photo-generated hole
from TiOz and improve the TiOz photo-activity due to the energy level of
Cr3+/Cr4+ lying above the VB edge of Ti02 (Cr3+ + h+ -+ Cr4+). But they also
reported that excessive Cr3+ doping could deactivate TiOz because the trapped
hole might react with the electron photo-generated by TiOz (Cr4+ + e- -+ Cr3j,
in which Cr3+ act as an charge carrier recombination center and, therefore,
decrease the photo-activity of Ti02. Hence, the ratio of the doped metal must
be carefully considered, because the presence of the metal dopant can
simultaneously suppress and enhance the recombination of the photo-generated
electron and hole within Ti02. The optimal doping ratio should be able to
achieve the balance on these two opposite effects and lead to the maximum
promotion on the photo-activity ofTiOz.
It is worthy to note that one of the most promising methods to determine if the
added metal is loaded on TiOz surface or doped into the Ti02 lattice is to use
powder XRD analysis. The theory of powder XRD and the examples to
determine how the metal is added to Ti02 are presented in Section 2.4.1.
Metal modified Ti02 for C02 photoreduction
Published works reporting the utilization of metal modified Ti02 for CO2
photoreduction are summarized in Table 2.2. It can be seen that various metals
have been proven to be able to improve the activity of Ti02 for CO2
photoreduction, including Cu, Pt, Pd, Rh, Fe, and Ag. However, it should be
noted that not all the published papers had conclusively clarified whether the
added metal was loaded on the Ti02 surface or doped into the lattice of Ti02,
and in these cases, the term "metal modified Ti02" is used in Table 2.2. It has
also been found that the ratio and chemical state of the added metal can affect
the activity and selectivity of Ti02 for C02 photoreduction. These I!ffects are
further reviewed in Sections 2.3.1.3.1 and 2.3.1.3.2.
Table 2.2: Summary of the published works on metal modified Ti02 for C02
photoreduction with H20
	Catalyst 
	Experimental conditions
and products
	Reference

	Sol-gel derived Ti02 with Cu 
loaded on its surface. The 
loaded Cu was primarily with 
chemical state ofCu20 and the 
Cu loading ratio ranged from 
0.6 wt% to 6.7 wt%. 
	CH30H was the primary product of 
CO2 photoreduction conducted in a
batch aqueous suspension reactor
under 8 W UVC illumination. Cu
loading was able to increase the
CH30H yield with the optimal
loading ratio to be 2 wt«llo.
	Tseng et aI., 2002



2-25
	Sol-gel derived Cu loaded C"" was the primary product of 
Ti02 supported by mesoporous CO2 photoreduction. The
Si02 (P25, mixture of experiments were conducted in a
approximately 80 % anatase continuous-flow reactor illuminated
and 20 % rutile). The loaded by Xe lamp with wavelength to be
Cu was with the chemical state 250 nm-400 nm and light intensity
of CU20. The Cu loading ratio to be 2.4 mW/cm2, wherein H20
was 1.7-25 wt%. vapour was the reductant. The
optimal Cu loading ratio to improve
the activity ofTi02was 4.25 wt%.
	Li et aI., 2010

	Sol-gel derived Cu modified The present of CuO increased the Yang et aI., 2011
Ti02 (anatase) with Cu ratio to total organic carbon (including
be 1-5 wt%. The added Cu HCOOH, HCHO, and CH30H)
was claimed to be with the production of CO2 photoreduction.
chemical state of CuO. The experiments were conducted in
a batch aqueous suspension reactor
illuminated by a 250 W Hg lamp.
The optimal CuO ratio was 3 wt%.
Pt modified Ti02 nano-tube CO2 photoreduction experiments Zhang
(anatase) prepared by incipient were conducted in a continuous 2009a
wetness method with Pt ratio fixed-bed photo-reactor with H20
to be 0.07-0.21 wt%. vapour and 300 W Hg lamp
illumination. C"" was the primary
product. The optimal Pt ratio to
improve Ti02 activity was 0.12 wllo. et aI.,
	

	
Pd and Ru modified Ti02 HCOOH was formed during the 
prepared by incipient wetness CO2 photoreduction conducted in a
method. Pd was claimed to be batch aqueous suspension with 450
with the chemical states ofPdo W Xe lamp illumination. The added
and PdzO. Pd was able to improve the yields
oforganic products.
	Xie et aI., 2001

	Rh modified TiOz, prepared by The presence of 1 wt% Rh 
incipient wetness method. selectively improved the production 
of CH30H and HCOOH during
COl photoreduction in a batch
aqueous suspension reactor under
500 W Xe lamp illumination.
	Solymosi et aI.,
1994

	TiOl (P25) with Cu and Fe CO2 photoreduction experiments 
simultaneously loaded on the were conducted in a continuous 
surface, wherein the chemical optical-fiber reactor with H20
states ofCu and Fe were CUzO vapour and UVA or UVC
and FezOJ respectively. illumination (intensity: 225
mW/cml). The products were ClHt.
and C~. The CufFe double loaded
TiOl exhibited better activity than
Cu or Fe single loaded Ti02•
	Nguyen and Wu,
2008 (a)

	Ag modified TiOl (anatase) CO2 photoreduction experiments 
with Ag loading ratio to be 1-7 were conducted in a batch aqueous
wt%. suspension reactor illuminated by
an 8 W UVC lamp. The primary
products were CO, C~, and
CH30H. 7 wt% Ag modified TiOl
showed the best activity.
	Koci et aI., 2010

	
 Effects of metal ratio
There seemed to be optimal metal ratios in most of the studies listed in Table
2.2, wherein the activity of Ti02 decreased when the metal ratio exceeded such
a value (Tseng et aI., 2002; Li et aI., 2010; Yang et aI., 2011; Nguyen and Wu,
2008a). For example, Tseng et al. (2002) reported that the CH30H yield from
CO2 photoreduction achieved the maximum value (118.5 J.lmol/g_caialyst) v,'hen
Ti02 with 2 wt% CU20 loaded on its surface was used as catalyst. However, the .
CH30H yield dropped to be 20 J.lmollg-catalyst when the eu loading ratio
increased up to 6 wt%. The primary reason for such Ti02 deactivation should
be the increase of the rate of the charge carrier recombination caused by the
over-increase of the added metal ratio (as described in Section 2.3.1.1 or
2.3.1.2). However, such phenomenon can also be caused by other factors, such
as the change of the dispersion of the metal loaded on the surface of Ti02, as
described below.
When metal is loaded on the surface of Ti02, it is not always uniformly
dispersed. It is believed that the over-increase of the metal loading ratio will
lead to the aggregation of the loaded metal. Significant aggregation of the
loaded metal can be detected by powder XRD (e.g. Fig. 2.6 (Tseng et aI.,
2002», or observed directly by TEM (e. g. Fig. 2.7 (Yang et aI., 2006).
Fig. 2.6: XRD spectra ofTi02 and Cu/Ti02. (a): 6.7wt% Cu/Ti02, (b): 2.0wt%
Cu/Ti02, (c) Ti02, (d): P25, (e): JRC-2 pure Ti02, wherein the loaded Cu
aggregation of 6.7 wt% CulTi02 was significant enough to be detectable by
XRD (Tseng et aI., 2002).
Fig. 2.7: TEM images of I wt% metal loaded Ti02 with aggregated loaded
metal (Yang et. aI., 2006).
The aggregation of the loaded metal has a negative effect on the activity of the
metal loaded Ti02. This has been proven by Tseng et al. (2004), who evaluated
the loaded Cu dispersion on Ti02 surface by temperature-programmed
reduction (TPR). Tseng et al. (2004) reported that the greater the aggregation of
the loaded Cu, the higher the H2-reducing temperature required in TPR. They
found that 2 wt% Cu-Ti02 with better Cu dispersion (TPR temperature to be
around 2QO DC) e,xhibite4 better activity on C02 photoreduction into ClhOIl
(1.75 times higher) than that of the catalyst with the same Cu loading ratio but
lower Cu dispersion (TPR temperature to be around 230°C) (Tseng et. aI.,
2004).
Although the negative effect of the loaded metal aggregation on the
activity of the metal loaded TiOl catalyst had been proven, the precise
relation of the loaded metal dispersion versus the metal loaded TiOl
activity for COl photoreduction has not been fully investigated. More
detailed investigation on this field is required.
Effects of chemical state of the added metal
Several studies have reported that the differences in the chemical states of the
added metals could affect the activity and selectivity of the metal modified
Ti02 for C02 photoreduction (Kohno et al. 1999, 200 I; Tseng et. aI., 2004).
For example, Kohno et at. (1999, 2001) studied the effects of the chemical state
of Rh on CO2 photoreduction with H2 by Rh modified Ti02 (Rhffi02, Rh
loaded or doped not clarified). The results of the C02 photoreduction showed
that the change of the chemical state of Rh affected both the activity and
selectivity of RhlTi02 for C02 photoreduction. Fig. 2.8 illustrates the
pcrfo~ance of the 1 wt% RhlTi02 catalyst for C02 photoreduction in the
study Qf Kohno et at. (1999). The added Rh of such catalyst was originally in
the chemical state of Rh3+, and its chemical state was adjusted by Ih reduction
under various temperatures (the higher the reduction temperature, the higher
reduction rate of Rh3+ into Rho). Their results indicated that 1 wt% RhlTi02
exhibited the highest activity towards CO2 photoreduction with H2 to CO when
the added Rh on Ti02 was in a mixture of Rho and Rh3+ (the optimal ratio of
RholRh3+ was not specified in the study of Kohno et al.). When the Rh was
completely reduced into Rho, the selectivity of the reaction changed from CO
into CH4 accompanied with a decrease of the total yield of the products from
C02 photoreduction.
Fig. 2.8: Amount of CO and CH4 yield after 6-hr photoreaction over 1 wt%
RhJTi02catalysts reduced by Ih at various temperatures (Kohno et aI., 1999).
A similar study on the effects of the chemical state of the added metal was
conducted by Tseng et al. (2004) for Cu loaded Ti02 (Cuffi02). This study
reported that the 2 wt% Cuffi02 with the loaded Cu chemical state to be CU20
presented significant positive effect to promote C02 photoreduction into
CIIJOH (yield up to 1000 J-lmollg_catalyst after 30-hr reaction). However, the
activity of the same catalyst decreased significantly (down to 300 J-lmol/g-catalyst
after 30-hr reaction) when it was reduced in H2 at 300 °c for 3 hr (partially
reduced CU20 into CuD) prior to the CO2 photoreduction reaction. Based on
these previous studies (Kohno et al. 1999, 2001; Tseng et. aI., 2004), it can be
stated that the chemical state of the added metal is also a key to affect the
activity of metal modified Ti02catalyst for CO2 photoreduction.
It can be concluded, from the review presented in Section 2.3.1, that metal
modification is indeed an effective method to improve the performance of the
Ti02 catalyst for C02 photo-reduction. However, even though extensive
studies have been done in this field, most of the previous works simply
proved the ability of the metal modification to improve the activity of TiOl
~
for COl photoreduction, ~ut did not aim to conduct a systematic
investigation to explain the mechanism of the effects of the added metal on
TiOl, e.g. some of the previous study did not even clarify whether the added
metal was loaded or doped to Ti02 (Zhang et aI., 2009a; Koci et aI., 2010;
Solymosi et aI., 1994; Kohno et aI., 1999). Therefore, there is still a need to
conduct a systemic investigation on the different effects of the added metal
on TiOl for COl photoreduction. Such investigation will be helpful to
guide the development of the future practical Ti02 catalysts for CO2
photoreduction.
Alternative approaches to improve Ti02 for C02 photoreduction
The previous section (Section 2.3.1) reviewed the approach of using metal
modification to improve the performance of Ti02 for CO2 photoreduction.
There are other alternative approaches for the same purpose. The coming
sections review a few of such approaches.
 Particle size
Particle size is another factor that can affect the activity of Ti02 catalyst. This
is because it can affect the charge carrier recombination of Ti02 (Zhang et aI.,
1998). It has been known that the charge carrier recombination can be grouped
into two categories: bulk recombination and surface recombination. The bulk
recombinatio~ is the dominant process in large Ti02 particles, which can be
reduced by decreasing particle size (Serpone et aI., 1995). llowever, when the
particle size becomes excessively small, the surface recombination will take
the place of bulk recombination to become the dominant factor, because the
electron and hole' pairs of the ultrafine Ti02 particle are generated sufficiently
close to the surface, and they can quickly reach the surface of the Ti02 and
undergo rapid surface recombination (Serpone et aI., 1995). Therefore, an
optimal particle size of Ti02 catalyst exists for the maximum photocatalytic
efficiency. Zhang et al. (1998) reported that such optimal size was within the
range of 11-21 nm for their Ti02 catalyst. Koci et al. (2009) further reported
that their Ti02 catalyst with the particle size of around 14 nm performed the
best activity on C02 photoreduction and the activity decreased significantly
only when the size decreased down to 8 nm or increased up to 29 nm. These
previous studies revealed that the charge carrier recombination rate of Ti02 can
be retarded by controlling the Ti02 particle size within certain range, and a
Ti02 catalyst with optimal particle size did exhibit better activity on C02
photoreduction. ). Furthermore, it is worthy to note that the particle size of a
crystalline powder may not be the same as its crystallite size. This is because
crystallite is the fine unit to compose a particle of a crystalline powder. A
particle of a crystalline powder may consist of more than one crystallite
(Waseda et aI., 2011). Therefore, the particle size of a crystalline powder
should not be smaller than its crystallite size.
The methods to synthesize nano-sized Ti02 have been extensively reported
previously (Wu and Yeh, 2001; Nagaveni et aI., 2004; Li et ai, 2003; Lee et. aI.,
2004; Lee et. aI., 2006; Cong et al., 2007a; Feng et. aI., 2008; Zhang ct. aI.,
2009b; Trentler et. aI., 1999), and the mechanisms of those methods have been
comprehensively reviewed elsewhere (Chen and Mao, 2007). Among the
methods for nano-sized Ti02 synthesis (e.g. sol-gel method, hydrothermal
method, and direct oxidation method), sol-gel method is one of the most widely
used ones. This is because such method is able to synthesize highly pure oxides,
and the reactions involved in this method can be initiated at ambient conditions.
The mechanism of sol-gel method is presented in Section 2.3.2.1.1, and an
example of a convenient sol-gel process to synthesize nano-sized Ti02 is also
described.
Sol-gel method
The sol-gel method is a versatile process used in making various ceramic
materials (Chen and Mao, 2007). A sol is a colloidal suspension of solid
particles in a liquid, wherein a colloid is a suspension in which the dispersed
phase is so small (1-1000 nm) that gravitational forces are negligible and
interactions are dominated by short-range forces, such as van der Waals
attraction and surface charges (Brinker and Scherer, 1990). A gel is defined as
an interconnected solid skeleton containing a continuous liquid phase (Brinker
and Scherer, 1990). Therefore, sol-gel methods usually involve a process of the
transition from liquid sol into a solid gel phase (Chen and Mao, 2007). In a
typical so-gel process, a sol is formed via the hydrolysis and condensation
reactions of the precursors, which are usually metal salts or metal alkoxides
(Brinker and Scherer, 1990; Chen and Mao, 2007). Then the separated sols can
link together via polymerization to form gel (Brinker and Scherer, 1990).
Currently, sol-gel methods are often used for the synthesis of nano-sized Ti02•
This process normally proceeds via a hydrolysis step of titanium(lV) alkoxide
followed by condensation (Wu and Yeh, 2001; Chen and Mao, 2007). For
example, Wu and Yeh (2001) successfully synthesized nano-sized Ti02 by a
refined sol-gel method. In contrast to other sol-gel methods that normally add
hydrolyzing water dropwise {to control the hydrolysis rate; e.g. Anderson and
Bard, 1995; Yu et aI., 2001; Zhu et aI., 2006), the method developed by Wu and
Yeh (2001) was more convenient. This is because the hydrolyzing water in
such refined sol-gel process was slowly released by the esterification reaction
of the chemicals homogenously mixed with the titanium precursor beforehand.
Wu and Yeh (2001) used titanium(lV) n-butoxide (Ti(OC4H9)4) as the titanium
precursor. In a typical batch, 0.08 mol of n-butanol (C4H90Il) and 0.08 mol of
acetic acid (CI~hCOOH) were added to 0.02 mol of Ti(OC4H9)4. Then water
was slowly released by the esterification reaction of C41190H and Cl hCOOH
(reaction 2.13, wherein R represents C4H90).
ROH + CH3COOH - H20 + RCOOC2HS Reaction 2.13
The water from esterification could react with Ti(OC4H9)4 to initiate hydrolysis
reaction (reaction 2.14).
Ti(OR)4 + H20 - Ti(ORh(OH) + ROH Reaction 2.14
Then condensation reactions (Reactions 2.15 and 2.16) could occur to form
suspended sol. The slow rate of the water release via the esterification reaction
of C4H90H and CH3COOH (Reaction 2.13) significantly decreased the rate of
the hydrolysis reaction of Ti(OC4H9)4 (Reaction 2.14). This phenomenon
avoided the rapid precipitation and allowed the formation of highly uniform
and fine sol during condensation (Wu and Yeh, 2001).
Ti(ORh(OH) + Ti(OR)3(OH)-+ (RO)3Ti-O-Ti(OR)3+ HzO
Ti(OR)3(OH) + Ti(OR)4 -+ (ROhTi-O-Ti(OR)3 + ROH
After the reactions described above (Reactions 2.13-2.16), the sol was dried (at
150°C) before it transformed to gel, and this was to ensure that the Ti02
nano-particles with uniform size could be obtained after the synthesis process.
After drying, the sample was calcined at 500°C to bum off the organic
materials and transform the titanium precursor to TiO:!. Wu and Yeh (200 I)
reported that nano-sized (diameter ranged within 10-25 nm) TiOz was
successfully synthesized via this sol-gel process. And this method could be also
applied to synthesize the nano-sized metal (e.g. eu) modified Ti02, where the
metal precursor (e.g. copper(II) chloride dihydrate) was homogeneously
dissolved in the titanium precursor during this sol-gel process. The TiOz
synthesized via the refined sol-gel method developed by Wu and Yeh (2001)
were proven to be able to catalyzed COz photoreduction in the later studies
(Tseng et aI., 2002, 2004).
Involving Ti4+ or TiOz species in mesoporous silicate materials
Another method to develop highly active and selective Ti-based photocatalyst
for CO2 photoreduction is to include the Ti species (Ti4+ or Ti02) in
mesoporous silicate materials (e. g. MCM-41) (Anpo et aI., 1998; Yamashita et
aI., 1998; Ikeue et aI., 2002ab; Shioya et aI., 2003; Lin et aI., 2004; Li et aI.,
2010). This is because: (l) such supporting materials have very high surface
area (can be up to 910 m2/g (Zhao et aI., 1998» which leads to high adsorption
capacity, and their adsorption properties can be controlled (e.g. through
adjusting the pore opening size (Corma, 1997», (2) active sites can be
generated in the framework (e.g. Ti4+) or cavity (e.g. Ti02) of these porous
materials, and (3) the intricate channel structure of these porous materials make
them able to present different types of shape selectivity, e.g. product, reactant,
and transition state, which can be used to direct a given catalytic reaction
toward the desired product avoiding undesired side reactions (Corma, 1997).
Porous solid materials are widely used as adsorbents, catalysts and catalyst
supports because of their high surface areas (Ciesla and Schuth, 1999).
However, the utilization of these materials was seriously limited due to the
small pore size (normally microporous, < 2 nm) and their internal disordered
pore system with broad pore-size distributions (Ciesla and Schuth, 1999). This
was greatly changed when Kresge et al. (1992) successfully synthesized the
first mesoporous (pore size: 2-50 nm) solid material with regularly ordered
pore arrangement and a very narrow pore-size distribution (e. g. Fig. 2.9,
wherein such material is well known to be MCM-41). The concept of MCM-4 1
synthesis is known as liquid-crystal templating mechanism, in which the
silicate material forms inorganic walls between the ordered surfactant micelles
(e.g. hexadecyltrimethylammonium ion), and the surfactant micelles are
removed by the heat treatment at the end of the synthesis process (Kresge et. aI.,
1992), resulting in the highly ordered mesoporous silicate material.
Fig. 2.9: Representative TEM micrograph of MCM-41 (Kresge et aI., 1992).
Since liquid-crystal templating mechanism was proposed by Kresge et at.
(1992), new mesoporous silicate materials had been synthesized based on the
same mechanism (e. g. MCM-48) (Corma, 1997; Ciesla and Schuth, 1999).
These mesoporous materials were used for different applications, including as
the support for Ti-based species (Ti4+ or Ti02) for redox photocatalysis
reactions, e. g. selective photooxidation of hydrocarbon materials (e. g.
alcohols) and photoreduction of C02 (Clerici et. aI., 1991; Bellusi et. at. 1992;
Anpo et. at., 1998; Yamashita et. aI., 1998; Ikeue et. aI., 2002; Shioya et. aI.,
2003; Lin et. aI., 2004; Li et. aI., 2010).
The most extensive studies on Ti-containing mesoporous silica-based materials
for CO2 photoreduction have been conducted by Anpo's group since 1998
(Anpo et. aI., 1998; Yamashita et. al., 1998; Ikeue et. aI., 2002; Shioya et. aI.,
2003). They firstly incorporated Ti-based species in MCM-41 or Ti-MCM-48.
The Ti4+ or Ti02 were included within the framework or cavities of these
mesoporous zeolites, wherein the pore volumes of these catalysts were not
lower than 0.79 cm3/g (Anpo et aI., 1998, Yamashita et aI., 1998). The results
of CO2 photoreduction with H20 under UV irradiation indicated that these
Ti-containing zeolite' catalysts presented higher activity than bulk Ti02• The
CH4 and CH30H yields by Ti-MCM-48 were around 8 and 3
Ilmol'g_catalyst-I'hfl, respectively. In contrast, the yields of CH4 and ClhOH by
the bulk Ti02 were only around 0.5 and 0 J.lmol·g-catalystl·hfl, respectively.
Furthermore, Anpo's group also found that the activity of these Ti-containing
zeolite catalysts strongly depended on their dispersion states of the Ti-based
species in the zeolite frameworks and the internal surface topology of the
zeolites. They reported that the catalyst with the highly dispersed Ti-based
species (proven by the observation of the absorption band at the wavelength of
around 280 nm in photoluminescence spectrum), larger pore size (> 20 nm,
2-41
comparing to the catalyst with pore size of 5.7 nm), and three dimentional
channel structure presented the highest activity (Anpo et aI., 1998, Yamashita
et aI., 1998).
Fig. 2.10: Effects of Pt modification on Ti-MCM-48 for the yields of CH4 and
CH30H upon C02 photoreduction. (a): Ti-MCM-48, (b) O.lwt% Pt modified
Ti-MCM-48, (c) Iwt% Pt modified Ti-MCM-48, (Anpo et aI., 1998).
Moreover, Pt had also been added into Ti-containing zeolite catalysts in order
to increase the separation of the photo-generated electrons and holes (Anpo et
aI., 1998, Yamashita et aI., 1998). The following CO2 photoreduction tests
showed that the presence of Pt was able to further promote the activities of
Ti-containing zeolite catalysts (Fig. 2.10) even though the local structures of
those catalysts were not changed by the presence of Pt. It is interesting to note
that the reaction selectivity of the Pt modified Ti-containing zeolite catalysts
was changed compared to the unmodified ones, wherein CH4 other than
CH30H became the primary product (Anpo et aI., 1998, Yamashita et aI.,
1998).
A few years later, Anpo's group reported (Ikeue et aI., 2002a, b; Shioya et aI.,
2003) the effects of the morphology of Ti-containing mesoporous silica-based
materials for C02 photoreduction. They found that the Ti-containing silica
mesoporous thin film exhibited better activity on C02 photoreduction than the
powdered form Ti-containing mesoporous aluminosilicate under UV
illumination (CH4 yield around 5 times higher), even though they had the same
. pore structures (Ikeue et. aI., 2002a). They explained that this was because
Ti-containing silica thin film presented higher transparency than that of
aluminosilicate and its form of thin film avoided the effect of the light
scattering which normally occurred on the surface of the samples in powdered
form (Ikeue et. aI., 2002a; Shioya et. aI., 2003).
Other researchers have also conducted investigations concerning the utilization
of Ti-containing mesoporous silica-based materials for C02 photoreduction.
Lin et al. (2004) monitored the reactions of C02 photoreduction with I{zO
catalysed by Ti4+ incorporated within the framework of MCM-41 using an
in-situ FT-IR spectroscopy. They confirmed the ability of the UV excited Ti4+
within the framework of mesoporous zeolite to split C02 to CO with the
presence of H20. Li et al. (2010) also studied the effect of Cu loading on
Ti-containing mesoporous silica for C02 photoreduction with lhO, wherein
Ti02 (P25) was included within the cavities of the porous silica. They found
that the Cu loading with the chemical state of CU20 was able to increase the
activity of this mesoporous silica supported Ti02 (e.g. total hydrocarbon
materials yield increased around 5 times when the silica supported Ti02
catalyst was loaded with 0.5 wt% Cu).
In summary, it can be confirmed that incorporation of Ti02 in silica based
mesoporous materials is indeed one cf the promising ways to develop highly
active and selective Ii-based catalyst for CO2 photoreduction. However, the
current studies are only sufficient to prove the higher activity of such
Ti-containing mesoporous silica catalyst compared to the traditional bulk
crystal Ti02. Furthermore, the detailed relation between the inherent properties
of such mesoporous catalysts (e.g. optimal pore size) and their activities for
C02 photoreduction still need to be further investigated.
Anion doped Ti02
As described in Section 2.3, one of the primary problems for Ti02 to be an
effective catalyst for C02 photoreduction is its relatively large band-gap (3.2
eV), which allows it only to be excited within the UV region. Therefore, it is
necessary to find an approach to enlarge the absorption range of Ti02 to the
visible region without decreasing the activity of Ti02. Doping Ti02 with an
anion (e. g. C, N, S) can fit the requirements above and this has attracted great
interest in recent years (Khan et aI., 2002; Irie et aI., 2003a, b; Noworyta et aI.,
2004; Wang and Lewis 2005, 2006; Asahi et aI., 2001; Lindgem et aI., 2003;
Diwald et aI., 2004; Di Valentin et aI., 2004; Umebayashi et. al. 2002, 2003a, b;
Yamamoto et. aI., 2004; Serpone, 2006). Asahi et al. (2001) reported, for the
first time, that substitutional doping of C, N, F, P, and S into the lattice of Ti02
anatase could successfully increase the absorption of visible light of Ti02
anatase by narrowing the band-gap. Asahi et al. (2001) explained that the Ti02
band-gap was narrowed by anion dopants (e. g. N) as they introduced
additional energy level above the VB edge of Ti02 anatase (Fig. 2.11). Asahi et
al. (2001) also evaluated the activity of their Ti02 catalysts substitutionally
doped with N under visible light, and the results indicated that the
photo-degradation rate of gaseous acetaldehyde by N doped Ti02 was superior
(around 40 times more efficient) to that of the pure Ti02 under visible light,
while those two catalysts presented similar activities under UV light.
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Fig. 2.11: Schematic electronic structure for pure and N substitutionally doped
Ti02anatase (Di Valentin ct at., 2004).
It has been argued that the promotion of the visible light absorption of the
anion doped Ti02 was in fact due to the formation of the colour centres caused
by the defects on Ti02 associated with oxygen vacancies and not to a
narrowing of the original band-gap of Ti02 (Serpone, 2006). However, more
studies had been conducted and further proven the activity of the anion doped
Ti02 for various photocatalysis processes under visible light (Irie et. aI., 2003a,
b; Sakthivel et aI., 2004; Sathish et aI., 2005; Cong et aI., 2007b; Umebayashi
et aI., 2003a; Hamal et aI., 2007; Ho et aI., 2006; Lin et aI., 2011; Park et aI.,
2006). The N doped Ti02 was reported to be active under visible light for the
photo-degradation of2-propanol (Irie et. aI., 2003b), 4-chlorophenol (Sakthivel
et aI., 2004), methylene blue (Sathish et aI., 2005), rhodamine B (Cong et aI.,
2007b), and 2, 4-dichlorophenol (Cong et aI., 2007b). The S doped Ti02 was
reported to be active under visible light for the degradation of methylene blue
(Umebayashi et aI., 2003a), 4-chlorophenol (110 et aI., 2006), and acetaldehyde
(Hamal et aI., 2007). Finally C doped Ti02 was also found to be an efficient
photocatalyst under visible light for the degradation of organic materials, e. g.
2-propanol (Irie et. a!., 2003a) and dye Re3ctive Brilliant Red X-3B (Lin et a!.,
2011).
Even though the anion doped Ti02 had been successfully utilized for various
photocatalysis processes under visible light, the study on the use of such
catalyst for C02 photoreduction has not yet been extensively conducted. Up to
now the only publication on this field is by Varghese et al. (2009), wherein the
activity of N doped Ti02 nanotube arrays was evaluated for CO2
photoreduction under natural solar light. The result of this study indicated that
C02 was successfully reduced under sunlight into hydrocarbon materials
(including methane, ethane, propane, butane, pentane, hexane, and olefins) by
using N doped Ti02 anatase nanotube with Pt or Cu added to the surface of
Ti02. However, Varghese et a!. (2009) did not consider the N dopant to be the
significant contributor to such process. This was because they found that their
optimal N doped Ti02 catalyst (with N doping ratio to be 0.4 atom%) generated
significantly less charge carriers (around 1/8) at the 400-500 nm wavelength

range than that at the UV region (data obtain by photocurrent spectrum)
(Varghese et ai., 2009). Nevertheless, their conclusion still needs to be further
confirmed by the direct comparison of the pure and N doped Ti02 catalysts for
CO2 photoreduction under sunlight, as the solar spectrum only has a small
fraction (maximum to be 3 %) in the UV region. Meanwhile, the use of other
anions (e. g. S, C) doped Ti02 for visible CO2 photo-reduction is another
interesting topic worthy to be studied.
In summary, the band-gap of Ti02 may be narrowed through anion doping by
introducing additional energy level above the Ti02 VB. Anion doped catalysts
have been proven to be photo-catalytically active under visible light. However,
there is still lack of extensive investigation on the utilization of such catalysts
for CO2 photoreduction under visible light.
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