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Preface 

The thesis is majorly divided into seven chapters. 

Chapter 1 is about a brief overview of the climate change due to rising CO2 concentration in 

the environment. The ever-increasing energy demand and over dependence on fossil fuel drive 

this process. The capture and conversion of CO2 is a viable approach to tackle this challenge. 

Different routes used for the conversion of CO2 to useful products and fuels will be discussed 

in this chapter. A particular focus will be given to Photocatalytic CO2 reduction (PCR) and its 

advantages over other conversion methods will be explained. In photocatalysis, the major role 

is played by the surface of light active semiconductor. Hence the strategies explored in the 

literature to fine tune the surface and electronic properties of the semiconductors will be 

thoroughly described. The effect of morphology variation, heterojunction formation, vacancy 

generation, charge separation and strain engineering in tuning the activity and durability will 

be described in this chapter.  

Chapter 2. The first working chapter of the thesis describes the suitable solvent selection 

during photocatalytic CO2 reduction. Water is the commonly used reaction medium for PCR. 

However, for CO2 reduction reaction the low solubility of CO2 in water is a major drawback. 

Organic solvents such as acetonitrile, EAA, TEOA, TEA etc. have been used either for the 

better dissolution of CO2 or as a sacrificial electron donor. Being susceptible to degradation 

under photo-illumination, the organic additives can give rise to carbonaceous products which 

can also be obtained from CO2RR. This leads to inaccurate estimation of the results and 

inaccurate conclusion of the catalytic activity. In this chapter, we have systematically 

investigated the role of solvents and its effect towards the activity of catalyst during 

photocatalytic CO2 reduction reaction. To study this, two model catalysts have been chosen- 

Pt-TiO2@g-C3N4, a well explored photocatalyst and BCN/CsPbBr3, a new photocatalyst which 

is sensitive to moisture. The catalytic tests have been performed under visible light and full arc 

which contains high energy UV light as well as visible light. The experimental results suggest 

that all the organic solvents deteriorated under full arc light giving rise to CO, CH4, C2H4 and 

H2. However, the catalysts are stable under visible light except ethyl acetate. On the basis of 

these observations, a guideline for the usability of organic solvents were given in this chapter. 

In Chapter 3, we designed a metal oxide semiconductor heterojunction consisting of 

BiVO4 and WO3 as a photocatalyst for the efficient conversion of carbon dioxide (CO2) 
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selectively to methane under visible light in the absence of a sacrificial agent. Good charge 

transport properties of WO3 and good optical absorption properties of BiVO4 has been coupled 

through the formation of heterostructure. Furthermore, analysis of the lattice parameters from 

XRD pattern suggests that the internal strain of BiVO4 catalyst has been relaxed upon 

introduction of WO3. Here Z-scheme system of electron transfer was proposed. The reason 

behind more than 99.5% methane selectivity and very high activity by strain relaxed 

heterojunction photocatalyst were found out by the help of DFT and DRIFTS. This chapter 

provides fundamental insights for constructing high-performance heterojunction photocatalysts 

for the selective conversion of CO2 to desired chemicals and fuels. 

Chapter 4 deals with another composite catalyst derived from TiO2 and Bi2MoO6. Despite of 

the huge potential, TiO2 suffers from fast photogenerated charge recombination and 

inappropriate bandgap for visible light driven charge generation which hinders its performance. 

In this chapter, TiO2 was activated for visible light driven CO2 reduction in the presence of 

Bi2MoO6 as an electron donor. The suitable band positions of the two semiconductors helps 

transfer the photogenerated electrons from the conduction band of Bi2MoO6 to the conduction 

band of TiO2 even under visible light illumination. Furthermore, the introduction of oxygen 

vacancies in TiO2 results in enhanced CO2 adsorption and conversion. Finally, the mechanistic 

investigation for the formation of methanol on oxygen deficient TiO2 have been understood 

from DRIFTS analysis. In previous chapters, only C1 products have been obtained from the 

photoreduction of CO2.  

Chapter 5 describes the importance of charge polarized centers in photocatalyst which 

facilitate the formation of C2 product. Obtaining multicarbon products via carbon dioxide 

(CO2) photoreduction is a major catalytic challenge. Complex design of multicomponent 

interfaces that are exploited to achieve this chemical transformation, often leads to untraceable 

deleterious changes in the interfacial chemical environment affecting CO2 conversion 

efficiency and product selectivity. Alternatively, robust metal centres having asymmetric 

charge distribution can effectuate C-C coupling reaction through the stabilization of suitable 

intermediates, for desired product selectivity. However, generating inherent charge distribution 

in a single component catalyst is a difficult material design challenge. To that end, herein, we 

present a novel photocatalyst, Bi19S27Cl3, which selectively converts CO2 to a C2 product, 

ethanol, in high yield under visible light irradiation. The intrinsic electric field induced by the 

charge polarized bismuth centres renders better separation efficiency of photogenerated 
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electron-hole pair. Furthermore, the charge polarized centres yield better adsorption of CO* 

intermediate and accelerate the rate determining C-C coupling step through the formation of 

OCCOH intermediate. Formation of these intermediates was experimentally mapped by in-situ 

FTIR spectroscopy and further confirmed by theoretical calculation. 

In Chapter 6, we will go through another novel photocatalyst based on red phosphorus and 

Bi2MoO6 for the reduction of CO2 to ethanol. Direct photocatalytic conversion of CO2 to 

ethanol remains a scientific challenge because of the sluggish kinetics of C–C coupling and 

complex multielectron transfer processes. To achieve a green transformation of CO2 to C2 

products using naturally abundant sunlight and water requires the smart design of an efficient 

catalyst by selecting the right combination of atoms either in elemental or in compound form. 

In this chapter, we have designed a composite photocatalyst composed of earth abundant red 

phosphorus (RP) in nanosheet morphology decorated with Bi2MoO6 nano-particles. The 

composite synthesised by a facile ultrasonication method produces 51.8 μmol g−1 h−1 of ethanol 

from CO2. The ability of RP for the conversion of CO2 to C1 has been altered by the 

introduction of Bi2MoO6. In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) and Kinetic Isotopic Effect (KIE) analysis shed light on the mechanistic pathway, 

which propose that the presence of Bi–Mo dual sites play a crucial role in the C–C coupling 

toward the formation of ethanol. Spectroscopic evidence and isotope labelling experiments 

suggest that the intermediate OCH3* is the key active species for ethanol formation via self-

coupling followed by proton transfer. 

Chapter 7 is about an organic-inorganic hybrid catalyst derived from a carbazole based porous 

organic polymer (POP) and In2.77S4. By using a co-operative endeavour of catalytically active 

In centres and light harvesting POPs, the composite catalyst showed 98.9% C2H4 formation 

selectivity with 65.75 µmol g-1 h-1 rate. Two different oxidation states of In2.77S4 spinel was 

exploited for C-C coupling process and this phenomenon was investigated by X-ray 

Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Density 

Functional Theory (DFT) calculations. The role of POP was unwrapped based on several 

photophysical and photoelectrochemical studies. The electron transfer was mapped by several 

correlated approaches and established the Z-scheme mechanism. Most importantly the 

mechanistic insight of C2H4 formation was enlightened based on DRIFTS and DFT calculation 

from multiple possible pathways. 
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Summary 

Solar fuel production from photocatalytic CO2 reduction (PCR) process is the ultimate strategy 

to produce sustainable energy in green route without triggering global warming. The PCR 

process resembles natural photosynthesis, which controls the ecological systems of the earth. 

Currently, most of the work in this area has been focused on boosting productivity rather than 

controlling the distribution of products. The structural designing of the semiconductor 

photocatalyst, CO2 photoreduction process on catalyst surface, product (gas and liquid) 

analysis, and understanding the CO2 photoreduction mechanism are the key landscapes of PCR 

process to generate C1 and C2 based hydrocarbon fuels or even beyond. The selectivity of C1 

and C2 products can be upgraded by suitable photocatalyst design, like introduction of co-

catalyst, defects, surface vacancies and the impacts of the surface polarization state, etc. 

Monitoring product selectivity allows the establishment of a suitable strategy to produce a more 

reduced state of CO2, such as methane (CH4) or higher C2 hydrocarbons. This chapter 

concentrates on reports that demonstrate the production of single and multi-carbon products 

during CO2 photoreduction using H2O or H2 as proton or hydrogen source. Finally, it highlights 

unresolved difficulties in achieving high efficiency and selectivity of this process. This chapter 

also deals with the importance of theoretical studies to explain observed experimental 

outcomes and predict suitable catalyst for desired product generation.  
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1.1.  Energy and environment 

The global economic growth is now based on fossil fuel. However, extensive 

anthropogenic CO2 emission is an unavoidable outcome of this process. Looking at current 

environmental crisis due to the increment of CO2, the world is eying for a better sustainable 

alternative and carbon negative footprint. Among several approaches, the catalytic conversion 

of CO2 to valuable carbon-based fuel feedstocks offers a promising route to the long-term 

storage of renewable energy that closes the carbon cycle.1 Thermo-catalytic and electrocatalytic 

methods of CO2 reduction have developed some state-of-art-catalysts and standard operating 

procedures for commercialization of this technology. However, due to higher cost of operation 

and secondary dependency on fossil fuels, these technologies have not fullfilled the need of 

current aggressive world. On the other, hand, photocatalytic route of CO2 reduction is 

completely green and the availability of solar energy is enormous. Every hour, the amount of 

solar energy reaching earth contains more energy than is needed by humans to run our society 

in an entire year.2 Fujishima and co-workers have introduced CO2 reduction by photo-

electrochemical route using semiconductor powder sample in 1979.3 Since then, research in 

this area was not reported significantly. After 2010 rapid increment research in this area was 

seen in specifically catalyst designing strategies (Figure 1.1a and 1.1b). However, this 

potential field has yet to find state-of-art-catalysts and standard operating procedures.  

Realtime application: It is worth mentioning the fact that higher carbon CO2 reduced products 

are more appealing compared to C1 products in terms of usability and economic values (Figure 

1.2). Therefore, systematic development of CO2 to C2 and C2+ product synthesis approach has 

been started in electrochemical CO2 reduction route. On the other hand, very limited reports 

are available for multi-carbon product formation via photocatalytic route.  

 

Figure 1.1. (a) List of publications on photocatalytic CO2 reduction and (b) Pie-chart showing 

the main focus of those articles and their relative percentages. 

a b
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However, recently some ground-breaking ideas and concepts have changed this era, 

and several multi-carbon products has been obtained by unique ideas. Importantly, these ideas 

are not catalyst specific, they can be extended for several more classes of catalysts with some 

smart modifications. Hence, extension of these idea is very essential to extend the horizon of 

this field. Moreover, the low efficiency of this method is mainly due to its unknown and 

complex mechanistic insight in terms of intermediates forms during CO2 reduction and charge 

transfer pathways. In recent years tremendous effort has also been made to unwrap these 

phenomena by using several in-situ spectroscopic and microscopic techniques. Theoretical 

calculations have also predicted the feasibility of these methods; however, some doubts are still 

unclear. Interestingly, using machine learning techniques, researchers have predicted probable 

outcomes of CO2 reduced products.4 However, the experimental validations of these 

predictions were not done yet. Therefore, all these issues should be investigated 

chronologically for the advancement of this journey. Unfortunately, the proposed intermediates 

found in CO2 reduction reaction (CRR) by electrocatalytic routes are not same for 

photocatalytic route due to choice of the catalyst and in-situ surface modification under applied 

potential or light irradiation. For example, carbide mechanism of hydrocarbon formation is 

well known in electrocatalysis.5 However, recent studies showed that the M-C* (metal carbide) 

intermediate takes the lattice oxygen and goes back to M-CO* intermediate and hinders the 

hydrocarbon formation on BiVO4 surface (Figure 1.3).  

 

Figure 1.2. Main reported products from CO2 reduction, some of their industrial use, and 

indicative market prices. First segment is C1 product, second denotes C2 product and 3rd is for 

C3 product. As the number of carbons increases the price also increases. FT: Fischer-Tropsh. 
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Figure 1.3. CO2 reduction procedure via path 1 (carbide mechanism) and path 2 (formate 

mechanism). V0 is represented oxygen vacancy generated upon abstraction of lattice oxygen 

from metal oxide catalyst. Green arrows imply the back reaction (CH* to CHO*), stopping the 

propagation of CO2RR.  

Here, worth mentioning the fact that metals, bimetallic, alloys, intermetallic, single 

atoms are major candidates in electro catalysis. On the other hand, oxide semiconductors and 

MOFs are majorly dominating in photocatalysis. Therefore, CO2 photoreduction via metal 

oxide semiconductors are predominately happens through formate pathway instead of carbide 

path. Importantly, C2 and C2+ products are formed via separate catalyst designing strategies. 

Therefore, the product formation mechanisms are expected to follow different pathways in 

comparison with C1 products and already reported electrochemical route. In this thesis, I aimed 

to address these important untouched aspects of photocatalytic CO2 reduction. 

In the first part of this chapter, presents the common pitfalls of PCR and hydrogen 

evolution reaction (HER). The chance of overestimation of products or misjudgements of 

analysis are addressed here. This part also deals with the way out of these problems. We next 

look towards a few specific C1 products (CH4, CH3OH, CO) generating catalysts and involved 

mechanistic insight. The kinetic and thermodynamic limitations were also exploited here.  

Thereafter, the catalyst design strategies for C2 product synthesis with high selectivity are 

presented in detail. Next, the mechanistic aspects of multi-carbon product formation in light of 

in-situ spectroscopic, microscopic and chromatographic analysis. Here Gibbs energy of 

intermediates and transition states are very important. The importance and scope of studying 

intermediate species in excited-state compared to ground-state are manifested. Notably, during 

electrocatalysis, this particular aspect can be skipped without any controversy because there is 

no existence of excited-state. In this context, importance of charge polarised metal centres was 

investigated for multi-carbon product formation. We then focus on organic-inorganic hybrid 
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heterostructure catalyst, where charge polarization was introduced in the inorganic counterpart 

and further modulated by incorporating porous organic polymer support for improving CRR 

efficiency. Finally, based on our work, we propose an overview of materials design by 

considering all possible experimental and theoretical perspectives as a material scientist for 

CO2 to useful chemical synthesis expert. We have also offered pertinent paths to achieve multi-

carbon products from CO2 photoreduction. Finally, new strategies required to implement this 

technology for real-time application as an alternative option to fossil fuel-based energy 

production are elaborated.  

1.2.  Major challenges  

The exponential growth of publication in the field of CO2 reduction indicates the 

importance and urgency of the work. Even after a surge of scientific research in several aspects 

of CO2 photoreduction, the efficiency remained not promising. The efficiency of CO2 

photoreduction process were expressed in terms of apparent quantum yield (AQY), but most 

of the catalysts exhibited this as less than 1%. Only a few selected works have reported AQY 

near to 10%. However, a recent work said 85% AQY for methanol formation6 provides a lot 

of hope on the potential capabilities of the field.  

The central focus is to increase AQY% for C1 and C2 products for better economic 

benefits. This can be done not only by catalyst design, but other parameters like reactor 

engineering and reaction medium are also crucial. However, for C2+ products, the process had 

to undergo C-C coupling and multiple protons coupled electron transfer (PCET) process. 

Therefore, the challenges of C2+ product synthesis can be classified into two categories. 

Firstly, low-efficiency PCR and secondly, energetically unfavourable C-C coupling along with 

sluggish multistep step reaction kinetics. Depleted AQY% is due to limited visible light 

harvesting ability of catalyst originating from the inherent absorption band. The shallow life 

time of photogenerated charges also limits the availability of electrons for the reduction of CO2. 

Use of photo sensitizer, hetero-structuring, creation of vacancies, doping and substitution can 

modulate the light absorption ability of a catalyst and charge loss due to recombination (Figure 

1.4). These techniques can also suppress the phenomenon of charge recombination. 

Additionally, use of a co-catalyst can increase the charge separation lifetime by creating a 

Schottky barrier between semiconductor photocatalyst and metallic cocatalyst without 

changing the thermodynamics of CO2 reduction. Strong light absorption ability of Au, Ag and 

Cu due to surface plasmon resonance (SPR) was also used to activate wide bandgap 

semiconductor for enhancing overall excited electrons viability for reduction.7 Availability of 
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CO2 on catalyst surface is another important factor for low CO2 reduction efficiency. Solubility 

of CO2 in reaction medium, adsorption on catalyst surface and activation of CO2 by the catalyst 

are the key steps. The solubility of CO2 was increased by increasing the pH of the medium. It 

can be also be achieved by using CH3CN, ethyl acetate, DMF as reaction mediums. 

Unfortunately, the pitfalls involved in using organic additives during solar illumination were 

overlooked by many reported works. On the other hand, these pitfalls were pinpointed by other 

different articles reported in the literature. Therefore, the observed result can be believed only 

after scientific verification otherwise, there will be the chance of exaggerated results. This 

healthy scientific progression helped in advancing the field. Here, worth mentioning the fact 

that some carbonaceous product may also come from some other source instead of CO2. This 

thesis incorporates these discussions to provide a guideline that all CO2-reduced products 

proposed from various strategies are not entirely believable. Another unexplored part of this 

field is techno-economic analysis (TEA) of PCR. Since this field is in its infancy, PCR's TEA 

is not yet explored. Therefore, the industrial acceptability or commercial viability of this 

process is unknown to the community.  However, as depicted in Figure 1.2, the market price 

of C2 products is more and therefore, the effort of this thesis was synthesising C2 molecules 

along with other C1 molecules. 

 

Figure 1.4. Different catalyst design strategies for suppressing photoexcited charge 

recombination. Here some of the strategies like introducing photosensitizer or making 

heterostructure can induce more photon absorption. Therefore, the overall electron excitation 

increases. Four major class of catalyst designing namely, photosensitizer, type-II 

heterostructure, anion and cation deficiency, and co-catalyst are shown schematically.  
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1.3.  Fundamentals of photo-assisted CO2 reduction 

Photocatalytic CO2 reduction: The reduction of CO2 is a thermodynamically uphill 

process due to strong C=O bonds (750 kJ mol-1). The semiconductor materials mainly govern 

PCR process. Photocatalysis means activating the semiconductor materials using sunlight or 

artificial light. Now the whole photocatalytic process can be conceptually simplified as: 

Absorption of Photon with suitable energy (> band gap between the valance band (VB) and 

conduction band (CB)) leading to excitations of electrons from VB to CB. Excited charges can 

undergo recombination or separation and transportation of excitons (i.e., photo-generated 

electron-hole pairs). Separated charges can be utilized for chemical reaction of surface 

adsorbed species with charge carriers (Figure 1.5a).8-9 

Again, the surface reaction process can be classified as:  

(a) Reduction of CO2: the photoexcited electrons can be captured by surface active 

species or the auxiliary catalyst and the adsorbed CO2 at the surface is reduced,  

(b) Oxidation of H2O: The complementary reaction of CO2 reduction is the oxidation 

of H2O carried by photogenerated holes at the VB of the semiconductor,  

However, most excited electrons recombine with photogenerated holes via radiative or 

no-radiative decay process. The main bottleneck of the process is that the charge recombination 

process (10-9 s) is much faster than surface reaction process (10-3-10-8 s).10 On top of that, all 

the photo-excited and long-lived electrons cannot reduce thermodynamically inert CO2. The 

reduction reaction is endergonic and requires simultaneous supply of electrons and protons 

with compatible energy.11 The PCR proceeds via proton-coupled electron transfer pathway and 

the product selectivity and fate of reaction are majorly controlled by the CB position of 

semiconductor catalyst because the redox potential of CO2-reduced products should be less 

 

Figure 1.5. (a) Flow chart for photocatalysis after light irradiation on catalyst surface. (b) 

General process of photocatalytic CO2 reduction (reproduced with permission from ref. 7). 
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negative than the CB of catalyst (Figure 1.5b).7 Although the specific mechanism 

determines the final carbon-containing products, the rate of photo-generated charge to the 

adsorbed species in a reaction also contributes to the CO2 reduction process.12 Looking at the 

lower efficiency and selectivity of this process, the strategy of metal insertion on 

semiconductor catalyst surface was introduced. Plasmonic metals generate and inject hot 

electrons into the CBM of semiconductor. Meanwhile, co-catalyst traps the energetic electrons 

and eventually makes them participate in reduction reaction. Therefore, adapting such 

technique can produce more light energy with a lesser recombination rate.  

Photo-induced plasmonic and co-catalyst  

Co-catalyst: A metal nanoparticle with suitable band match work function with host 

semiconductor can act as co-catalyst. The two most important key functions of a suitable co-

catalysts are to provide super electron capturing ability and sufficient active sites to adsorb CO2 

for reduction. It is because the photocatalytic CO2 reduction conducted on the surface of co-

catalysts mostly involves two characteristics of CO2 adsorption and desorption. The protons 

and CO2 adsorb on the active sites of co-catalysts, which eventually react in assistance with the 

trapped electrons to produce CO2-reduced products. Besides this, co-catalysts lower the surface 

overpotential to favour photocatalytic process. Moreover, it increases the photo-stability of 

semiconductor by driving the catalysis process on co-catalyst instead of host semiconductor, 

thereby lowering the contact time between adsorbate and semiconductor. Especially, photo 

instability was seen in sulphide-based semiconductors because they easily oxidise by 

accumulating holes. Tremendous photo-stability was observed in case of CdS upon the 

reasonable use of CoP co-catalyst.13 The factors which influence catalysis efficiency and 

selectivity are given below. i) Constituent element, ii) Inherent architecture, iii) particle size, 

iv) crystal phase, v) crystal facet, vi) loading amount, vii) inherent inaction between host 

semiconductor and co-catalyst. 

Plasmonic: Localized surface plasmon resonance (LSPR) allows nanoparticles (NPs) 

to harvest the light energy by concentrating it near the NP surface and then converting the light 

energy into excited charge carriers as well as heat. This generated charge carriers drive the 

chemical reaction on the catalyst surface and allow novel selective reaction pathways. 

Photocatalysis by plasmonic materials can be explained by two major steps: 

Generation of Charge carriers: In LSPR, a light wave is trapped within nanoparticles 

(NPs) whose size is smaller than the trapped light wavelength. Only noble metal-based NPs 

show this phenomenon because of the high energy gap for s→d transition. This interaction of 



Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

10 

the light and free electrons in the NPs conduction band causes collective oscillation of the 

surface electrons with incident light. The LSPR process allows harvesting light photons and 

generates excited charge carriers and heat. These energetic charge carriers can be used to drive 

chemical reactions. 

Charge carrier Mediated activation on Plasmonic nano catalyst: In plasmonic 

catalysis, high energetic charge carriers provide the energy required to activate chemical bonds 

(activation energy). On photoexcitation of plasmonic NPs, the reactant molecules adsorbed on 

NP surfaces get excited to a higher potential energy level, using plasmon energy (Figure 1.6; 

(1)). The reactant molecule in the excited state (due to extra energy from plasmon) reorganizes 

by changing the bond angle and bond length and undergoes reaction (Figure 1.6;(2)). If the 

reactant does not react in this excited state (due to a short lifetime, 10-15 s), it can react in an 

excited vibrational state (relatively longer lifetime, 10-12 s). This long, lifetime vibrational hot 

state is sufficient for the reactant to undergo a reaction (Figure 1.6, (3)).14  

For semiconductor-plasmonic heterojunction, the semiconductors get activated by hot 

electron transfer from plasmons and heat transfer. The photoexcited hot electron can generate 

high temperature. Therefore light-induced photo-thermo-catalytic route was also explored, but 

since the used metals are noble, they cost more. Therefore, simultaneous supply of temperature 

and electricity with light energy for catalysis was also studied, and they are termed Photo-

electro and Photo-thermo catalytic routes. 

 

Figure 1.6. Mechanism of plasmon-facilitated bond activation and indication of charge-carrier-

mediated reactions. Schematic of the desorption encouraged by electronic transitions 

mechanism for a dissociation reaction on a excited plasmonic metal. (1) At first adsorbates sit 

on its ground-state in equilibrium condition, demanding activation energy “Ea” to dissociate. 

(2) Deposits plasmon energy into the adsorbate upon photoexcitation and elevates the adsorbate 

to an excited potential energy level. The adsorbate then travels along the excited potential 

energy surface, achieving kinetic energy for reacting in the excited state. (3) If the reaction 

does not happen in the excited state, the adsorbate comes back to the ground-state in a 

vibrationally excited state successfully lowering the barrier for dissociation (Reproduced with 

permission from ref. 14). 
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Photo-electrocatalytic CO2 reduction: Because of the limitation in photo induced 

catalytic reduction due to rapid recombination of excitons, an external electrical bias has been 

operated, which generates a new catalytic regime named photo-electrocatalytic CO2 reduction 

(Figure 1.7a).15 This process refers to the process in which the electrode is made up of 

semiconductor materials, under the photo-illumination that generates electron and hole and that 

migrated towards the catalysis surface with the assistance of the external bias.16-18 The action 

of external electric field is helpful to promote the directional transfer of the photogenerated 

electrons and holes thus enhancing the separation efficiency to greatly improve the redox 

efficiency.19 Meanwhile, when the band position of the photocatalyst is not enough to reduce 

the CO2, the redox potential can be adjusted by applying electrical bias. Compared to the 

photocatalytic process, photo-electrocatalysis can be realized the reduction of CO2 at the photo 

cathode under lower overpotential. According to the different semiconductor materials of 

photoelectrode the CO2 reduction system can be divided into following categories  

(a) n-type photoanode and dark cathode,  

(b) p-type photocathode and dark anode,  

(c) p-type photocathode and n-type photoanode,20-22 the semiconductor photoelectrode has dual 

function of light harvesting and performing catalysis.  

Photo-thermo-catalytic CO2 reduction (PTCCR): Apart from the afore-mentioned 

photocatalytic CO2 reduction, Photo-thermostatic CO2 reduction (Figure 1.7b, and 1.7c)23-24 

has attained immense attention due to having low energy cost and catalyst deactivation than 

single thermo-catalytic (TC) system, maximum uses of solar light and lower recombination 

than the single photocatalytic system.25-26 Meanwhile, light energy associated with the thermal  

 

Figure 1.7. Different method of light driven CO2 reduction instead of direct photocatalysis. (a) 

Photo-electrochemical process (reproduced with permission from ref. 15). Thermo-catalysis 

by (b) hot-electron and, (c) thermal energy (reproduced with permission from ref. 23, and 24). 
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Figure. 1.8. Schematics of different photothermal synergistic modes. 

energy may trigger the change in the electronic structure, which leads to another 

reaction path, thus tuning the products' selectivity.27-28 Based on the progressing research and 

after minute observation of the mechanism, photothermal catalysis can be classified into four 

categories (Figure 1.8). 

A. Thermal assisted PC (TAPC): In this process, light is the main driving force for the 

reaction, whereas heat helps the process. Heat can accelerate the process in multiple ways by 

decreasing the activation energy barrier and increasing the population of the materials over the 

surface. Generally speaking, the catalysts in this mode barely have TC activity, or the reaction 

temperature is not high enough to reach the light-off temperature of TC. In this way, the activity 

of TAPC is higher than that of sole PC.29-30 
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B. Photo assisted TC (PATC): In this process, light is the main driving force for the 

reaction, whereas light assistant promotes the thermo-catalytic pathway. The light could assist 

in enhancing the TC activities in some ways, including the enhancement of the local 

temperature at the catalyst surface by electron relaxation and non-radiative recombination, 

decreasing the apparent activation barrier for TC, promoting the rate-determining step of TC 

by photo-excited catalytic active site, and so on.31 

C. Photo driven TC (PDTC): PDTC can be defined as that photo-induced heat is the main 

driving force to the reaction, where light indirectly drives TC rather than directly drives PC 

through increasing the temperature above the light-off threshold of TC by photo-thermal effect 

of catalyst. Here, in that case, two prerequisites of the catalyst should satisfy primarily, the 

catalyst should absorb entire solar spectrum; secondly, the catalyst should possess excellent 

activity of TC.32 

D. Photo-thermal cocatalyst (PTCC): We define the PTCC as that both light and heat are 

the driving forces to the reaction, where light directly drives PC and heat drives TC, achieving 

better synergistic performance than the sum of PC and TC. In this case, catalysts need to have 

both activities of PC and TC. In this way, it exhibits photo- and thermal-catalytic activities and 

better activity than the sum of both single activities.33 

All these processes not only increase the efficiency of photocatalysis but also modulate 

product selectivity. However, there are several other methods of tuning the CO2RR selectivity.  

1.4.  Product selectivity  

Light-induced CO2 has an inherent issue of selectivity due to competitive HER process. 

On top of that, CO, HCOOH and CH4 often form together with different selectivity because of  

 

Figure 1.9. (a) Band gap energies of various semiconductor photocatalysts along with 

conduction band (CB), valence band (VB) potentials (reproduced with permission from ref. 

34). (b) Work function values of different transition metals used as co-catalyst. 
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common reaction pathways (majorly formate mechanism). However, recent field 

advancement has identified strategies for getting particular CO2-reduced products and 

suppressing HER process. Based on the reduction potential of CO2 and band-edge of 

semiconductor catalyst (Figure 1.9a)34 along with work function of metal co-catalyst selective 

product can be formed (Figure 1.9b). Selective CH4 production was observed upon Pt 

incorporation in CO evolving catalyst.35 Introduction of sulphur vacancies in ultra-thin CuIn5S8 

has shown 100% CH4 selectivity, whereas the pristine catalyst has produced CO in addition to  

 

Figure 1.10.  CO2 photoreduction into fuels such as CH4 and CO through the use of single-

metal-site (a) and dual-metal-site (b) catalytic systems (M represents the metal site, ‘H+ + e−’ 

refers to the proton coupled electron transfer process and ‘H2O’ means the desorption of H2O 

molecules after the intermediates react with the proton–electron pair). The single metal site 

tends to weakly bond with the sole C or O atom of adsorbed CO2 and produces a series of 

reactive intermediates, facilitating the formation of free CO molecules as well as hydrocarbon 

species such as CH4 after protonation. Contrastingly, we suggest that the dual-metal sites tend 

to simultaneously bond with both the C and O atoms in CO2 molecules, and hence give rise to 

a highly stable configuration of M–C–O–M intermediate. In this regard, it tends to need much 

more energy to simultaneously break the M–C and M–O bonds to form CO molecules, whereas 

further protonation of the C atom in the M–C–O–M intermediate is potentially easier, where 

the successive protonation results in the breakage of the C–O and C–M bonds to form exclusive 

hydrocarbon species like CH4 (reproduced with permission form ref. 36).  

a

b
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Figure 1.11. The flexible dual metal (Cu-Ni) site pair for self-adaptive CO2-to-CH4 

photoreduction. This schematic diagram of bioinspired CO2 photoreduction in MOF-808-

CuNi. Carbon, oxygen, hydrogen, nitrogen, copper and nickel atoms are colored in grey, red, 

white, blue, orange and light-grey, respectively (reproduced with permission from ref. 37). 

CH4. The charge-enriched Cu-In dual sites have been shown to create highly stable Cu-

C-O-In intermediate, which lowered CO* protonation steps for the formation of CHO*. 

Therefore, only methane was found despite following formate pathway (Figure 1.10).36 Again, 

self-adjustable Cu-Ni active sites on EDTA grafted MOF-808 have shown optimum Cu-In 

distance for 97.5% methane evolution. Although this process followed formate mechanism but 

both “C” and “O” interacted with Cu and Ni sites, respectively (Figure 1.11). Interestingly, 

OCH3* has not converted to CH4 upon protonation on C. Another intermediate CH3* was 

created, which eventually converted to CH4.
37 Importantly, the reports on selective methanol 

formation are less than other C1 products. The specific strategy of methanol production is also 

not reported so far because the OCH3* intermediate is common for methanol and methane 

formation. Contextually, “C” protonation results in methane and “O” protonation results in 

methanol formation. Therefore, controlling specific “O” protonation for obtaining methanol is 

difficult. On the other hand, the reduction potential of CO2-reduced products is so close that 

choosing a suitable co-catalyst for selective methanol synthesis based on metals’ work function 

is impossible. However, methanol synthesis from CO2 reduction was obtained using metal-

free, core−shell photocatalysts comprising graphitic carbon nitride (g-C3N4) covalently linked 

to melamine−resorcinol−formaldehyde (MRF) microsphere polymers.38 Nevertheless, plenty 

of  literature is available on selective C1 product formation from CO2 photoreduction because 

the rate-determining steps (RDS) are already exploited. COOH* formation has been considered 

as the RDS for formate and CO synthesis. CHO* or CH2O* formation was identified as RDS 
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for CH4 and CH3OH production. However, the identifying RDS, C-C coupling process and 

optimal binding energy between intermediate and catalyst surface were under the black box 

until last few years. Therefore, instead of a sequential increment of selectivity and activity 

towards CO2 reduction, unlike the electrochemical route, some discreet reports are observed.34 

 In this context a harmonic development of C2H4 selectivity can be observed in 

electrocatalysis. A fluorine-modified copper catalytic system has been developed but 

unfortunately with very low yield of ethylene was obtained (Figure 1.12a).39 Immediately after 

that 4H-Cu@Au (FCC) core-shell hetero-phase were designed for electrocatalytic system for 

CO2 to C2H4 conversion and slight increment (Faradaic efficiency: 50%) was seen (Figure 

1.12b).40 Further improvement of selectivity (FE: 72%) was spotted upon investigating the 

influence of a library of molecules, derived by electro-dimerization of arylpyridiniums41 

adsorbed on copper (Figure 1.12c, and 1.12d).42 Moreover, the selectivity was improved 

recently up to 87% by polyamine-incorporated Cu electrode in KOH medium (Figure 1.12e).43 

Only Cu was investigated by introducing grain boundaries, facets, dopants and controlling 

morphologies and oxidation states to stabilise desired intermediates for ethylene production.42 

 

Figure 1.12. (a) A proposed reaction mechanism for the CO2RR to C2H4 on F-incorporated Cu 

surface. Purple, potassium; blue, fluorine; red, oxygen; grey, carbon; white, hydrogen 

(reproduced with permission from ref. 39). (b) Epitaxial Growth of hetero-phase 

4H/fcc Au@Cu Core–Shell NR under Room Temperature (R.T.), and electrochemical CO2RR 

on 4H/fcc Au@Cu NRCO2RR performance in liquid-electrolyte flow cells (reproduced with 

permission from ref. 40). (c) FE of ethylene on Cu and Cu–12 using CO2-saturated 1 M KHCO3 

as the supporting electrolyte. (d) FEs of CO and ethylene on Cu and Cu–12 at the applied 

potential range of −0.47 V to −0.84 V. The error bars for FE uncertainty represent one standard 

deviation based on three independent samples (reproduced with permission from ref. 42). (e) 

Preparation of the Cu–polymer catalyst. Schematic illustration of polymer and Cu co-

electroplating on the GDL (reproduced with permission from ref. 43). 
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 Unfortunately, such step wise development on increasing efficiency and selectivity for 

C2H4 or multi-carbon product formation is not started yet in the field of PCR. Although only 

few scattered reports are available in literature but a common similarity can be seen among 

them. Like electrochemical method here also Cu can be seen as C2 products generating 

element. Along with this, Bi based catalysts are also fond as excellent C2 product forming 

candidate. Interestingly, unlike Fischer−Tropsch (FT) synthesis, Ru, Ni, Co, or Fe are not found 

as appealing candidate in exhibiting C-C coupling reaction although CO was regarded as 

unavoidable intermediate of C-C coupling process in CO2 reduction reaction also. That may be 

because hydrocarbon or liquid fuel synthesis by the FT process does not happen via PCET 

method, where the potential required for electron transfer is an essential governing factor along 

with catalyst-adsorbent binding energy. However, handful of reports is seen to produce C2 

products by Ti and In-based photocatalysts. Here worth mentioning the fact that Ti-based 

catalyst is none other than TiO2. The approach of introducing dopant, co-catalyst and 

heterostructure with TiO2 succeeded in achieving C2 products up to certain extent. Multi-wall 

carbon nanotube-supported TiO2 catalyses CO2 to ethanol production with 69.7% selectivity.44 

Later, upon Rh doping in TiO2 the selectivity has altered from ethanol to acetaldehyde, which 

means the process has modified from 12 electron transfer process to 10 electron transfer 

process. Moreover, the selectivity has also increased up to 69.7%.45 The acetaldehyde 

selectivity was further improved up to 100% upon replacing Rh co-catalyst with Ni and 

introducing O vacancies in TiO2.
46 Pure Ni/TiO2 has exhibited the formation of methanol and 

acetaldehyde. However, introducing oxygen vacancies in Ni/TiO2 (black TiO2) provided 

acetaldehyde as a single product. Therefore, not only dual metal active sites but also the 

optimum adsorption energy of each active site with CO2 or intermediates is crucial for 

achieving single C2 product. In this case, only change of metal co-catalyst cannot provide 

selective CH3CHO because the reduction potential of CH3OH (E0 = -0.36 V) and CH3CHO (E0 

= -0.38 V) are very similar (Figure 1.13a, and 1.13b). Interestingly, complete reduction of 

C2HyO into C2H4 or C2H6 was seen upon changing metal co-catalyst because these 

hydrocarbons formed at relatively lower potentials (E0(C2H4) = - 0.24 V, E0(C2H4) = -0.28 V). 

Upon Pd incorporation in TiO2, the CO2 reduction has continued up to C2H6 but the selectivity 

was only 6.4%.47 The selectivity was further improved to 7% upon addition of PdAu bimetallic 

NP in TiO2. Although the selectivity of C2H6 has not improved significantly, but 7% C2H4 has 

also been detected.48 Therefore, 14% hydrocarbon selectivity was observed. Switching the 

bimetallic co-catalyst from PdAu to PtCu has exhibited 14.3% C2H6 and 7.1 % C2H4.
49 Further 
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improvement (27% C2H6) was seen upon addition of only Au nano particle on TiO2. Here C-C 

coupling process as function of light intensity and excitation wavelength was demonstrated. 

C2H6 formation onset light intensity and wavelength (l) were shown to be 330 mW/cm2 and 

490 nm (Figure 1.14).50 Similar progression was seen in the case of Bi-based catalysts. 

However, the progression is arbitrary and scattered. This means that improvement of one Bi-

based catalyst based on the drawbacks or limitations of previous studies was not attempted. 

Instead knowing the fact that Bi-based compounds will be catalytically active, several Bi-based 

compounds were designed, and obviously, some successful multi carbon product was obtained. 

Here a history of this research was discussed to highlight the common features of C2 producing 

Bi based catalysts. An interesting fact about all these catalysts is that methanol has been 

generated as a side product of the PCR process. However, in some cases, methane was also 

detected. The recent experiments with BiOCl and Pt, N co-doped BiOCl, have exhibited 48% 

and 41% ethanol selectivity.51-52 However, the advancement and follow-up studies were done 

mainly with tree ternary Bi-based metal oxides (TBBMO), namely BiVO4, Bi2WO6, and 

Bi2MoO6.
53-55 The ethanol selectivity has increased upon introducing a second material in these 

active catalysts. For example, introducing graphene oxide layers or MoS2 into Bi2WO6 has 

improved the ethanol selectivity up to 57%.56 On the other hand, Bi loading on Bi2MoO6 

generated exhibited only 42.5% ethanol selectivity.57 Hence, it is observed that dual component 

catalysts have improved the selectivity compared to single catalysts. However, the reasons for 

such increment are not common for all the catalysts. Moreover, it’s better to say that the reason 

behind such increment was not clear. It is a well-accepted fact that Bi is the active site. 

However, the role of 2nd metal, such as Mo, W or V in TBBMO was not understood clearly. 

 

Figure 1.13. (a) Change of band-edge positions upon introduction of oxygen vacancy. (b) 

Schematic illustration of PCR mechanism of Ni/oxygen deficient black TiO2 (reproduced with 

permission from ref. 46). 



Introduction  Chapter 1 

 

19 

 

Figure 1.14. Mechanism for plasmon-assisted CO2 reduction to C1 and C2 hydrocarbons. 

(a) Hot-electron-transfer process at the interface of Au and CO2; adsorption of free 

CO2 molecule onto an Au surface promotes hybridization of its electronic states with those of 

Au, narrowing its frontier orbitals and creating a reduced HOMO′–LUMO′ gap. CW 

illumination in the presence of the electron donor cathodically charges an Au NP, resulting in 

a Fermi–Dirac distribution with a raised (quasi) Fermi level, EF′, at steady state. The EF′ 

depends on the photon energy and light intensity. A higher EF′ favors a higher rate at which hot 

electrons are transferred to adsorbed CO2 molecules. (b) the plasmonic excitation of Au NPs 

causes a hot electron to be transferred to adsorbed CO2 to form a radical ion intermediate, 

CO2
•– (or its hydrogenated form). After this rate-determining step (RDS for C1 generation), the 

formed CO2
•– (or its hydrogenated form) proceeds through a cascade of hot-electron- and 

proton-transfer steps to result in CH4 generation. (c) When the hot-electron-transfer rate is large 

(e.g., at high light intensity under interband excitation), more than one electron transfer can 

take place within the surface residence time of adsorbed CO2, resulting in the simultaneous 

activation of two CO2 adsorbates (RDS for C2 generation). The formed CO2
•– intermediate pair 

can undergo C–C coupling. Subsequent transfer of a series of hot electrons and protons results 

in the formation of C2H6 (reproduced with permission from ref. 50). 

Some spectroscopic and isotope levelling study can unwrap the fact. Therefore, this 

approach should be implemented for future investigation of intermediates via in-situ 

spectroscopic (mainly in-situ Raman and EXAFS) analysis and DFT calculations. Hence, the 

bottleneck of these systems is poor understanding of the governing factors like reaction process 

and role of individual components in the catalyst. Unlike Ti and Bi, Sn and In also exhibit 

similar behaviour (oxidation state and electronegativity; Ti: 1.54, In: 1.78, Sn: 1.96, Bi: 2.02). 

On top of that, In, Sn, and Bi share diagonal relationship. Therefore, the C-C coupling process 

was also observed in case of Sn and In-based catalysts. However, with pure In2S3, CO and H2 

evolution were observed. Interestingly, the C-C coupling process has initiated upon C-insertion  
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Figure 1.15. (a) Performance comparison of C-In2S3 and In2S3 under UV-visible light at 150 

°C for 5 h (reproduced with permission from ref. 58). (b) Comparative solar fuel formation rate 

and quantum efficiency of C-SnS2, SnS2, and commercial SnS2 under a visible light source 

(300 W halogen lamp) (reproduced with permission from ref. 59). 

in the In2S3 lattice. Therefore, C2H4 and C2H6 both were detected, and 50% C2H4 

selectivity was seen (Figure 1.15a).58 Similarly, CH3CHO production has improved 140 times 

upon C-insertion in SnS2 lattice (Figure 1.15b).59 However, the similar approach of C-doping 

in SnO2 did not perform C-C coupling reaction. Only HER was suppressed, but product 

remained CO and CH4. 
60 Contextually, SnO2 or doped SnO2-based catalysts mainly performed 

CO2 to C1 product formation.61-62 However, C incorporated SnO2 catalyst was not explored 

yet. Significantly, metal-free photocatalysts are increasing in recent years for low-cost higher 

gas adsorption and flexible synthetic approach toward desirable morphologies. This class of 

materials includes polymers, covalent organic frameworks, and porous organic polymers. 

Although most of them are C1-producing catalysts, a recent study found acetaldehyde 

formation by polymeric carbon nitride (PCN) catalyst, where selectivity was shown to improve 

from 49.5% to 98.3% upon modifying PCN. Gibbs free energy calculation depicted that the 

formation of CHO* intermediate on HCN-A surface is exothermic (Figure 1.16a). In contrast, 

the formation of CO* is endothermic, leading to favourable OC-CHO* formation (Figure 

1.16b). Due to high energy barrier of acetaldehyde to ethanol formation, further oxidation has 

not happened (Figure 1.16c). Unfortunately, the reason behind favourable CHO* stabilization 

followed by C-C coupling on PCN catalyst surface (Figure 1.16d) and C1 selectivity for other 

similar metal-free catalyst was not rectified.63 The multistep reaction process and complex 

reaction kinetics are bottlenecks of this process. However, the thermodynamics of CO2 to C2 

formation reaction has been explored up to a reliable extent. Hence, catalyst design strategies 

for overcoming kinetic barriers and optimizing the parameters influencing C1 intermediates 

for participating coupling process toward C2 product formation remain of utmost concern. 
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Figure 1.16.  Calculated free energy diagram for the reduction of CO2 to CH3CHO on the HCN 

and HCN-A catalysts showing (a) stabilization of CHO* species and (b) surface bond 

OCCHO*. (c) High energy barrier of acetaldehyde to ethanol formation. (d) The proposed 

reaction mechanism for the photocatalytic CO2 reduction conversion to CH3CHO. The grey, 

red, and green color spheres denote carbon, oxygen, and hydrogen atoms, respectively 

(reproduced with permission from ref. 63). 

1.5.  Mechanistic Insight 

Proper understanding of reaction mechanisms can open up the black box of selective 

product formation from CRR. Therefore, a tremendous effort has been put together from 

experimental and theoretical point of view. As a result, several studies have repeatedly 

confirmed almost all the C1 products and their reaction process. However, that luxury was not 

enjoyed for C2 products because the number of reports is less to the community. Like all other 

heterogenous catalysis for CO2 reduction the photocatalytic methods also involve multiple 

intermediate complex rection steps where surface adsorbed species showed different reactivity 

based on the catalyst surface. Fortunately, the initial phases of CO2 to C2 product formations 

are similar to C1 product formation. Needless to say, the same C1 intermediates are coupled 

together to generate C2 product. Yet the coupling can happen within two different C1 

intermediates, CO* and CHO*. Majorly the C2 product formation mechanisms can be 

classified into 4 segments. 

A. Chemisorption of CO2 on catalyst surface via electron transfer from the HOMO level 

of catalyst to LUMO of CO2. Upon chemisorption, the LUMO energy of CO2 reduces 

a b c

d
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due to bent structure of CO2. Therefore, it becomes possible to break stronger C=O 

(Bond energy:750 KJ/mol) bond of CO2.
64  

B. PCET on chemisorb CO2 to form COOH* which is the first C1 intermediate.  

C. Coupling of two C1 intermediates to form C2 intermediate. This is the most crucial step 

for obtaining higher carbonaceous CxHyOz. This segment infers whether C2 products 

will form or not. 

D. Desorption of C2 intermediates from the catalyst surface based on the thermodynamics 

and kinetics of proton and electron transfer to the C2 intermediate. This step decides 

the selectivity of C2 products. 

Binding of CO2 on catalyst surface: CO2 can bind on catalyst surface by three 

different ways. I) C adsorbed species by accepting the electrons from catalyst surface(O-C*-

O) (Figure 1.17a).  II) O adsorbing species by donating the electron to catalyst surface (O*-C-

O*) (Figure 1.17b) and III) mix C and O adsorbed species (Figure 1.17c). It was reported that 

O-C*-O has proceeded through the formation of COO· radical and favours CO formation along 

with several other products, including C2.65 On the other hand, the O*-C-O* species was 

supposed to produce formate anion (HCOO-) upon C protonation which can provide only 

HCOOH.64 Contextually, another thorough examination shows “C” and “O” site of CO2 

adsorption is favourable on Cu and Ag surface, respectively (Figure 1.17d).66 Interestingly, 

Cu is known for producing C2 and several other products from CRR and Ag as CO and 

HCOOH producing elements. Therefore, based on these adsorption criteria, product selectivity 

can be predicted. 

 

Figure 1.17. Possible structure of chemisorbed CO2 on the surface of electrocatalysts (a-c) 

(reproduced with permission from ref. 65). (d) Overview of CO2 surface adsorptions on Cu 

and Ag surfaces (reproduced with permission from ref. 66).  

a b

c

d
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Responsible C1 intermediates: It has been well explored that the C1 intermediates 

(C1*) or C1 products can undergo further reaction procedures for generating multi-carbon 

products.67 However, it is important to know about the fact that whether C1 intermediates 

(C1*), C1 product molecules or both C1* and C1 are participating in C-C coupling reactions. 

For example, CO (product) insertion in CO*, CH2* and CH3CHO* gives acetate, glyoxal and 

n-propanol. Therefore, reacting species are crucial for tuning selectivity (Figure 1.18).68 Based 

on the previous reports, a few crucial intermediates and their coupling behaviour are presented 

here. In this context, CO*-CO*, CO*-COH*, CO*-CHO*, CO*-CHx*, COOH*-COOH* 

CH3*-CH3* (methyl radical pathway), COH*-COH* (glyoxal pathway) coupling are reported 

as the first key step for promotion of a C1 intermediate to C2 intermediate.42, 65, 69  

Selective C2 product from C2 intermediates: The difficulties of C2 product 

formation were discussed earlier. Among several multi-carbon products, one particular C2 

product formation is even more difficult. Once the C2 intermediates are formed, there are 

possibilities for hydrocarbon formations by complete reduction. However, based on the 

interaction between catalyst surface and intermediates on, particular oxygenated species can 

desorb from the system (Figure 1.19). For example, CH2-CHO* species can undergo “C” 

protonation and form C2H4. On the other hand, upon “O” protonation, it will convert to 

acetaldehyde (Figure 1.19a). Similarly, CH3-CH2O* species can form ethane and ethanol upon 

“C” or “O” protonation (Figure 1.19b). Here, the stability of surface and oxygen bond will 

decide whether surface-O bond will get cleave to promote oxygenated C2 products or O-C 

bond cleave will lead to the production of hydrocarbons.  

 

Figure 1.18. Most possible C2 and C3 pathways starting from *CO on Cu surfaces. Green, blue, 

and red routes are for trace, minor, and major C2 products. Gray routes are for C1 product. 

Dashed arrows indicate the multiple consecutive electron/proton transfer steps. 
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Figure 1.19. (a) Obtaining acetaldehyde and ethylene from sample intermediate upon “O” and 

“C” protonation. (b) Similarly, from same intermediate ethanol and ethane can be formed.  

Interestingly, COCOH* (Figure 1.20) is also common intermediate for acetic acid. 

After the formation of CO-CO* intermediate, the reaction propagates towards CO-COH* 

(Figure 20a) intermediate, which upon water desorption generates C2O* and finally forms 

acetic acid through ethenone formation (Figure 1.20b).70-71  

 

Figure 1.20. (a) Acetic acid formation mechanism on asymmetric Zn2GeO4 surface by 

photocatalytic route (reproduced with permission from ref. 70). (b) Acetic acid formation by 

two-dimensional Cu sheet via electrochemical route (reproduced with permission from ref. 71). 

CO

+ H2O

CH3COOH

Alcohols

a

b



Introduction  Chapter 1 

 

25 

In this context, it is important to note the fact that photo-reduced products like ethanol 

or acetaldehyde can further undergo photo-oxidation by photogenerated holes in the valence 

band and produce acetic acid. Therefore, the photo-oxidation potential of products and the 

valence band position of catalyst is also very crucial for getting selective C2 product. Hence it 

is clear that a small variation in reaction condition can change the selectivity despite 

implementation of the same catalyst. In this context, the thermodynamic stability and Gibbs 

free energy of transition state determine the dominance of one particular pathway over others. 

Therefore, the catalyst surface engineering can alter the reaction pathway, which leads to the 

alteration of product. Hence, while engineering the catalyst surface, the identification of 

generated intermediates is crucial. Since these species are born during reaction; it is necessary 

to identify them in operando conditions by adopting in-situ spectroscopic techniques. 

1.6.  Techniques for probing CRR 

Ultrafast response capacity and sensitivity of some spectroscopic techniques can 

efficiently map short-lived reaction intermediates during the progression of reaction. Surface 

modification and reconstruction is a common phenomenon during catalysis. Therefore, it will 

definitely impact reactivity and selectivity. Hence in-situ monitoring of catalyst surface is also 

important by in-situ XPS, XAS and XRD (Figure 1.21a).72 In-situ scanning fluorescence X-

ray microscopy (SFXM) and environmental transmission electron microscopy (TEM) was 

exploited to examine active facet of Cu2O. This study indicated (110) plane of Cu2O is 

responsible for methanol formation, whereas (100) plane is inert (Figure 1.21b).6  

 

Figure 1.21. (a) In-situ techniques for understanding catalyst surface, intermediates and 

products (reproduced with permission from ref. 72). (b) Schematic of In-situ environmental 

TEM used for understanding active face of Cu2O for CO2 to methanol formation (reproduced 

with permission from ref. 6).  

a
b
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In-situ Diffuse reflectance Infra-red Fourier Transform Spectroscopy (DRIFTS) has 

been widely used to unwrap the intermediates. The important C1 intermediate species was 

observed from DRIFTS, and its transformation was well connected with the final products. For 

example, the formation OCH3* eventually led to the formation of methanol or methane. 

Moreover, the evolution of IR stretching band corresponding to C-H hints at methane 

formation. On the other hand, such increment of C-Hstr.bands was not observed in case of 

methanol formation.73 Similarly, the absence of CHO* and OCH3* bands clearly rule out the 

possibilities of methane, methanol or formaldehyde formation. However, COOH* and CO* are 

the first two intermediate species which generates HCOO- and CO upon desorption. This 

common procedure is well established and accepted by the scientific community. However, the 

real challenges start in detecting the C2 intermediates because the stretching or bending modes 

for C1 or C2 species are similar.  

For example, deconvolution of OCH3* (responsible for methane and methanol) and 

CH3-OCH2* (translates to ethane and ethanol) stretching bands is difficult because the C-O 

starting frequencies were probed here and for both the case it will arise in between 1050 cm-1 

to 1100 cm-1. Similar problem was encountered for C-H stretching bands when the reaction 

proceeds through carbide mechanism and CHx*-CHx* coupling happens. Recently few 

representative exclusive species were detected, which can provide direct evidence for the 

occurrence of C-C coupling reaction. The asymmetric stretching vibrations of C–C–O at 1038 

cm-1 and for CHO-CO* at 917 cm-1 evolved with irradiation time on H-CN catalyst surface. 

The origin of this species was from CO* and CHO* coupling, where the appearance of CO* 

and CHO* were confirmed from the same DRIFT study.63 Another finding was COO-COO* 

intermediate at 1307 cm-1 towards the formation of acetic acid.74 Similar oxalate peak was 

reported earlier during oxalate decarboxylase reaction monitoring.75 Here, the bottleneck of 

this study is the concentration of intermediate species and sensitivity of the techniques. 

Therefore, often misjudgement of intermediate was found in literature. Hence, other 

spectroscopic support is always beneficial. Nevertheless, it is worth mentioning the fact that 

in-situ DRIFTS was majorly explored for intermediate specs detection during PCR. Another 

exciting technique is in-situ Raman spectroscopy. Although this technique was often used 

during electrochemical CO2 reduction, very few reports were found in the field of 

photocatalysis because the light irradiation during CO2 reduction interferes with the Raman 

scattering. Except few plasmonic photo catalysts (surface plasmon resonance), the intensity of 

inelastic light scattering becomes less. C2, C3 intermediates).  
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Figure 1.22. (a) Top panel shows a schematic of the single-NP-level SERS spectroscopy set-

up used for probing CO2 photochemistry on a Ag NP in water, i.e., H2O(1). The Ag NP was 

immobilized inside a microfluidic cell placed in an inverted optical microscope and subject to 

continuous-wave focused laser excitation. Raman scattering was continuously collected using 

a ×60 objective. The bottom panel shows a representative dark-field scattering image of the 

substrate coated with spatially resolvable Ag NP emitters. Representative spectrograms 

showing time series of in situ SERS spectra acquired from an individual Ag NP scatterer 

in (b) CO2-untreated H2O(1), and (c) CO2-saturated H2O(1). The SERS intensity is coded by the 

color, as indicated by the legend. (d) Spectral slice, corresponding to t = 0.2 s, from the plot 

in Figure 1.22b shows the lack of any vibrational modes. Spectral slices, corresponding 

to t = 0.6, 0.8, and 1.0 s from the plot in Figure 1.22c show the spectral dynamics taking place 

in the presence of CO2-saturated H2O(1) under LSPR excitation (reproduced with permission 

from ref. 76). 

The luxury of Surface Enhanced Raman Spectroscopy (SERS) can be availed for 

plasmonic photocatalyst. Silver NPs responded during the SERS experiment (Figure 1.22a).76 

Spectral evolution was found upon treating the micro fluidic in-situ reaction cell with CO2 

(Figure 1.22b-d). Very interestingly, C2 (acetic acid, acetone) and C2+ (butanol) products 

were obtained. The torsion, symmetric stretching, asymmetric stretching, and bending mode of 

an array of surface species, including C1, were detected. The best part of this study was 

predetermination of peak position of these species from DFT calculation and validation of those 

peaks from experimental findings, which rules out the possibility of misjudgement. The other 

importance of this technique is the region of interest. In DRIFTS, the focus generally remains 

on the region more than 1000 cm-1. However, in case of SERS the information can be extracted 

from 300 cm-1. Therefore, to get the benefit of such technique, a pseudo-in-situ Raman method 

can be tried to gather information where the Raman spectra can be captured immediately after 

light irradiation instead of complete operando operation. The knowledge of intermates and 

behaviour of catalyst surface under light illumination can be used for catalyst engineering. 

Hence, catalyst design is the major tool for selectivity and efficiency of the process.  
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1.7.  Catalyst design for C1 and C2 products 

Visible light-harvesting semiconductor materials are the potential candidate as a 

photocatalyst. Among different classes of catalysts metal oxide and chalcogenide-based 

semiconductor, and metal organic framework has been exploited most. Other classes of 

catalysts are covalent organic framework (COF), Porous organic polymer (POP), halide 

perovskite and single atom catalyst. Better catalytic efficiency was obtained with modified 

pristine catalyst. Introduction of doping, defects, vacancies can tune electronic properties as 

well as gas adsorption capabilities. Hetero-structuring, strain modulation, and organic-

inorganic hybrid structure formation can also help in achieving targeted product with good 

turnover number (TON). A brief discussion of these strategies is given below.  

Surface engineering: An advantage for semiconductor materials is that their electronic 

and catalytic properties can be tunable by using various types of chemical modifications, such 

as doping, defects, strain engineering and alloying etc.77 In case of bulk materials, the dopants 

are mostly trapped inside the structure. However, in the case of the nanomaterial, dopants are 

mostly on the surface, so there is an eminent possibility of influencing the photocatalytic 

reaction. Doping a material with suitable metallic and non-metallic elements leads to the 

enhancement of the photocatalytic activity to either increase the light absorption or tune the 

electron density.78-80 For metal doping, the doped metal will introduce a trap state within the 

band gap that enhances the visible light response (VLR). However, nonmetal doping creates a 

band near the valance band that reduces the band gap and can enhance the VLR. The demand 

for higher electron availability for C2 products formation may sometimes require constructing 

hetero-junction with different materials. It was recently demonstrated that In doped TiO2/g-

C3N4 produces considerable amount of C2H4 under UV-Vis light. However, under visible light 

C2H4 has not formed. The lack of adequate electron availability hinders C2H4 formation process 

because TiO2 cannot harvest visible light.81 Doping can be introduced in g-C3N4 to generate a 

versatile photocatalyst. Recently, it has been demonstrated that Zn doped g-C3N4 is used for 

photocatalytic methane conversion where CO2 is used as the soft oxidant.81 It is found that the 

Zn-N bonds could serve as electron channels, accelerating the charge separation inside g-C3N4 

and enabling rapid electron transfer from g-C3N4 to surface photo-deposited Ru cocatalyst. 

This unique behaviour changes the photocatalytic pathway and promotes the formation of 

CH3CHO and CH3CH2OH demonstrated by in-situ Infra-red spectroscopy. Defects are 

sometimes responsible for the mid-gap or trap states, which can localize the respective 

electrons an holes, decreasing the recombination probability and overcoming the multiple 
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proton coupled electron transfer barrier.82 For example, Pt sensitized graphene-wrapped defect 

induced blue TiO2 in presence become visible light active compared to pure TiO2 (Figure 

1.23a).83 It has been observed the defective blue TiO2 consist of Ti3+ which generates a mid-

gap state that can localize the electrons transferred to absorbed CO2 (Figure 1.23b), mapped 

by Transient Absorption Spectroscopy (TAS). The graphene acts as the hole acceptor, and 

further, it stabilizes the CH3
· radical and promotes CH3

·, CH3
· coupling, which leads to the 

formation of ethane (14 e- + 14 H+) (Figure 1.23c).  

As catalysis is a surface phenomenon, surface defects play an important role. For 

example, the presence of oxygen vacancy (Vo) helps not only absorption of CO2 but also the 

presence of Vo responsible for mid-band gap states, sometimes leading to the formation of dual 

active metal sites responsible for C-C coupling, leading to the multielectron CO2-reduced 

products.46, 84 Catalyst containing alkali metal dopants is often attributed to diminution of the 

work function of the catalyst. Na+-promoted Co NPs coated by thin carbon layer (Na-Co@C) 

were used as photo-thermo-catalyst in the light-assisted CO2 hydrogenation. The temperature-

induced methane selectivity was altered to C2 hydrocarbons and ethanol by addition of Na+ 

along with the assistance of light. Na+ helped in stabilizing CO* intermediate for C-C coupling 

reaction.85  In photocatalysis, the defects are sometimes detrimental and usually avoided, but 

sometimes they play an active role in charge separation and mediating rate limited catalytic 

state. It will be necessary to go beyond current doping strategies and learn to control sub-

bandgap states using defect–defect and defect–polaron interactions.  

Metal Free catalyst: Since metal-free catalysts are in-expensive and non-toxic in nature, 

it has a massive demand for photocatalysis. However, only a few reports are found in this 

category. 

 

Figure 1.23. Schematic illustration showing photocatalytic CO2 reduction activity over (a) P25 

NPS, with sequential transformation of hydrocarbon product selectivity, over (b) Pt-sensitized 

reduced blue titania (RBT), and (c) Pt-sensitized graphene-wrapped RBT (reproduced with 

permission from ref. 83). 

a b c
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Rational design of redox-active conjugated microporous polymer (CMP) was employed 

comprising electron donating tris (4-ethynylphenyl) amine (TPA) and electron-accepting 

phenanthraquinone (PQ). This metal-free TAPA-PQ unit showed intra molecular electron 

transfer derives visible-light induce CO2 to methane formation with extra ordinary yield (2.15 

mmol h–1 g–1).86 Unfortunately, not much information regarding generalized concept of this 

class of catalysis was not known, and this class of catalysts are not stable for long-term 

operations. Hence, designing an inorganic-organic hybrid catalyst can offer stability, efficiency 

and selectivity. 

Organic-inorganic hybrid catalyst: Organic counterpart in this short class of 

materials help as a photosensitizer by pushing the electrons in ground-state or excited-state 

conditions, thereby increasing local electron density near the active sites. It also wraps the 

catalyst and provides extra stability from environmental corrosion. Halide perovskites are 

champion material for light harvesting but suffer from moisture sensitivity. Hence, by 

designing Core@Shell CsPbBr3@Zeolitic Imidazolate framework (ZIF-67), CsPbBr3 can be 

stabilized and employed for CO2 photoreduction in gas-phase reactor. This nano-composite not 

only showed extra stability but also absorbed more visible light with less charge recombination 

tendency. As a result of which, the activity has increased from 11 µmol g-1h-1 to 29 µmol g-1h-

1 just by switching the catalyst from pure CsPbBr3 to CsPbBr3@ZIF-67 nano-composite.87 It is 

evident that complex catalyst design has offered better CO2 reduction efficiency. Therefore 

muti-component catalysts were investigated for PCR.  

Multi-component catalyst: Instead of using only inorganic semiconductors and one 

organic support, an array of semiconductor-molecular catalysts p-n junction was developed for 

photo-electrocatalytic CO2 to HCOO- production. Photo-anode was prepared by coating NiO 

on GaN coated Si electrode. After that Ru and Zr based molecular assembly was attached to it 

(Figure 1.24).88 The electron transfer mechanism in such systems is complicated and needs to 

be understood for designing such assembly.    

1.8.  Electron transfer mechanism 

The journey of photo-generated electrons from light absorbing material to CO2 is one 

of the keys to determining the fact of the process because its availability, loss, and position 

determine the efficiency of the process and selectivity of the yield. For single component 

system, it is straightforward. However, for multi-component systems it happens through Z-

scheme or type-II mechanism. In Z-scheme process, photo-generated holes of one 

semiconductor are annihilated by the excited electrons of another semiconductor.  
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Figure 1.24. Layer-by-layer molecular p–n-junction assembly formed by Zr(iv)-phosphonate 

bridging. The NPhN, Ru(CP)2 
2+, RuCt and zirconium bridges are shown in green, yellow, red 

and blue, respectively, in the integrated photocathode structure. n-GaN nanowires on the silicon 

substrate with the surface-immobilized molecular assemblies are also shown here (reproduced 

with permission from ref. 87). 

Therefore, another set of excited electrons and holes stabilizes in two different 

semiconductors’ conduction band (CB) and valence band (VB), respectively (Figure 1.25b). 

On the other hand, during type-II process, electrons move from one semiconductor’s CB to 

another CB, and holes migrate opposite to electrons' movement in VB. Here electron migration 

happens from higher energy CB to lower energy CB, and hole migration is opposite of electron 

migration (Figure 1.25a).89 Another interesting process is relay electron transfer. This happens 

when there are more than two compartments in the catalytic assembly. The system depicted in 

Figure 1.24 follows similar electron transfer pathway. Excited electrons of Si travel to NPhN 

electron acceptor via GaN. Then this electron annihilated photo generated hole of Ru(CP)2
2+ 

(Figure 1.26a). Therefore, the excited electrons of Ru(CP)2
2+ stabilise in its LUMO level. This 

electron travels to RuCt via Zr bridge and finally reduces CO2 to formate (Figure 1.26b).88 

Please note that simultaneous two-photon excitation occurs in this catalytic process. Transient 

absorption spectroscopy (TAS) and time-resolved photoluminescence spectroscopy (TRPL) 

can help understand such complex reaction pathways.   
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Figure 1.25. Schematic representation of type-II (a), and Z-scheme (b) process of electron 

transfer for CO2 reduction. 

 

Figure 1.26. (a) Redox-potential diagram illustrating the relative energy levels (E), with red 

arrows showing the direction of photoinduced electron transfer. (b) Photoinduced electron 

transfer steps towards CO2 reduction. Locations of photogenerated electron and hole centres 

are highlighted in yellow and pink, respectively. The red arrows illustrate the intra-assembly 

electron transfer. The pink arrow shows the interfacial hole transfer. Steps (1)–(4) represent 

light excitation, formation of the redox-separated state, reduction of CO2 and regeneration of 

the initial state, respectively (reproduced with permission from ref. 87).  

1.9.   Computational chemistry catalysts design  

The development of accurate computational algorithms with the augmentation of 

powerful computational resources played an important role in accelerating the progress in the 

field of catalyst design.90-91 Computational catalyst design is a critical and emerging field as it 
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reduces time and cost due to its predictive nature and inspires new directions for experimental 

efforts. In the literature, Density functional theory (DFT) calculation with microkinetic 

modelling is one of the extensively addressed methods for designing efficient catalysts. This 

method enables direct investigation of mechanistic pathways, reaction kinetics, and 

identification of active sites on the atomistic scale. Achieving good activity with selectivity is 

the crux of catalyst design and understanding the reaction kinetics is central to modulating it. 

In the literature, there are several examples where the kinetics of various catalytic reactions 

have been modelled successfully based on DFT calculations and microkinetic modelling.92-95 

Hussain et al.96 showed that calculated rates for electrocatalytic CO2 reduction over Cu, Pt, Au, 

Ag, Ni, Rh, Ir, and Fe electrode, obtained using a combination of density functional and 

microkinetic, are in close agreement with the experimental data on the formation of the various 

products over a range of applied potential. These are essential benchmarks showing the 

applicability of the theoretical methods. Therefore, the help of Gibbs's free energy calculation 

for CO2 reduction can also be exploited for photocatalysis.  

However, those catalysts don’t follow a similar mechanistic procedure resulting in 

different efficiency and selectivity. The efficiency of a photocatalytic conversion generally 

depends on the light absorption range, charge carrier separation, adsorption capacity for the 

reactant molecules, and finally desorption rate of the product. Therefore, the choice of catalysts 

is also different. For example, vacancy-induced product tunability is much common in case of 

photocatalysis in comparison with electrocatalysis and such observations were carefully 

studied from DFT. The stabilization of CHO* intermediate on sulphur deficient CuIn5S8 (Vs-

CIS) surface compared to pure CuIn5S8 (CIS) was mapped from Gibbs free energy calculation. 

As a consequence of better CHO* stabilization, gaseous CO desorption was not observed in 

case of Vs-CIS, resulting 100% methane selectivity.36 In this thesis, computational chemistry 

has been efficiently used to design and explain efficient photocatalysts for selective C1, and 

multi-carbon products.  

The photocatalytic CO2 conversion into high-energy-density C2 products is challenging, 

while several reported electrocatalysts showed the reduction of CO2 to C2 products. This is 

more likely due to the low efficiency of multielectron transfer from semiconductor catalysts, 

excited under illumination, compared to the electrochemical counterpart that provides adequate 

electron density to reduce CO2 under bias voltage.97-98 Few reports in the literature showed the 

photocatalytic conversion of CO2 to C2 products.99-102 These reports suggested the presence of 

asymmetric charge density on neighbouring atoms of the photocatalysts as the main factor for 
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C-C coupling. Using DFT computation, Sheng et al.103 showed that the presence of a mixed-

valence state of Cu, i.e. Cu(I) and Cu(II), in copper oxide photocatalysts favours C-C coupling.  

CO* adsorption energy is significantly higher on CuO/Cu2O surface than pure Cu2O. On 

the other hand, the change of Gibbs free energy (G) for the formation CO*-CO* coupling is 

far smaller in case of CuO/Cu2O compared to pure Cu2O (111) surface (Figures 1.27a, and 

1.27b). Hence feasibility of the C-C coupling process on charge polarise surface can be 

understood from the analysis of rate-determining steps from DFT calculation. In case of 

symmetric charge distribution around the adjacent atoms, it brings out the same charge density 

on the C-atom of the neighbouring intermediates like CO*, CHO* or COOH* formed during 

the reduction process. This similar charge distribution induces strong dipole−dipole repulsion 

causing a high kinetic barrier for C−C coupling that hinders the C2 product formation. So, 

charge polarization is an essential descriptor for C-C coupling. 

Beginning from the Sabatier principle, the descriptor-based investigation has been 

critical in understanding the designing principles of various catalysts. For electrochemical C-

C coupling, several descriptors are discussed in the literature like charge polarization, the 

position of the d-band centre, structure and composition of the catalysts, applied potential, etc. 

In this regard, computational chemistry has been an excellent tool for high throughput 

screening to optimize these descriptors (Figure 1.28). The adsorption energies of reaction 

intermediates are another important descriptor for product selectivity, and volcano plots based 

on scaling-relations104 and (Brønsted−Evans−Polanyi) BEP relations105 of these descriptors 

have been vastly used to model catalysts with good activity and selectivity.106-109 

 

Figure 1.27. (a) The ball-and-stick structural models of the theoretical calculations of the 

adsorption energy of *CO on pristine Cu2O and Cu2O@CuO. (b) First-principles calculations 

of the C−C coupling step for Cu2O and Cu2O@CuO. Color code: Cu, pink; O, red; C, gray 

(reproduced with permission from ref. 101). 
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Figure 1.28. Schematic representation of theoretical analysis from known database to unknown 

CO2 photo-reduction process.  

The descriptor-based approach is not well discussed for photocatalysis as its 

mechanistic pathway and the dynamics of photo excitons are not very well understood. Time-

dependent DFT (TD-DFT)110 and non-adiabatic excited-state molecular dynamics (NAMD) 

are often used to study the excited state properties and to model the light-induced dynamics of 

the photo-excitons.111 Using these non-trivial quantum mechanical methods in combination 

with conventional DFT, one can dig up various descriptors for selective C-C coupling to get 

multi-carbon products. TD-DFT has been successfully applied to the photochemistry of organic 

molecules.112-114 Still, the problem with such DFT-based methods is attributed to the lack of 

double and higher excitations and the accuracy of the strongly correlated system.111 Some 

auxiliary theories tackle these problems with standard DFT, such as the Hubbard U parameter 

used for the strongly correlated system.115 

An alternative to TD-DFT is Green’s functions116 with the Bethe-Salpeter117 equation 

that can give comparably accurate results.118 It is important to note here that, due to the 

approximate nature of these computational approaches, one cannot rely entirely on these 

methods to understand the complex mechanism of PCR. Instead, studies should be performed 

both at the computational and experimental levels to gain a deeper understanding of the 

reaction mechanism. The synergy between these complementary approaches, i.e., the 

computational data combined with the evidence of the mechanism obtained from experimental 

spectroscopic studies, can be used to draw a global picture of the possible mechanisms of these 

reactions. 
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1.10.  Scope of the thesis 

CO2 photo reduction is a green and potential field for simultaneously addressing energy 

and environmental issues. A potentially overlooked area is the overestimation of products from 

solvent photolysis, unwashed carbonaceous molecules, and oxidation of organic catalysts by 

photo-generated holes. These pitfalls have been identified, and possible way-out ways are 

described in this thesis. UV- light assisted photolysis of acetonitrile, tritanol amine, triethyl 

amine and ethyl acetate was investigated, and the photolysis phenomenon was cross verified 

by quantifying the oxygen evolution which is regarded as the oxidation counterpart of CO2 

reduction. The discrepancy in mass balance further suggested that all carbonaceous products 

have not been generated from CO2 reduction.119 There have been several scopes of studying 

catalyst engineering, catalyst characterization, product detection, and mechanism 

understanding. After this discussion, it is needless to mention that several new problems are 

still associated with the field of photocatalytic CO2 reduction. Specifically, a significant 

modification can be introduced in metal oxide and sulphide-based semiconductor materials. 

Hetero-structure was reported for photocatalysis. However, strain manipulation upon 

heterostructure formation was not explored before. On top of that, the inherent problem of 

carbide mechanism of CO2 reduction on oxide based semiconductor photocatalysts’ surface 

was demonstrated here for the first time.120 Next, the attempt was introducing oxygen vacancy 

in TiO2 by high-temperature heating. Although this approach is not new but making TiO2 

catalytically active in visible light with the support of secondary semiconductor was introduced 

first time here in this work and adequate amount of methanol was synthesised by adapting this 

strategy.121 Only C1 products were availed by these approaches. However, we have seen the 

importance of C2 products from above discussions. Therefore, the concept of charge 

polarization was utilized in single component and multi-component composite catalysts. Only 

few C-C coupling processes were investigated earlier, but the intermediates are analysed based 

on DRIFTS and DFT. The concept of primary kinetic isotopic effect in studying CO2RR 

mechanism is introduced here. The probability of OCH3-OCH3* coupling reaction was 

rationally established based kinetic isotopic study.122 Charge polarization coupled with hetero-

structure formation can improve selectivity and efficiency synergistically. This phenomenon 

was not unwrapped earlier specially when the hetero-structure forms with porous organic 

polymer and inorganic semiconductor. Record high amount of ethylene was synthesised and 

the all the possible reaction pathway was explored by the help of DFT and DRIFTS. All these 

concepts are discussed in six chapters of this thesis. 
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Summary 

The massive use of fossil fuels has led to a global energy crisis and severe greenhouse effects. 

Therefore, it is of immediate urgency to develop substitute energy resources and reduce the 

emission of CO2. Photocatalytic CO2 reduction is an up-and-coming method to scale up 

renewable energy generation and endorse carbon neutrality under mild conditions. However, 

the efficiency and selectivity of this process are far from satisfactory. Furthermore, using 

organic additives as a reaction mixture or sacrificial agents can affect the total yield, thus 

causing false-positive results. Hence, it is of great significance to identify and eliminate 

photolyze carbonaceous products from the yield. Carbon contaminants in the experiment. 

Mainly, tri-ethanol amine (TEOA), tri-ethyl amine (TEA), ethyl acetate (EAA), and acetonitrile 

(ACN) are used during CO2 photoreduction. The stability of these additives was checked under 

UV and visible light irradiation in presence and absence of light. Two different case study 

(CS1, and CS2) were done with two different catalysts, namely Pt/TiO2@g-C3N4 (CS1) and 

CsPbBr3/BCN (CS2) to understand solvent photolysis behavior. Oxygen quantification was 

done to prove that all the carbonaceous yields are not generated from CO2 reduction because 

O2 generation is the oxidation counterpart of CO2 reduction as per the redox reaction. Finally, 

a guideline was introduced for using different solvents in different light irradiation conditions.  
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2.1  Introduction 

Large-scale combustion of fossil fuels leads to a mammoth deposit of 30 Giga tonnes 

CO2 annually on the earth’s surface and atmosphere.1-2 The utilization of abundant solar energy 

for efficiently converting this anthropogenic CO2 into the form of fuels and chemicals is a green 

solution.3-4 To achieve this, several strategies have been employed. Mainly four factors 

influence the results of photoinduced reduction of CO2: (1) Photocatalyst, (2) Reaction 

medium, (3) Intensity of light source and (4) Design of photocatalytic cell. Among them, the 

conversion of CO2 to a particular product in high yield heavily depends on the photo-catalyst 

and the reaction medium it operates. Apart from the physical conditions like temperature and 

pressure, the chemical media drives the products selectivity and conversion efficiency.5 

Although extensive exploration of several photocatalysts was reported during the past four 

decades, only very few conclusive studies were done on the proper selection of reaction 

medium or solvent.6 The choice of the solvent is extremely crucial in the photocatalysis 

pathway.7  

Since the surge of this research, water has been used as the medium for the conversion 

of CO2.
8 However, it suffers heavily due to the sluggish efficiency of the overall process 

because of the low solubility of CO2 in water.9 The efficient alternative to water should be less 

expensive, have higher solubility of CO2 and should not degrade under light. In addition, 

among several processes involved in photocatalytic reactions, mass transfer of reactants and 

products is one of most important parameters which can be modulated by the wise selection of 

solvents. Acetonitrile, ethyl acetate, aqueous carbonate solutions and aqueous NaOH solution 

have been explored as solvents along with several hole scavengers like triethanol amine 

(TEOA), triethyl amine (TEA) etc.10-13 These organic solvents are not only used for increasing 

solubility of CO2 but also used for performing photo-catalysis with water sensitive samples 

like halide perovskite. However, the solvents can be photoactive and may lead to the 

decomposition of the same under selected conditions (wavelength of the light source, multiple 

combinations of the solvents, temperature, pressure etc.) to one of the CO2-reduced products, 

which can mislead the efficiency of the catalysts and overall process. In this context, it is worth 

mentioning the fact that detecting these pitfalls is of utmost importance because such things 

may mislead the entire photocatalytic CO2 reduction community. Unfortunately, this part is 

overlooked when selecting the solvent as a parameter for improving efficiency.  
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Here we have performed a detailed analysis of solvent photolysis under a wide range 

of light irradiation and introduced a flowchart for solvent selection in different regions of the 

spectrum. For performing this analysis, two composite catalysts were designed. Most 

importantly, validation of these claims was understood from redox equilibria, where O2 

quantification has implicitly indicated that all the products are not coming from CO2 reduction. 

Here, the photo-degrading of BCN moiety in the presence of UV light was also highlighted.  

2.2 Experimental details 

Synthesis 

Chemicals: The following chemicals were used: Titanium dioxide [TiO2, Alfa Aesar], 

melamine [Merck], chloroplatinic acid [H2PtCl6, Sigma Aldrich], lead bromide [PbBr2, Sigma 

Aldrich], caesium bromide [CsBr, Sigma Aldrich], boric acid [SDFCL], urea [SDFL], activated 

charcoal, DMF [Merck], toluene [Merck], hexane [Merck] were purchased from Sigma-

Aldrich and used without further purification. All the chemicals used were commercially 

available and more than 98% pure. They were used without further purification. 

Synthesis of g-C3N4: The porcelain crucible containing some melamine was placed in a muffle 

furnace, and the temperature was raised from room temperature to 600 °C for four h, and then 

cooled down naturally. The ceramic crucible was removed, and its content was grounded into 

powder to obtain the yellow g-C3N4 photocatalyst. 

Synthesis of TiO2@g-C3N4 composite: Commercially available P25-TiO2 and pre-

synthesised g-C3N4 were placed into a beaker. The mass ratio of g-C3N4/TiO2 was maintained 

at 1:1. The raw materials were then added into deionized water, stirred evenly for 30 minutes, 

and ultrasonic mixed for 30 minutes until the powder had completely dispersed. The suspension 

was transferred into a ceramic crucible and heated at 80 °C for 5 h. Then, the ceramic crucible 

was calcined at 400 °C for 2 h in a muffle furnace. After being cooled to indoor temperature, 

the ceramic crucible was removed, and its content grounded into powder to obtain the 

composite photocatalyst. 

Synthesis of Pt-TiO2@g-C3N4 composite: For incorporation of Pt, a 50 ml 0.5 M aqueous 

solution of H2PtCl6 was prepared. The solution was stirred with a 0.5 g TiO2@g-C3N4 

composite for about 30 min under UV light irradiation (Newport, 450 W Xe lamp) to get 1 wt 

% Pt incorporation. The resulting solids were centrifuged and dried under vacuum oven at 80 

°C.  
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Preparation of CsPbBr3 NC: The synthesis method of the CsPbBr3 was adopted from the 

literature with some modifications.14 Briefly, CsBr (0.4 mmol 146.804 mg) and PbBr2 (0.4 

mmol, 85.124 mg) were dissolved in 10 ml of DMF, and the resulting solution was 

ultrasonicated until the solution became clear. The resulting solution (1.2 ml) was added to 10 

ml of toluene. The yellow colour CsPbBr3 nanocrystals were precipitated out from the solution. 

The product was centrifuged and washed with hexane several times and redispersed in hexane 

for further use. 

Preparation of Borocarbonitrides (BCN): Synthesis was carried out by urea method.15 In a 

typical synthesis, 60 mg of boric acid, 2.4 g of urea and 275 mg of activated charcoal were 

mixed step by step, ensuring full solubility of boric acid and urea in 20 mL DI water. Then the 

proportionate mixture was ultrasonicated (Elmasonic P 30H model, 37 kHz, 100% power) for 

20 minutes to obtain a homogeneous dispersion which was heated at 80 °C. When a slurry was 

obtained as a result of evaporation of the solvent, it was transferred into a quartz boat and 

heated in a tubular furnace at 900 °C for 10 h under N2 atmosphere (heating rate = 4°C/min). 

Subsequently, the obtained black sample was treated with NH3 at 900 °C for 4 h (heating rate 

= 4 °C/min). Five different compositions of BCN nanosheets were obtained by varying the 

initial amount of B, N and C precursor, viz. boric acid, urea, and activated charcoal, 

respectively. 

Preparation of BCN@CsPbBr3 composite: In order to synthesis the composite, 10 mg of 

BCN was dispersed in 10 ml of toluene by ultrasonication for 30 mins. Then 1.2 ml of CsBr-

PbBr2-DMF solution was added dropwise into the toluene solution with continuous sonication. 

During the reaction the colour of the solution becomes black to yellowish black. Then the 

resulting suspension was further ultrasonicated for 10 mins and then kept in undisturbed 

condition for 30 mins. The product was centrifuged and washed with hexane several times and 

collected in an air-tight container for future use. 

Characterization 

X-Ray diffraction: The structural phase of TiO2, g-C3N4, Pt-TiO2@g-C3N4 samples were 

confirmed by X-ray diffraction (XRD, Rigaku Advance X-ray diffractometer equipped with 

Cu kα lamp source for irradiation 1.5 Å). All the samples are ground properly before starting 

the experiment. Data collections are done for 20 minutes for each sample. The phase purity 

was checked by comparing with reported data set obtained from Pearson crystal data base 

(PCD).  
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Microscopy: To understand the morphology of material transmission, electron microscopy 

(TEM) was taken using a JEOL 200 instrument. Sample preparation was done by drop casting 

small amount of sonicated powder in ethanol on a carbon coated copper grid. FESEM and 

Quantitative microanalysis on all the samples were performed with an FEI NOVA NANO SEM 

600 instrument equipped with an EDAX® instrument. Data were acquired with an accelerating 

voltage of 15 kV. Small amount of sample was drop casted on Si wafer after making the 

dispersion in ethanol. 

Photoluminescence (PL): PL spectra of all the solid samples were recorded at room 

temperature on a steady state Luminescence spectrometer Perkin-Elmer (LS 55) at different 

excitation wavelength. 

The ultraviolet-visible diffuse reflectance spectrum (UV-vis DRS): UV-vis spectra was 

obtained in the range of 250 to 800 nm by using a Perkin-Elmer Lambda 900 UV/Vis/Near- IR 

spectrophotometer in reflectance mode for TiO2, g-C3N4, Pt-TiO2@g-C3N4 samples with an 

integrating sphere attachment. BaSO4 was used as a 100% reflectance standard. The absorption 

was calculated data using the Kubelka−Munk equation, α/S = (1 − R)2/2R, where R is the 

reflectance and α and S are the absorption and scattering coefficients, respectively. Band gap 

was derived using Tauc plot.  

Photoelectrochemical measurements: The transient photocurrent measurements under dark 

and light were done in a three-electrode system using a CHI 760 potentiostat under the 

illumination of a solar simulator (Newport) with an ultraviolet (UV) cut-off filter (CGA-400 

and KG-2 filter Newport).  

Pt-TiO2@g-C3N4 composite catalyst: Ag/AgCl was reference electrode, and platinum as the 

counter electrode was used. All samples were spin coated on fluorine-doped tin oxide (FTO), 

which were used as working electrode. 0.5 M Na2SO3 was taken as electrolyte. The slurry was 

prepared by adding 10 mg of the sample, 200 μL of Nafion (5%), and 1 mL of isopropyl alcohol 

(IPA) to fabricated photoelectrodes. The obtained paste was spin-coated on FTO with 1 cm2 

area and annealed at 100 °C for 1 h to get a homogenous film. For every photo-electrocatalytic 

experiment separate set of electrodes were prepared. Here 3 experiments were done, namely, 

photocurrent measurement, electrochemical impedance spectroscopy (EIS) and Mott-Schottky 

(MS) study. MS plots were recorded at a scan rate of 10 mV/s in Na2SO3 neutral solution in 

the light at a frequency of 50 kHz. Photocurrent measurements were done by using constant 

negative potential and EIS was also done in constant potential and frequency.  
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BCN/CsPbBr3 composite: Non aquas Ag/AgNO3 reference electrode was used instead of 

Ag/AgCl. Platinum was used as the counter electrode. As a working electrode CsPbBr3 and 

BCN/CsPbBr3 composite were spin coated on FTO. The ethyl acetate with 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) was filled in the cell as electrolyte. The 

electrode was prepared by the above-mentioned method but for slurry preparation instead of 

IPA toluene was used. 

Photocatalytic measurements: A quartz photoreactor was used for CO2 hydrogenation 

experiment under the illumination of 450 W UV enhance xenon lamp (Newport). The full arc 

of this lamp provides wide range of spectral illumination. It contains UV-A, B, C, Visible light 

and IR light (l = 200-2400 nm). UV-cut-off CGA-400 filter along with KG-2 filter (Newport) 

was used to get visible light spectrum. For Pt_TiO2_g-C3N4 model catalyst, 5 mg of the sample 

was well dispersed in 20 ml 0.5 M CsCO3 solution. Before illumination, the reaction setup was 

purged with N2 to remove the air and then purged with high purity CO2 for 45 minutes. For 

BCN/CsPbBr3 catalyst reactions, both vapour and liquid phase reactions were done.  

Vapour phase: Five mg catalyst was coated on the wall of photoreactor. CO2 was bubbled 

through the water for 1 hour so that the reaction medium will experience the presence of CO2 

and water vapour. In this process, catalyst surface is directly exposed to gas and vapour. That’s 

why this process of reaction is called vapour phase reaction. 

Liquid phase: Five mg catalyst were dispersed in a solvent mixture of 10 ml acetonitrile and 

40 µl water. Like earlier CO2 was purged for 45 minutes. Here the interface has created between 

catalyst surface and solvent mixture. Therefore, this is called liquid phase reaction. 

During irradiation, 3 mL of the gaseous product from the setup was sampled, and 

ensuing study was done by GC (gas chromatography) (Agilent GC-7890 B) with TCD and FID 

detector and He carrier gas. For the detection of H2 Ar was used as carrier gas. Blank tests were 

conducted in the absence of CO2 and light to confirm that these two factors are key for 

photocatalytic CO2 reduction reaction. Used photocatalyst was amassed after each test and 

washed with water, and its performance was rechecked by a similar procedure.  

The results are represented as µ mol/h. Here the amount of catalyst was not taken into 

the calculation. However, to maintain a parity a constant (100) was multiplied with the obtained 

values. On the other hand, for CsPbBr3 catalyst, catalyst amount (5 mg) was considered, and 

results were presented in µ mol/g/h unit. Here this constant (100) was not multiplied. 
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2.3  Results and discussions 

To understand the role of solvent in depth, we have done a systematic investigation of 

its effect on the product selectivity and activity of the catalyst during photocatalytic CO2 

reduction (PCR) studies. Here, we synthesised a model catalyst Pt-TiO2@g-C3N4 and a new 

catalyst BCN/CsPbBr3 to study their activity towards CR in the presence of various solvents 

and hole scavengers under artificial UV-Vis light, visible light and sunlight. TiO2, Pt-TiO2, g-

C3N4 and Pt-TiO2@g-C3N4 composite are reported for efficient light harvesting capacity and 

CO2 adsorption ability with optimum CR potential was prepared by facile synthetic strategies. 

The phase purity of materials was characterized by X-ray diffraction (Figure 2.1a & 2.2b). No 

extra peaks related to impurity were detected in the composite and pristine titania. The XRD 

peaks are properly matching with anatase TiO2 (space group Fm3̅m). Amount of Pt in the 

composite was very less. Therefore, its intensity was buried under other high intense peaks. 

However, zoomed version of Figure 2.1a depicted the presence of Pt (Figure 2.1b). The 

transmission electron microscopy (Figure 2.2a, and 2.2b) cleared the interface between g-C3N4 

and TiO2. It also depicted the presence of Pt nanoparticles (Figure 2.2b). As shown in Figure 

2.3a, diffuse reflectance spectra (DRS) coupled with Mott-Schottky measurements (Figure 

2.3b, and 2.3c) unravelled the bandgap and flat band potential of catalysts, which indicate the 

suitable VBM and CBM position of catalyst for PCR.  

 

Figure 2.1. Powder XRD analysis. (a) Pure phase of TiO2, Pt-TiO2, Pt-TiO2@g-C3N4 was 

confirmed from XRD. (b) The zoomed version of XRD. Presence of Pt peaks are shown by 

triangles.  
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Two different absorption edge was distinctly found in the spectra of Pt-TiO2/g-C3N4 

sample which came from intrinsic individual edges of each component. This confirms that the 

composite photocatalyst has UV as well as visible light harvesting capabilities. The bare TiO2 

can only harvest UV part of the solar spectrum, but upon the composite formation (Pt-TiO2@g-

C3N4), the light harvesting ability has been expanded to both UV and Visible region. Static 

photo-luminescence (PL) spectroscopy in Figure 2.3d shows lower emission intensity in case 

of Pt-TiO2 and weakest intensity was found in case of Pt-TiO2/g-C3N4 composite which implies 

least photogenerated charge separation in case of the composite. Similar observation was found 

from electrochemical impedance spectroscopy (Figure 2.4a) measurements and transient 

photocurrent measurements (Figure 2.4b). Composite material (Pt-TiO2/g-C3N4) has least 

charge transfer resistance and highest photocurrent density. 

 

Figure 2.2. (a) TEM image of Pt-TiO2@g-C3N4 shows the presence of TiO2 nano particles on 

agglomerated g-C3N4 bed. Very small and darkest Pt nanoparticles are distributed over TiO2. 

(b) SEM image of Pt-TiO2@g-C3N4. Presence of Pt nanoparticle were shown inside the yellow 

box. The same was confirmed from colour mapping. Colour mapping of the composite 

indicates the presence of Pt, C, N, O and Ti in the composite. 
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Least resistivity of composite can provide fastest charge transfer pathway, which 

facilitates easy electron transfer from the catalyst to CO2. Furthermore, a photocatalyst with 

more photo-current density can supply enough electron for the catalytic process. Therefore, 

these experiments clearly hinted that the composite photocatalyst has better charge separation, 

higher photocurrent generation and lesser charge transfer resistance, respectively. Therefore, 

Pt-TiO2@g-C3N4 composite can be regarded as the best catalyst compared to the individual 

components and selected for studying the solvent effect in PCR. Catalytic activity was checked 

under full arc in the presence of 5 mg catalyst for 10 h in acetonitrile, 0.5 M CsCO3, and ethyl 

acetate solution under UV-visible light and visible light.  

 

Figure 3. (a) Diffuse reflectance spectra (DRS) show clear absorption band at 436 nm and 377 

nm, respectively for g-C3N4 and TiO2 corresponding to the band gap of 2.93 eV and 3.28 eV 

(inset). Mott-schotky (MS) measurements were performed to determine CBM position of 

photocatalyst. N-type semiconducting feature of (b) g-C3N4 and (c) Pt-TiO2 was understood 

from the positive slopes in MS plots. The flat band potential (equivalent to CBM) for g-C3N4 

and Pt-TiO2 are 1.08 V and -0.44 V versus NHE, respectively. (d) Photo-luminescence (PL) 

measurement was performed to understand recombination and separation characteristics of 

photo-generated charges (electrons and holes). The peaks at 384 nm and 445 nm correspond to 

the emission of pristine TiO2 and g-C3N4, respectively, in line with the reported literature.  
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The effect of sacrificial hole scavengers was also checked by using triethanolamine 

(TEOA) and triethylamine (TEA).16  

(TEOA + h+ → TEOA+)                          Eq. 2.1 

(TEA + h+ → TEA+)                                Eq. 2.2 

Before the catalysis test, the photocatalytic cell was purged with N2 to ensure the cell 

is completely in an inert atmosphere. Then the cell was filled with CO2 after 45 minutes of 

purging. Figure 2.5a & Table 2.1 show the product distribution resulting from PCR and HER 

under UV-Visible light. As depicted in Figure 2.5a, CO, CH4 and C2H4 are expected to 

originate from CR and H2 from water splitting process. However, the significant production 

rate of these compounds in the presence of AC, TEOA, TEA and EAA was quite surprising. 

Therefore, activity was checked under visible light by following the same reaction condition. 

Interestingly, a sharp decrease in activity was observed (Figure 2.5b & Table 2.2). Under 

visible light CsCO3 solvent showed relatively higher CR activity compared to other solvents 

except EAA. To investigate such an interesting fluctuation of activity we have exploited all the 

solvents under full arc and visible light, separately. Figure 2.5c & Table 2.3 clearly shows the 

photolysis of all the organic solvents into CO, CH4, C2H4 and H2. On the other hand, under 

visible light AC remained completely silent and other solvents TEOA and TEA have only 

produced less amount of H2. Surprisingly EAA still has photolyzed and generated CO, CH4, 

C2H4 and H2 (Figure 2.5d & Table 2.4). In these circumstances, we can clearly infer the use 

of AC, TEA, TEOA and EAA under full arc is completely misleading. According to most of 

the previous reports, the PCR in AC, TEOA, TEA or EAA favoured CO and CH4 as the major 

gaseous products.17-19   

 

Figure 4. The charge transfer dynamics was studied by (a) Electrochemical impedance (EI) 

measurements and (b) Light on-off photocurrent measurements.  
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TEOA and TEA have generated some amount of H2 in visible light irradiation which 

can lead to the underestimation of selectivity towards PCR. However, some reports also claim 

the absence of H2 in spite of using TEOA or TEA as sacrificial hole scavenger. GC analysis 

using He as carrier gas (while doing GC analysis of CO, CH4 by TCD or FID detector, He is 

used as carrier gas) cannot sense small amount of H2 production because the thermal 

conductivity of H2 and He are very close. This problem can be avoided by using Ar as carrier 

gas. Very small amounts of TEOA and TEA were used as sacrificial agents in conventional 

PCR studies. Therefore, H2 production upon solvent photolysis under visible light is also very 

less for these studies.20-22 EAA is generally used as a solvent in PCR by halide perovskite 

catalysts. It offers better stability of halide perovskites and good solubility of CO2. The mixture 

of AC and water has also been reported as a reaction medium for testing halide perovskite. 

 

Figure 2.5. Rate of product formed during 450 W Xe (arc) lamp illumination in different 

conditions. Catalytic study done with Pt-TiO2@g-C3N4 composite in the presence of CO2 under 

UV-Visible light (full arc) (a), and visible light (b). Solvent photolysis was observed in absence 

of catalyst and CO2 under full arc (c), and visible light (d). AC - Acetonitrile, TEOA - 

Triethanolamine, TEA - Triethylamine, EAA - Ethyl acetate and CsCO3 - 0.5 M caesium 

carbonate. Mixture of 10 ml organic solvents and 10 ml water were used in all condition. 20 

ml 0.5 M CsCO3 solution was used. 
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An extremely low amount of water was used to protect perovskites. For example, Man 

et. al used 30 ml AC and 100 µl water as the reaction medium. This procedure may lack 

adequate proton supply due to insufficient water in the medium. The role of reaction medium 

for such kind of further verified by designing a new photocatalyst composed of 

boroncarbonnitride (BCN) and CsPbBr3 (1:3 weight ratio). Purity of the material was 

confirmed from XRD analysis (Figure 2.6a). Excellent light harvesting capacity, suitable band 

gap and band positions were confirmed from solid state UV-DRS study (Figure 2.6b). 

Betterment of the photocatalyst’s quality of composite material (BCN/CsPbBr3) compared to 

pristine individual elements was confirmed from photo-current, and PL measurements (Figure 

2.6c and 2.6d). Week emission intensity of composite materials indicated lesser recombination 

tendency of composite catalyst. In the CsPbBr3/BCN composite, excited electrons in the 

CsPbBr3 will rapidly transfer to the BCN since the Fermi level of BCN is more positive than 

the conduction band edge of CsPbBr3 and due to the conductive nature of BCN. Therefore, 

separation of charges took place, and recombination process hampered drastically.  Moreover, 

higher photocurrent was generated by composite catalyst upon light on-off experiment.  The 

reason was investigated from analysis of charge transfer resistance from electrochemical 

impedance spectra (EIS) (Figure 2.7a) which shows less charge transfer resistance in 

composite. The radius of semiarch obtained in the EIS plot corresponds to the resistance of 

interfacial charge transfer. Potential dependent light responsive behaviour was also observed 

in case of the BCN/CsPbBr3 composite materials (Figure 2.7b, and 2.8a). LSV was performed 

in presence of light and dark. Positive photocurrent was observed at positive potential whereas 

negative photocurrent was found in negative potential. Positive photocurrent generated due to 

the photogenerated hole which has the oxidation ability can perform water oxidation and the 

negative photocurrent hinted the reducing ability of the composite catalyst (Figure 2.7b).  

Table 2.1. Results of photocatalytic CR and HER in presence of catalyst, CO2 under UV- 

visible light (full arc). The results were multiplied with a factor of 100, corresponding to Figure 

2.5a. ND: Not detected. 

Solvents CO CH4 C2H4 H2 

AC 253 232 1.1 79 

TEOA 821 442 9.7 5271 

TEA 349 58.3 0.91 5842 

CsCO3 14.2 3.8  ND 9.8 

EAA 6014 2129 756 253.2 
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Table 2.2. Results of PCR and HER in presence of catalyst, CO2 under visible light. UV cut-

off CGA-400 and KG-2 filter was used. The results were multiplied with a factor of 100 

corresponding to Figure 2.5b. 

Solvents CO CH4 C2H4 H2 

AC 6.2 0.43 
 

2.8 

TEOA 3.2 0.84 
 

171.2 

TEA 4.3 0.61 
 

213.8 

CsCO3 7.2 1.81 
 

5.2 

EAA 122 14.7 4.8 4.6 

 

Figure 2.6. (a) Powder XRD patterns of Pristine CsPbBr3, BCN and CsPbBr3/BCN composite. 

Absence of any other extra peak implies the purity of pristine and composite CsPbBr3.  (b) 

DRS spectra of CsPbBr3/BCN composite and pristine CsPbBr3. Absorption edge and band gap 

(inset) clearly shows the visible light harvesting ability of this catalyst. (c) Light on-of 

photocurrent measurements at -0.7 V with respect to Ag/AgNO3 reference electrode. Excellent 

photo response was obtained for both the material. However, the composite has generated more 

photocurrent compared to the pristine CsPbBr3. (d) Steady state photoluminescence (PL) 

spectroscopy. Quenching of PL intensity was observed upon incorporation of CsPbBr3 into 

BCN. The introduction of BCN provided an additional energy-transfer pathway in addition to 

the intrinsic radiative channel for excited-state electron transfer.  
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Table 2.3. Results of photocatalytic CR and HER in absence of catalyst, CO2 under UV-visible 

light (full arc). The results were multiplied by a factor of 100, corresponding to Figure 2.5c. 

Solvents CO CH4 C2H4 H2 

AC 243 227 0.6 69 

TEOA 813 435 9.4 4900 

TEA 338 55.6 0.62 5557 

EAA 5958 2114 754 241 

Table 2.4. Results of photocatalytic CR and HER in absence of catalyst, CO2 under visible 

light. UV cut-off CGA-400 and KG-2 filter was used. The results were multiplied with a 

factor of 100 corresponding to Figure 2.5d. 

Solvents CO CH4 C2H4 H2 

TEOA 
   

163 

TEA 
   

203 

EAA 108 12.6 4.3 2.1 

 

Figure 2.7. (a) the Nyquist plots indicated that the charge-transfer resistance obviously 

decreased for the CsPbBr3/BCN composite, as evidenced by the smaller semicircle arc (inset). 

The pronounced decrease of the charge-transfer resistance by incorporating BCN clearly 

validates the better charge transport ability of the BCN/CsPbBr3 composite. (b) Photocurrent 

density measurements in different potentials for BCN/CsPbBr3 composite.  

Hence this material can perform proton coupled CO2 reduction where proton comes 

from the water oxidation. PCR activity of BCN/CsPbBr3 composite was checked in the 

catalyst-liquid interface (5 mg catalyst was dispersed in the mixture of 10 ml AC and 40 µl 

water) and catalyst gas interface (5 mg catalyst was coated inside the photocatalytic cell and 

CO2 was bubbled through water for 1 h) condition.23 Test were not done in EAA because it 

photolyzes under UV-visible and only visible light irradiation. 
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Figure 2.8. (a) CV was done in presence and absence of light with CsPbBr3/BCN catalyst. 

Like previous experiment here also enhanced positive and negative current was observed in 

presence of light. (b) GC-MS chromatogram of carbon monoxide. Photocatalytic CO2 

reduction by CPB/BCN catalyst was checked in vapour phase condition where 13CO2 was 

bubbled through water. 

 

Figure 2.9. Rate of products formation with BCN/CsPbBr3 composite catalyst in different 

reaction conditions. Photocatalytic study was done under (a) UV-Visible light (l<400 nm) and 

(b) visible light (l= 400-800 nm).  CPB - CsPbBr3, BCN - Boron carbon nitride. “g” and “l” 

refers the reaction condition. Catalysis was done in catalyst-gas interface condition (g) and 

catalyst-liquid interface condition (l). The rate has been shown in logarithmic scale. 

Table 2.5. Results of PCR and HER with CsPbBr3/BCN photocatalyst. The catalyst was tested 

in vapour phase and liquid phase.  Catalytic tests were done under UV-visible light in presence 

of CO2, corresponding to Figure 2.9a. 

Catalyst CO CH4 C2H4 H2 

CPB (g) 9.1 
  

1.85 

BCN/CPB (g) 43.3 
  

4.4 

BCN/CPB (l) 5240 4820 140 1420 
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Table 2.6. Results of photocatalytic CR and HER with CsPbBr3/BCN photocatalyst. The 

catalyst was tested in vapour phase and liquid phase. Catalytic tests were done under visible 

light in presence of CO2. UV cut-off CGA-400 and KG-2 filter was used, corresponding to 

Figure 2.9b. 

Catalyst CO CH4 H2 

CPB (g) 5.2 ND 1.2 

BCN/CPB (g) 31.4 ND 7.1 

CPB (l) 0.6 ND 0.9 

BCN/CPB(l) 0.8 ND 0.8 

Table 2.7. Representative examples of reaction mediums (as discussed in this study) reported 

for photocatalytic CO2 reduction. 

Material Medium Light source Efficiency Ref. 

CsPbBr3 NCs ethyl acetate/water 

(0.3 vol%) 

300 W Xe lamp 

(AM 1.5G) 

CO: 4.4 

µmol/g/h 

24 

CsPb(Br0.5Cl0.5)3 

NCs 

ethyl acetate 300 W Xe lamp 

(AM 1.5G) 

CO: 97.2 

µmol/g/h 

25 

CsPbBr3@TiO-

CN 

ethyl acetate/water 

(0.5 vol%) 

300 W Xe lamp 

(>400nm) 

CO: 12.9 

µmol/g/h 

26 

CsPbBr3 

NCs/UiO-

66(NH2) 

ethyl acetate/water 

(0.3 vol%) 

300 W Xe lamp 

(>420nm) 

CO: 8.2 

µmol/g/h 

27 

Fe-CsPbBr3 NCs ethyl acetate/water 

(0.3 vol%) 

450 W Xe lamp 

(AM 1.5G) 

6.1 µmol/g/h for 

CH4 formation 

19 

Cs2AgBiBr6 NCs ethyl acetate 150 mW/cm2 (AM 

1.5G) 

CO: 2.35 

µmol/g/h 

28 

CsPbBr3 NCs/GO ethyl acetate 150 mW/cm2 (AM 

1.5G) 

 CO: 5 µmol/g/h 11 

CsPbBr3 

NCs/MXene 

ethyl acetate 300 W Xe lamp 

(>420nm) 

CO: 26.3 

µmol/g/h 

29 
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MAPbI3@PCN-

221 (Fex) 

ethyl acetate/water 

(0.3 vol%) 

300 W Xe lamp 

(>400nm) 

CO: 13.75 

µmol/g/h 

30 

CsPbBr3 Nc/g-

C3N4 

acetonitrile/water 

(0.3 vol%) 

300 W Xe lamp 

(>420nm) 

CO: 148.9 

µmol/g/h  

14 

Cs3Bi2I9 NCs water vapor/CO2 

gas 

80.3 mW/cm2 

(AM 1.5G) 

CO: 7.76 

µmol/g/h  

31 

CsPbBr3 
Ncs/BZNW/MRG

O 

water vapor/CO2 

gas 

150 W Xe lamp 

(AM 1.5G) 

CH4: 6.3 

µmol/g/h 

32 

CsPbBr3 NCs/Pd-

NS 

water vapor/CO2 

gas 

150 W Xe lamp 

(AM 1.5G) 

CO: 6.3 

µmol/g/h 

33 

ɑ-Fe2O3-RGO-

CsPbBr3 

water vapor/CO2 

gas 

150 W Xe lamp 

(AM 1.5G) 

10.3 µmol/g/h 

for CH4 

formation 

23 

CsPbBr3-Re (600) Toluene/isopropan

ol (1 vol%) 

150 W Xe lamp 

(AM 1.5G) 

CO: 33.9 4 

µmol/g/h 

34 

MAPbBr3/GO 0.1 M TBAPF6 100 mW/cm2 

(AM 1.5G) 

CO: 1.05 µmol/ 

(cm2 h)  

35 

AgPd/TiO2 Triethylamine 

(TEA) 

aqueous solution 

300 W Xe lamp 

(wavelength was not 

mentioned but TiO2 

needs UV light) 

H2 144 µmol/g/h 

CH4 79 

µmol/g/h 

36 

rGO/TiO2 Triethanolamine 

(TEOA) aqueous 

solution 

8 W UV-A lamp, full 

arc 

CH3OH: 2330 

µmol/g/h 

37 

MWCNT/TiO2 TEOA aqueous 

solution 

8 W UV-A lamp, full 

arc 

H2: 2360 

µmol/g/h 

CH3OH: 3246 

µmol/g/h 

38 

CMP-P7 TEA aqueous 

solution 

300 W lamp, (>295 

nm) 

H2: 5800 

µmol/g/h 

39 

CMP-3D TEA aqueous 

solution 

300 W lamp, (>295 

nm) 

H2: 6076 

µmol/g/h 

40 
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All the tests were done under visible light as well as UV-visible lights for further 

validation of above claims. Figure 2.9 depicts the overall product formation rates in different 

reaction conditions. Pristine CsPbBr3 (CPB) and BCN/CsPbBr3 composite (BCN/CPB) 

exhibited CO and H2 production under full arc in vapour phase condition. Whereas, in liquid 

phase condition it produces a very high amount of CO, CH4, C2H4 and H2 (Figure 2.9a & 

Table 2.5), which may be originated from acetonitrile photolysis as we discussed earlier. As 

depicted in Figure 2.9b & Table 2.6, both CPB and BCN/CPB produced CO and H2 under 

visible light in vapour phase condition. Although, the activity has decreased due to a lesser 

supply of photons under visible light compared to UV-visible light. 

 

Figure 2.10. Band diagram and electron transfer process. (a) Overall band diagram was drawn 

with the help of MS study and Tauc plot (inset of Figure 2.3a). (b) Schematic illustration of 

overall photocatalytic process over BCN/CsPbBr3 composite. In these schemes the electron 

transfer process was mainly depicted along with band alignment of used semiconductor with 

respect to CO2 to product formation redox potential.  
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Interestingly, very little activity (which can be considered zero activity) was found in 

liquid phase condition (10 ml AC and 40 µl water). The catalyst surface may suffer from 

adequate water adsorption (or proton adsorption) due to an insufficient supply of water in the 

medium. The produced CO was solely originating from the reduction of CO2 by CPB/BCN 

composite under visible light in vapour phase condition was firmly proved by using 13CO2. 

Highest signal of 13CO (m/z=29) was confirmed from GCMS (Figure 2.8b). The photocatalytic 

process and electron transfer pathway Pt-g-C3N4@TiO2 in CsCO3 solution and BCN/CsPbBr3 

composite catalyst in vapour phase are schematically shown in Figures 2.10a, and 2.10b.   

Figure 2.10a depicted the reduction potential of CO, CH4, C2H4 and H2 with respect to 

the conduction band minima (CBM) of g-C3N4 and TiO2. Schematic representation of electron 

transfer in composite catalyst. CO, and CH4 formation occurs on g-C3N4 CBM position. CH4 

formation can happen on TiO2 CBM position as well. Due to inappropriate potential of TiO2, 

it alone does not have the capabilities of CO production. Therefore, through Z-scheme process 

CH4 formation took place on g-C3N4 counterpart. Pt act as a co-catalyst, which facilitates 

interfacial electron transfer between g-C3N4 and TiO2. It also helps in transferring excited 

electrons from catalyst to CO2 and water.  In case of BCN wrapped perovskite catalyst (Figure 

2.10b), photo excited electrons pass from the CBM of CsPbBr3 to the conducting BCN. Then 

the adsorbed CO2 get reduce to CO by these electrons. CsPbBr3 has excellent hight harvesting 

capacity and BCN has conducting and gas adsorbing ability. Combination of these two 

components make the photocatalyst more effective. CBM and VBM position was understood 

from previous reports26 and UV-DRS study. 

Mass balance study: Oxygen evolution is the oxidation counterpart of PCR. Therefore, 

O2 quantification can implicitly address whether the product originates from photocatalytic 

redox process or solvent photolysis. As seen from Figure 2.11a, the observed O2 evolution rate 

is similar to the theoretically calculated O2 evolution rate when the catalyst was tested in 

solvents like CsCO3 (full arc and visible region) and ACN (visible region). A small discrepancy 

was observed when the catalysis was done in TEOA, TEA, and EAA. As observed in Figure 

2.5d, TEOA, TEA, and EAA can undergo photolysis. Because some amount of products were 

formed from the photolysis, experimentally observed O2 is less compared to theoretically 

calculated O2 amount. Excess H2 originated from the visible light driven photolysis of TEOA 

and TEA, whereas in case of EAA, excess CO, H2, and CH4 contribute to a higher theoretical 

value of O2. Excessive solvent photolysis (Figure 2.5a, and 2.5c) was observed in the case of 

organic solvents (ACN, EAA) and hole scavengers (TEA, TEOA) under full arc (200−2400 



Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

68 

nm). Therefore, a drastic discrepancy between detected carbonaceous product and evolved O2 

was observed. The same was done for BCN/CPB catalyst. In gas medium and under visible 

light BCN/CPB or CPB both catalysts showed mass balance between reduced products (CO 

and H2) and oxidized product (O2) (Figure 2.11b). However, some amount of CO was obtained 

from photodegradation of BCN under full arc for BCN/CPB and only BCN in the absence of 

CO2 (Figure 2.11c),41 which may be the reason for a slightly lower O2 evolution rate compared 

to the expected value for BCN/CPB(g) (Figure 2.11b). 

 

Figure 2.11. (a) Oxygen quantification after photocatalytic CO2 reduction reaction with Pt-

TiO2@g-C3N4 catalyst. Photogenerated holes reduce water and produce O2. (b) Rate of O2 

evolution with respect to theoretically calculated O2 evolution rate for CPB and BCN/CPB 

composite catalyst in gas phase condition. (c) Control experiments with BCN and BCN/CPB 

catalyst in absence of CO2 and water with 5 mg catalyst. Experiments were also done in absence 

of water vapor and presence of CO2 in visible light. Another control study was done in absence 

of catalyst but presence of CO2 and water vapor. ND: Not detected. (d) Total O2 evolution with 

respect to time with BCN/CPB catalyst in gaseous medium under visible light. 
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Figure 2.12. Guideline flowchart. Usability of different solvents and sacrificial agents under 

different energy light irradiation. 

In the liquid phase reaction, O2 was not detected for CPB and BCN/CPB catalysts under 

the full arc or visible region, clearly manifesting the fact that the generated carbonaceous 

products in the ACN/water mixture under full arc have not originated from CO2 reduction. 

Furthermore, no gas production was observed under visible light in the absence of water vapor 

or the absence of catalyst (Figure 2.11c), which proves that CO2 to CO production is just not 

a stoichiometric reaction where the O of CO2 was left behind in the solid material. The observed 

CO is coming from the photocatalytic process where water oxidation to O2 is happening by 

photogenerated holes. The rate of O2 generation is proportional and stoichiometric to the rate 

of CO and H2 production (Figure 2.11d), meaning observed CO and H2 come from CO2 

reduction and water splitting by BCN/CPB catalyst in gaseous medium. From these 

observations, it can be clearly inferred that use of ACN, TEA, TEOA, and EAA under full arc 

leads to misleading results. 

2.4.  Conclusion  

In conclusion, we rationalize the effect of solvent in the photocatalytic CO2RR and 

HER. These reactions are often depending on the reaction conditions, particularly the solvent 

employed. To validate the role of solvent we have done a systematic PCR using several  
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Figure 2.13. Schematic illustration of overestimation of products upon using organic reaction 

medium in full-arc. 

Combinations of solvents under different sources of light using a known photocatalyst 

Pt-TiO2/g-C3N4 and new composite BCN/CSPbBr3. Our control studies confirmed that the 

photolysis of CH3CN, Ethyl acetate, TEA and TEOA under UV-visible light, even without any 

catalysts, can produce CO, CH4, C2H4 and H2. These observations, unfortunately, were 

overlooked in the literature while selecting the solvent and might have ended up in the 

overestimation of the efficiency and product selectivity. These findings indicate that the widely 

used organic reaction medium is extremely sensitive to auto degradation under UV light. 

Arbitrary selection of organic solvents or sacrificial hole scavengers may lead to the 

overestimation.42 Therefore a guideline flowchart for choosing appropriate solvent is provided 

in Figure 2.12. From these, it is clearly seen that EAA is not a suitable solvent for 

photocatalytic study even under visible light illumination (Figure 2.13). Another important 

one is that catalyst-vapour interface mode of reaction condition is the recommended procedure 

for water-sensitive samples. Therefore, we encourage scientists to choose proper solvents and 

hole-scavenger to get unbiased results. 
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Summary 

Sunlight-driven CO2 hydrogenation has drawn tremendous attention. However, selective 

CH4 formation via CO2 photoreduction is very challenging. In this work, a metal oxide semiconductor 

heterojunction consisting of BiVO4 and WO3 developed as a photocatalyst for the efficient conversion 

of carbon dioxide (CO2) selectively to methane (105 μmol g–1 h–1) under visible light in the absence of 

a sacrificial agent. Wise selection of the reaction medium and the strategically tuned heterojunction 

upon strain relaxation suppresses the competitive hydrogen generation reaction. The detailed 

photophysical, photoelectrochemical, and X-ray absorption spectroscopy studies pointed to the Z-

scheme mechanism of electron transfer, which favors superior electron and hole separation compared 

to the individual components of the composite catalyst and other well-known photocatalysts reported 

for CO2 reduction. The observations are further corroborated by experimental diffuse reflectance 

infrared Fourier transform spectroscopy and theoretical density-functional theory calculations, which 

reveal that the heterojunction has a lower free-energy barrier for CO2 conversion to CH4 due to the 

larger stabilization of the *CH2O intermediate on the strain-relaxed heterojunction surface, in 

comparison to the pristine BiVO4 surface. The present work provides fundamental insights for 

constructing high-performance heterojunction photocatalysts for the selective conversion of CO2 to 

desired chemicals and fuels. 
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3.1  Introduction 

In previous chapter we have addressed the issue with organic additives and we found 

heterostructure can provide better results. Therefore, dual semiconductor heterostructure 

photocatalysts were chosen for catalysis. However, CO2 activation is also a challenging 

previous step of CO2 reduction. Photoactivation of CO2 molecule is extremely difficult and 

complex1 due to its high thermodynamic stability with C=O dissociation energy of ∼750 

kJ/mol.2 Selective conversion of CO2 to the desired product usually depends upon 

thermodynamic and kinetic barriers of the reaction pathways. Among the simple hydrocarbons, 

CH4 production from CO2 is highly kinetically unfavourable and extremely difficult as it 

involves complicated 8 e- and 8 H+ transfer. Methane is used in industrial chemical processes 

and as a principal component in liquefied natural gas, which is one of the cleanest burning 

fuels. Methane produces more heat and light energy compared to other fossil fuels with less 

CO2 emission. 

Semiconductor photocatalysts like SnNb2O6, Bi2MoO6, Zn2GaO4 and GaN, have been 

known for CO2 photoreduction to CH4, but most of their performances are limited by low 

conversion efficiency and product selectivity.3-8 Thus, rational design of efficient and selective 

photocatalyst for CO2 to CH4 remains a huge challenge. Currently, TiO2 and BiVO4 are two of 

the most popular semiconducting materials exploited for photocatalytic water splitting and CO2 

reduction.9-11 Although TiO2 is one of the most explored (or utilized) photocatalysts, its large 

bandgap (3.2 eV) allows absorption of only the UV spectrum (8%), which is a significant 

drawback for viable CO2 photoreduction technology. Thus, recent research has been focused 

on the development of visible light-active materials for maximizing solar energy utilization.12-

14 However, the traditional visible-light photocatalysts are either unstable in water under 

irradiation (e.g. CdS and CdSe)15 or have low activity (e.g. WO3 and Fe2O3).
16

 Most of the 

photocatalyst suffers from lack of selectivity and activity due to competitive hydrogen 

evolution reaction (HER). HER can be avoided by proper selection of reaction medium and 

strategic tuning of catalyst. Therefore, inexpensive, stable, efficient visible-light photocatalysts 

are needed to be designed to meet the requirements of future environmental and energy 

technologies driven by solar energy.  

In contrast to single component photocatalysts, composite heterojunction of two 

semiconductors has been recognized as an attractive method to develop highly efficient 

photoactive materials through synergistic enhancement in properties.17-18 In addition, the 
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heterojunction in such materials can promote efficient electron-hole separation to minimize the 

energy-wasting recombination processes. Nature-inspired Z-scheme of electron transfer is one 

of the best strategies to separate e- and h+, yielding better photocatalytic activity and selectivity. 

Surprisingly, very few materials have been reported so far with Z-scheme e- transfer routes for 

CO2 photoreduction, the majority of which are assisted by sacrificial agents.19-21 This indicates 

designing a scalable photocatalyst with proper band edge alignment for a direct Z-scheme 

mechanism is very challenging. 

Herein, we report a new WO3/BiVO4 heterojunction photocatalyst exhibiting enhanced 

activity for CO2 reduction in absence of any sacrificial agent. WO3 is a water-stable matrix for 

harvesting visible light, which absorbs the blue part of the solar spectrum corresponding to the 

bandgap the energy of 2.7 eV.22 This makes WO3 a popular choice for visible-light 

photocatalyst, however, it's unfavourable band position limits the CO2 reduction ability. BiVO4 

on the other hand has a bandgap of 2.4 eV, but its photoactivity is usually low because of 

inferior charge transport properties. In this work, we envisaged combining the merits of these 

two materials, i.e., WO3 with good charge transport properties and BiVO4 with good optical 

absorption properties, by forming a suitable heterojunction that can lead to a synergistic 

improvement of the photo-activity in the composite. Relaxation of strain upon composite 

formation was quantified, and the effect of it in increasing activity of CO2 reduction (CR) and 

suppressing HER was discussed. We have also studied the role of pH in CR process. Our 

findings successfully established a mechanistic pathway for this enhanced conversion of CO2 

to methane with the support of DRIFTS and DFT calculation. 

3.2  Experimental details 

Chemicals: The following chemicals were used: Bismuth nitrate pentahydrate 

[Bi(NO3)3.5H2O, Alfa Aesar], amonium metavanadate [NH4VO3, Merck], ethylene glycol 

[(CH2OH)2, Sigma Aldrich], tungstic acid [H2WO4, Alfa Aesar]. All the chemicals used were 

commercially available more than 98% pure, and used without further purification. 

Catalyst synthesis procedure 

Synthesis of BiVO4/WO3 heterostructures by solvothermal method: 0.2 mmol of pre-

synthesized WO3 and 0.2 mmol of Bi(NO3)3 were dissolved in 40 mL of ethylene glycol, a 

stochiometric amount of NH4VO3 with respect to Bi(NO3)3 was dissolved in 40 mL of hot 

water. Two solutions were stirred well to ensure the solutes completely dissolved giving a clear 

homogeneous solution. This solution was transferred into Teflon-lined autoclave and heated at 
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100 oC for 12 h. After cooling down to room temperature, the resultant precipitate was collected 

and washed several times with ethanol and deionised water. Finally, the synthesized products 

were dried at 60 oC for 6 h to get BiVO4/WO3 powders, which resulted in comp11. For the 

other composites comp12, comp14 and comp15 we have used the same procedure with 0.4 

mmol, 0.8 mmol and 1 mmol of WO3, respectively.  

Characterization 

X-Ray diffraction: The structural phase of BiVO4 and WO3 samples were confirmed by X-

ray diffraction (XRD, Rigaku Advance X-ray diffractometer equipped with Cu kα lamp source 

for irradiation 1.5 Å). Rietveld refinement was done on all these composites to further 

understand the phase purity and weight fraction of different phases. Open-source GSAS-II 

software was used for this refinement.  

Microscopy: To understand the morphology, high-resolution transmission electron 

microscopy (HRTEM) was taken using a JEOL 200 instrument. Sample preparation was done 

by drop casting small amount of sonicated powder in ethanol on a carbon-coated copper grid. 

Atomic force microscopy (AFM): A Bruker, Forevision (MMV 1045901 model) instruments 

microscope in tapping mode with 10 nm diameter containing antimony doped Silicon tip was 

used to carry out AFM studies. The sample was coated on a Si wafer to perform the study. 

Photoluminescence (PL): PL spectra of all the solid samples were recorded at room 

temperature on a steady state Luminescence spectrometer Perkin-Elmer (LS 55) at different 

excitation wavelength.  

The ultraviolet-visible diffuse reflectance spectrum (UV-vis DRS): UV-vis spectra was 

obtained in the range of 250 to 800 nm by using a Perkin-Elmer Lambda 900 UV/Vis/Near- IR 

spectrophotometer in reflectance mode for BiVO4, WO3 and composites. With an integrating 

sphere attachment. BaSO4 was used as a 100% reflectance standard. The absorption was 

calculated data using the Kubelka−Munk equation, α/S = (1 − R)2/2R, where R is the 

reflectance and α and S are the absorption and scattering coefficients, respectively. Band gap 

was derived using Tauc plot. 

X-ray absorption spectroscopy (XAS): XAS measurements of Bi LIII edge were done at the 

P64 beamline PETRA, DESY synchrotron source in Hamburg, Germany. The data was 

collected in fluorescence mode. The beamline optics mostly consists of a Rh/Pt coated 
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collimating meridional cylindrical mirror and Si (111) double crystal monochromator (DCM). 

The measurements were carried out on pellets which was made by mixing the sample with an 

inert cellulose matrix homogeneously to have an X-ray absorption edge jump close to one. All 

the data collection was performed at room temperature, and ambient pressure in presence of 

very low intensity focused light on sample. Standard analysis procedure was used to obtain the 

EXAFS signal from the measured absorption spectra. Background subtraction, normalization, 

and alignment of the EXAFS data were achieved by using the ATHENA software. EXAFS 

data of the catalyst materials was Fourier transformed in the range of 4−13.8 Å−1. Data were 

fitted in R-space between 1 and 4 Å for all the samples. The fitting parameters consist of bond 

length change between atoms (ΔR) and mean-square displacement of the bond length (σ2). The 

coordination numbers (N) were taken from the respective crystal structures and varied until a 

low R-factor was achieved. 

X-ray photoelectron spectroscopy (XPS): XPS measurements were carried out using Thermo 

K-alpha+ spectrometer using micro focused and mono chromated Al Kα radiation with energy 

1486.6 eV. The pass energy for spectral acquisition was kept at 50 eV for individual core levels. 

The electron flood gun was utilized for providing charge compensation during data acquisition. 

Further, the individual core-level spectra were checked for charging using C1s at 284.6 eV as 

standard and corrected if needed. The peak fitting of the individual core-levels was done using 

XPS peak 41 software with a Shirley-type background. XPS spectra were measured to study 

the valence state, chemical composition and electronic interactions. 

Photoelectrochemical measurements: The transient photocurrent measurements under dark 

and light were done in a three-electrode system using a CHI 760 potentiostat under the 

illumination of a solar simulator (Newport) with an ultraviolet (UV) (λ > 380 nm) cut-off filter. 

Ag/AgCl as reference electrode, and platinum as the counter electrode was used. All samples 

were spin-coated on fluorine-doped tin oxide (FTO), which were used as working electrode. 

0.5 M Na2SO3 was taken as electrolyte. Photo-current has also measured in o.1 M NaOH 

solution. The slurry was prepared by adding 10 mg of the sample, 200 μL of Nafion (5%), and 

1 mL of isopropyl alcohol to fabricated photoelectrodes. The obtained paste was spin-coated 

on FTO with 1 cm2 area and annealed at 100 °C for 1 h to get a homogenous film. Mott-

Schottky (MS) plots were recorded at a scan rate of 10 mV/s in Na2SO3 neutral solution in the 

light at a frequency of 50 kHz. The obtained values (w.r.t Ag/AgCl) was converted w.r.t NHE 

by adding 0.20 V.23 
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Photocatalytic measurements: Quartz photoreactor was used for CO2 hydrogenation 

experiment under the illumination of 450 W xenon lamp (Newport) through UV cut-off filter 

(CGA 400 filter and KG2 filter). Using a power meter (Newport-843-R) the intensity of output 

light was measured. The measured intensity during catalytic reaction is 110 mW/cm2. (Note: 

The distance between light source and reactor is 10 cm). About 5 mg of the sample was well 

dispersed in 30 mL of 0.1 M NaOH by ultrasonication. Before illumination, the reaction setup 

was purged with N2 to remove the air and then purged with high purity CO2 for 45 minutes. 

During irradiation, 3 mL of the gaseous product from the setup was sampled, and ensuing study 

was done by GC (gas chromatography) (Agilent GC-7890 B) with TCD and FID detector and 

He carrier gas. This can detect up to 0.25 ppm of methane and 16 ppm CO. To further verify 

the products gas chromatography Mass Spectrometry (SHIMAZU GC-2010 PLUS) was used. 

Products were quantified by using RT® Molecular sieve 5A column (45 m, 0.32 mm ID, 30 

μm df) with a mass detector. The calibration was done by a standard gas mixture of H2, CO, 

CH4 of different concentrations at ppm level. It has a detection limit of 1 ppm for H2, CO and 

CH4. Another dedicated GC (Agilent 7890 B) with a TCD detector and Ar carrier gas used for 

the detection of H2. It can sense up to 10 ppm of H2. For liquid product analysis 1H NMR (600 

MHz, JEOL) and HPLC (Agilent 1220 Infinity II LC system) were employed. The following 

protocol was applied for the 1H NMR analysis. Five hundred μL of the solvent (after filtration) 

and 30 μL of an internal standard solution were transferred into a centrifuge tube. The internal 

standard solution consisted of 50 mM phenol (99.5 %) and 10 mM dimethyl sulfoxide (99.9 

%) made in D2O solvent. The mixture is transferred into an NMR tube. Solvent suppression 

was used to decrease the intensity of the water peak. Blank tests were conducted in the absence 

of CO2 and light to confirm that these two factors are key for photocatalytic CO2 reduction 

reaction. Used photocatalyst was amassed after each test and washed with water, and its 

performance was rechecked by the similar procedure (Scheme 3.1a). Rate of the CH4 evolution 

was calculated by considering maximum rate at 6th hour for comp14 and comp15. Fourth hour 

was considered for maximum rate calculation for comp11 and comp12. 13CO2 was purged for 

15 minutes and the reaction was continued for 2h. Then the products were checked by GC-MS 

to confirm the source of CH4 is CO2. All the photocatalytic reactions were done in an air 

conditioning room (22 °C). The local heat generated during light illumination was checked, 

and it was not more than 40 °C. Maintaining all the conditions similar to the reaction was done 

at 40 °C in absence of light. However, no product was detected. This proves that the local 

heating due to light illumination does not affect the catalytic performance. 
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In-situ photocatalytic fourier transform infrared spectroscopy (FT-IR): In-situ 

photochemical FT-IR spectroscopic studies were performed using a purged VERTEX FT-IR 

spectrometer equipped with the A530/P accessory and a mid-band Mercury Cadmium Telluride 

(MCT) detector. Spectra was recorded after 100 scans with a resolution of 4 cm-1. A DRIFTS 

cell with a quartz window was used to perform catalytic experiment (Scheme 3.1b). Prior to 

catalytic testing, 5 mg of the sample was placed in the DRIFTS cell and treated in flowing N2 

for 30 min to remove impure gas mixtures. Then, CO2 and water vapor were injected through 

rubber septa and light was illuminated through the quartz window for 90 minutes. Just before 

the light exposure on the DRIFTS cell the zero-minute data was collected and after that, data 

was collected every 15 minutes for 75 minutes.  

pH dependent PCR study: pH dependent photocatalytic studies were done in 4 different pH 

of solvent. pH values 14, 13 and 10 were attained by using 1 M, 0.1 M, 0.1 Mm NaOH solution, 

respectively pH 6.8 was made by using disodium hydrogen phosphate and sodium hydrogen 

phosphate buffer. Reactions were done for 5 hours with comp14 (best catalyst) under 450 W 

xenon lamp using CGA 400 (UV cutter) filter (Newport). The intensity of the outputting light 

was 104 mW/cm2. Basic solution was used to increase the solubility of CO2 in the reaction 

medium. 

Dissolution of CO2 in water follows three chemical reactions. 

CO2 + H2O ↔ H2CO3………………… (3.1) 

H2CO3 ↔ HCO3
− + H+………………. (3.2) 

HCO3
− ↔ CO3

2− + H+………………… (3.3) 

 Scheme 3.1. (a) Schematic of the photocatalytic process. (b) Photograph of In-situ DRIFTS 

cell 
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Hydroxide consumes protons and promotes 3.1 and 3.2 reaction. Reaction 3.2 depletes 

H2CO3. As a result, reaction (3.3) is also forced to shift towards right. The net result is more 

CO2 residing in solution (dissolved) as the solution becomes more basic in nature.   

3.3 DFT calculation  

Computational methodology: The Vienna ab-initio simulation (VASP) package (version 

5.4.1) was used for carrying out the first-principles DFT calculations. Electron-ion interactions 

were described using the all-electron projector augmented wave pseudopotentials,24 and the 

Perdew-Burke-Ernzerhof (PBE) under generalized gradient approximation (GGA) was used to 

approximate the electronic exchange and correlations.25 The Brillouin zone was sampled using 

a 6x6x4 Monkhorst-Pack k-point grid for bulk BiVO4 and a 3x5x1 Monkhorst-Pack k-point 

grid for BiVO4 (110) surface calculations.  

All structures were relaxed using a conjugate gradient scheme until the energies and 

each component of the forces converged to 10-6 eV and 0.01 eV Å-1, respectively. The positions 

of atoms in the bottom two layers of the BiVO4(110) surface structures were frozen, and the 

remaining top two layers were allowed to relax. A vacuum of 15 Å was kept in the c-direction 

to avoid interactions between the periodic images. For treating the localized nature of d-orbitals 

in BiVO4, Dudarev's approach (DFT+U) was utilized.26 The values of U (Hubbard parameter) 

and J (on-site Coulomb interaction) for V atoms were taken to be 6.0 and 1.0 eV, respectively. 

Dipole corrections were applied along the direction normal to the surface. 

Free energy calculation details: To gain atomistic insights into the reaction mechanism of 

CO2 reduction reaction at the BiVO4 surface, density functional theory (DFT) calculations were 

performed. The Ueff value of 5 yielded a band gap of 2.63 eV, in close agreement with the 

experimental value (2.53 eV). The optimized lattice parameters of bulk BiVO4 were found to 

be a = 5.36 Å, b = 12.01 Å, and c = 5.12 Å, and are also in good agreement with previous 

reports and the experiment. Therefore, this value of U-J was used in the rest of the study.27-28 

From the relaxed structure of BiVO4, the (110) surface was cleaved and investigated for the 

CO2RR process since it was found in abundance in the experiments. comp14 was simulated by 

relaxing the strain in pristine BiVO4 (110) structure to the same amount as observed in the 

experiments.  

WO3 was not explicitly included in this model structure, due to inaccurate description 

of WO3 by the DFT+U method29-30 and due to symmetry difference between BiVO4 and WO3 
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leading to a large system consisting of 192 atoms. It becomes computationally prohibitive to 

investigate catalytic studies on such a large system. Therefore, our study is limited to 

investigate the change in catalytic activity on BiVO4 due to strain effect upon heterostructuring, 

neglecting the electronic effect. 

To check which reaction pathway is favoured on the BiVO4 (110) and comp14 surface, 

reaction thermodynamics of both pathways were analysed using Computational Hydrogen 

Electrode (CHE) model.31 For this purpose, the adsorption energies of the intermediates 

(Δ𝐸𝑎𝑑𝑠(𝑖𝑛𝑡)) involved in the CO2RR process were first evaluated using the expressions: 

                                      Δ𝐸𝑎𝑑𝑠(𝑖𝑛𝑡) = 𝐸∗𝑖𝑛𝑡 − 𝐸∗ − ∑𝐸𝑟𝑒𝑓                                                  

where 𝐸∗𝑖𝑛𝑡, 𝐸∗, 𝐸𝑟𝑒𝑓 represents the energies of the adsorbed intermediate, pristine catalyst 

surface, and reference molecules, respectively. These intermediate adsorption energies were 

then converted into free energies (Δ𝐺𝑎𝑑𝑠(𝑖𝑛𝑡)) using the given expression:31-33 

                       Δ𝐺𝑎𝑑𝑠(𝑖𝑛𝑡) = Δ𝐸𝑎𝑑𝑠(𝑖𝑛𝑡) + Δ𝑍𝑃𝐸 − 𝑇Δ𝑆 + Δ𝐺𝑈                                        

where Δ𝑍𝑃𝐸 is the difference in zero-point energies of the species, 𝑇Δ𝑆 is the difference in 

entropies due to contribution from only vibrational motion, and Δ𝐺𝑈 (= −𝑒𝑈; e is the number 

of electrons electrons involved in the PCET step, e.g., for the elementary reaction: *CO + H+ 

+ e- →  *CHO, Δ𝐺𝑈 = -3U) is the free energy corrections due to the applied electrode potentials. 

The zero-point energy (ZPE) is defined as ground state vibrational energy of the system, i.e., 

𝑍𝑃𝐸 =  
1

2
ℎ ∑ 𝜈𝐾

𝐾

 

for each vibrational mode K. For entropic corrections, we included only vibrational 

contribution according to the expression: 

𝑆𝑣 = 𝑅 ∑ (

Θ𝑣,𝐾

𝑇

𝑒
Θ𝑣,𝐾

𝑇 − 1

− l n (1 − 𝑒−
Θ𝑣,𝐾

𝑇 ))

𝐾

 

where, Θ𝑣,𝐾 = ℎ𝜈𝐾/𝑘𝐵. The vibrational frequencies (𝜈𝐾) of intermediates were calculated 

using density functional perturbation theory (DFPT), keeping the catalyst surface fixed. The 

value of temperature (T) is taken to be 300 K. The other conditions imposed for calculating 

Gibbs free energies, such as pressure and concentration, are the same as utilized in the work by 

Peterson et al.32 
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3.4  Calculation 

Apparent quantum yield (AQY) calculation34-35: The wavelength dependent AQY of CO2 

photo-reduction by comp14 were calculated using different monochromatic light source. 

Therefore, 6 (400±10 nm, 425±10 nm, 450±10 nm, 475±10 nm, 500±10 nm, 550±10 nm) 

different bandpass filters obtained from light source manufacturer (Newport) were used to 

obtain the monochromatic wavelengths and Newport-843-R power meter was used to measure 

the incident light intensity. After 6 hours of CO2 reduction the AQY was estimated from the 

following equation: 

AQY(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑋 100% 

Number of reacted electrons were calculated from the yield of CO2 reduced products (here, 

selectively methane was obtained). Because different number of electrons are required for the 

formation of different products, the total number of reacted electrons are  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = [ 8𝑛(𝐶𝐻4)] 𝑋 2 𝑋 𝑁𝐴 

n(CH4), is the yields of methane. NA is Avogadro’s number. Here 2 was multiplied because Z-

scheme is the 2-step electron excitation process.35-36 

Number of incident photons are calculated from the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃𝑆𝜆𝑡

ℎ𝑐
 

where, P is the power density of the incident monochromatic light (W/m2), S (m2) is the 

irradiation area, t (s) is the duration of the incident light exposure and λ (m) is the wavelength 

of the incident monochromatic light. h (Js) and c (m/s) correspond to planks constant and speed 

of light respectively. 

Combining these two equations the AQY(%) for different monochromatic light was calculated. 

For example, the AQY(%)@400 nm is shown here- 

n(CH4) =59 µmol/g, NA = 6.023*1023 mol-1, P= 51*10-3 W/cm2, S= 4.52 cm2, l= 400 nm, t=6h, 

h= 6.626*10-34 Joule second, c= 3*108 m/s. 

 

AQY(%)@400 nm =
[(59×16)×10−6]×6.02×1023

1
×

6.626×10−34×3×108

51×10−3×4.52×400×10−9×3600×6
× 100% 
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= 5.67% 

Similarly, AQY were calculated for 425 nm, 450 nm, 475 nm, 500nm, 550nm. 

Solar to methane (STM) efficiency calculation35: The solar to methane (STM) efficiency was 

evaluated using a 450W Xe lamp (Newport) with a UV cut-off filter (1100mWcm−2) as the 

light source. The light spectrum was determined using a power meter (Newport-843-R). The 

irradiated area was set to 1.87 cm2. Energy density of methane is 55.5 MJ/Kg or 1054 KJ/mol. 

Catalysis was done with 5mg comp14 for estimating the STM.2  

The solar-to-methane efficiency (STM) of the comp14 sample was then calculated to be as 

high as 0.07% under 110 mw/cm2 Xe light illumination.  

STM(%) =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑚𝑒𝑡ℎ𝑎𝑛𝑒

𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑋 100% 

=
(0.52 × 1054000) × 10−6 𝐽 

1100 𝑊/𝑚2
×

1

3600 𝑠 × 1.87 × 10−4 𝑚−2
× 100% 

= 0.074% 

3.5 Results and discussions 

Synnergestic effect of BiVO4 and WO3 was not examined for CO2 reduction under 

visible light. Therefore, to explore such catalytic systems for selective CO2 reduction, we have 

developed the composites with different BiVO4:WO3 ratios- 1:1 (comp11), 1:2 (comp12), and 

1:4 (comp14). Powder X-ray diffraction (PXRD) patterns of the composites were compared 

with the simulated patterns (Figure 3.1a and 3.1b). The relative weight percentage distribution 

of BiVO4 and WO3 phases in the composites were determined through the Rietveld refinement 

of the XRD patterns.37-38  

The XRD pattern clearly demonstrated that the phase is pure in case of composites and 

individual pristine materials because no unexpected peak was spotted. As shown in Figure 

3.2a-3.2f, the observed PXRD data were well fitted with the multi phases of BiVO4 

(monoclinic, C2/c) and WO3 (triclinic, P1̅).  The peaks observed at 2θ = 23.1°, 23.6° and 24.3° 

in bare WO3 correspond to (002), (020) and (200) crystallographic planes for the triclinic phase 

of WO3 (P1̅). 
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Figure 3.1. Characterization of synthesized catalyst. (a) Powder XRD patterns of BiVO4/WO3 

composites compared with the pristine BiVO4 and WO3 PXRD patterns. (b) Shift in XRD upon 

composite formation w. r. t. BiVO4 and WO3. 

On the other hand, the main peaks at 19° (110) and 29° (021) observed in the case of 

bare BiVO4 represent a cheelite-monoclinic structure (C2/c). A left shift of BiVO4 XRD peaks 

was observed upon composite formation. The shift can be attributed to the lattice parameter 

increment. The increment of the lattice parameters was further investigated by Extended X-ray 

Absorption Fine Structure (EXAFS) analyses (Figure 3.3). Upon composite formation, Bi-Bi 

radial distance has elongated due to strain relaxation inside BiVO4 lattice. As a result of this, 

Bi-V, Bi-O1, and Bi-O2 radial distances were reorganized in BiVO4 to relax the strain (Figure 

3.4b, Table 3.1). The obtained lattice parameters and weight fraction values of these 

composites (Figure 3.3a and Table 3.2) clearly indicate that lattice parameters of BiVO4 phase 

proportionally expanded upon the formation of the composite with WO3. This can be attributed 

to the relaxation of internal strain upon heterostructure formation (Figure 3.4a).39 Williamson-

Hall (WH) method40 was applied to calculate the strain in BiVO4 and composites (Figure 3.4a, 

Table 3.3). A substantial relaxation of strain in BiVO4 (~0.2 in pristine → ~0.08 in composites, 

Table 3.3) crystals upon composite formation can lead to a low-resistance fast electron transfer 

process,41enhancing the photoreduction activity. Transmission electron microscopy (TEM) 

was used to explore the morphology and microstructure of the pristine compounds and 

composites. Figure 3.4c shows the TEM image of BiVO4/WO3 heterostructures having two 

different morphologies due to the presence of both BiVO4 and WO3 phases. HRTEM images 

confirmed the formation of heterostructures, identifying the two crystalline phases with 

respective morphologies (Figure 3.4d). The left side of the green line corresponds to the BiVO4 

region and the right side correspond to WO3. 
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Figure 3.2. The synthesis of different composites were done by varying the reagent amount to 

get 1:1 to 1:5 weight ratio but the actual ratio may not follow the expection. Therefore, to know 

the exact ratioof BiVO4 and WO3 Rietveld refinement (RR) was performed. The RR plot of (a) 

BiVO4, (b) comp11, (c) comp12, (d) comp14 and (e) comp15. This shows that the data is 

well fitted with the BiVO4 with monoclinic crystal structure and WO3 with triclinic crystals 

structure. (f) the chart for expressing BiVO4 amount in different composite and pristine metal 

oxide semiconductor photocatalyst. Please note that the microstrain were not calculated from 

RR. For microstrain calculation only single and unmarged peaks were selected manually. The 

2 position and full width and half maxima (FWHM) of 4 peaks were taken to calculate mixro-

strain. RR was done to understand the actual ratio between BiVO4 phase and WO3 phase.  

f



 

Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

90 

 

Figure 3.3. FT EXAFS at Bi LIII-edge for (a) BiVO4, (b) comp14 and (c) comp11 in R-space. 

Table 3.1. EXAFS fitting parameters for Bi LIII edge with distances (R) and Debye Waller 

factor (σ2) for BiVO4, comp11 and comp14. 

Samples BiVO4 Comp 11 Comp 14 

Paths N R (Å) σ2 (Å)2 R (Å) σ2 (Å)2 R (Å) σ2 (Å)2 

RBi-O1 4 2.242 0.010 2.260 0.009 2.274 0.010 

RBi-O2 2 2.423 0.010 2.441 0.006 2.435 0.014 

RBi-O2 2 2.528 0.015 2.516 0.022 2.503 0.007 

RBi-V1 4 3.532 0.007 3.54 0.007 3.521 0.009 

RBi-V3 2 3.671 0.009 3.695 0.008 3.682 0.009 

RBi-Bi 2 3.613 0.021 3.632 0.013 3.645 0.022 

The d spacing in BiVO4 is 0.47 nm corresponding to (110) surface (Figure 3.3d), 

whereas the d-spacing value (0.37 nm) on the nanoparticles can be assigned to (020) planes of 

triclinic WO3. Increased d spacing in heterostructure was observed because the BiVO4 lattice 

has expanded upon strain relaxation. The FFT pattern has been taken from Figure 3.4d and 

presented in Figure 3.4e. The FFT pattern clearly shows the presence of two different 

compounds and the creation of heterojunction shared by the crystallographic (110) and (020) 

planes of BiVO4 and of WO3, respectively. The sheet-like morphology and formation of the 

composite were further supported by the atomic force microscopy (AFM) analysis in Figure 

3.4f and 3.4g. BiVO4 sheets have exhibited a thickness of  ̴ 4 nm which may be helpful in 

providing more active sites for PCR. 
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Table 3.2. Lattice parameters and weight fractions of composites. 

Compound Parameter comp11 comp12 comp14 
Pristine 

BiVO4 

BiVO4 

Crystal 

system 

Monoclinic 

(C2/c) 

Monoclinic 

(C2/c) 

Monoclinic 

(C2/c) 

Monoclinic 

(C2/c) 

a 7.287 Å 7.291 Å 7.297 Å 7.277 

b 11.695 Å 11.697 Å 11.690 Å  11.706 

c 5.174 Å 5.177 Å 5.164 Å 5.144 

β 135.427o  135.420o 135.365o 135.294o 

WO3 

Crystal 

system 
Triclinic (P) Triclinic (P) Triclinic (P) 

Triclinic (P) 

a 7.313 Å 7.316 Å 7.315 Å  

b 7.539 Å 7.542 Å 7.543 Å  

c 7.693 Å 7.697 Å 7.694 Å  

α 89.728o 89.734o 90.303o  

β 89.487o 89.486o 89.479o  

 89.935o 89.991o 90.018o  

(BiVO4:WO3) 
Weight 

Fraction 
0.586:0.414 0.464:0.536 0.182:0.818 

 

 

Table 3.3.  Strain values calculated from WH plot for pristine BiVO4 and other composites. 

Sample Slope of WH plot Strain 

BiVO4 0.825 0.206 

comp11 0.292 0.073 

comp12 0.349 0.087 

comp14 0.384 0.096 
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Figure 3.4. Structure and morphology analysis of catalysts. (a) Relative wt% of BiVO4 and 

WO3 phases in each composite obtained from the Rietveld refinement of PXRD and strain 

calculated by Williamson-Hall method. (b) trend of the bond distance in the composite with 

respect to BiVO4 obtained from Bi LIII edge XAFS data (BD: Bond Distance). (c) TEM image 

of comp14. d, HRTEM image of comp14, and (e) First Fourier Transform (FFT) pattern taken 

from Figure 4d. AFM images of (f) 4 nm thick pristine BiVO4 sheet and (g) comp14 showing 

WO3 nanoparticle on BiVO4 sheet. (h) ‘Bi’ and ‘W’ 4f7/2 binding energy shift in BiVO4, WO3 

and comp14 observed in XPS. 

Figure 3.4g shows the formation of hetero-structure where WO3 nanoparticles were 

decorated on BiVO4 sheet. The XPS technique was adopted to understand the surface chemical 

bonds of the composites. The W 4f Peaks around 35.38 eV and 37.52 eV belong to W 4f7/2 and 

W 4F5/2, attributed to W6+. Peaks around 159.31 eV (4f7/2) and 164.66 eV (4f5/2) indicate +3 
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oxidation state of Bi in pristine and composite BiVO4.
42 Bi 4f7/2 peak has shifted towards lower 

energy upon composite formation, indicating a change of chemical environment of BiVO4 after 

WO3 incorporation. Similarly, the W 4f7/2 peak has shown a higher energy shift with an 

increasing BiVO4 counterpart (Figure 3.4h, 3.5a-5h and 3.6a-3.6d). The shifts of binding 

energy establish the formation of heterojunction and infer composites are not just a simple 

physical mixture. ESR measurements showed negligible amount of oxygen vacancy.  

All the catalysts were tested for the photoreduction of CO2 with H2O under visible light 

irradiation for a period of 10 hours under visible light illumination (Figure 3.7a). Methane 

(CH4) was obtained as the product for all the catalysts until 10 hours of reaction with no traces 

of other common products like CO or H2. The formation of CH4 requires the complete reduction 

of CO2 to C, and a subsequent reaction with available protons from the decomposition of water 

on the same catalyst surface. As seen in Figure 3.7b, and 3.7c the methane production increases 

upon increasing WO3 percentage in the composite comp14 and then decreases with further 

addition of WO3. The test for each sample was repeated multiple times (a fresh catalyst was 

used each time), and the errors were within reasonable experimental uncertainties. 

 

Figure 3.5. XPS spectra of BiVO4/WO3 composites and individual components. (a, c) W 4f 

XPS for WO3, comp11 and comp14, (d-f) Bi 4f XPS for BiVO4, comp11, comp14. 
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Figure 3.6. Shift of binding energy in (a) W 4f7/2, (c) W 4f5/2, (b) Bi 4f7/2, and (d) Bi 4f5/2 for 

individual components, comp11 and comp14 obtained from XPS analysis. 

Bare WO3 samples showed no activity toward CO2 reduction reaction (CO2RR) under 

similar conditions. However, very small amount of methane was observed with pristine BiVO4 

(Figure 3.7d). Comp14 was found to be the best photocatalyst for the reduction of CO2 to CH4 

with 629 μmol/g of CH4 production compared to the negligible formation rates of 36 μmol/g/h, 

and 83 μmol/g/h in the case of comp11 and comp12, respectively. All three catalysts showed 

more than 99% selectivity towards CH4 till 10 hours after the reaction. Better methane 

formation efficiency was observed at higher pH (Figure 3.7e). Solubility of CO2 increases at 

higher pH. More dissolved CO2 concentration near the catalyst surface increases the CO2 

reduction efficiency. At higher pH, the surface of BiVO4 becomes more negative (Figure 

3.8d), and the electronic interaction between acidic CO2. and BiVO4 increases. Consequently, 

more CO2 will adsorb on negative BiVO4 surface. This may lead to better CO2 reduction ability 

of comp14 at higher pH. Photogenerated holes produce proton from water splitting.  
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Figure 3.7. Photocatalytic activity. (a) the illumination spectrum of our light source with the 

used filter compared with solar spectrum. (b) Yield of methane in batch process reaction at 0.1 

M NaOH with different composite catalysts. (c) Rate of methane formation with composite 

catalysts. (d) Control experiments in absence of CO2, in dark without catalyst with pristine 

WO3 and BiVO4. (e) pH-dependent CO2 reduction study with comp14 for 5 hours. (f) Long 

time methane production ability in 20 hours reaction. 

Surface adsorbed protons used for CO2 reduction. At higher pH CO2 will get less supply 

of surface adsorbed proton which hindered further CO2RR. This negative effect of increasing 

pH restricted further increment of CH4 yield upon increasing the pH from 13 to 14. From 

Figure 3.7e 11.3 µmol/g H2 was observed at neutral pH. Here, we have seen pH of the solution 

plays a crucial role in the suppression of HER and the formation of selective CH4. We also 

checked the long-term activity of composites where data collections were done after each 5h 

instead of every 1h. After 20 h of reaction, the composites remained active (Figure 3.7f). 

Further modification of the photoreactor and light intensity can make this catalyst useful for 

large-scale commercial applications. As a controlled study, the concentration of WO3 was 

further increased in the composite (comp15), however, the photocatalytic activity declined 

slightly in this case (Figure 3.7 b, c). This can be interpreted that excessive WO3 covering the 

active sites of BiVO4, which hinders CO2 adsorption on the catalyst interface. Composite 

catalysts did not give any hint of CO formation after 10 hrs of reaction (Figure 3.8a, b). A 

comparison with the well-known photocatalysts (Table 3.4) clearly confirms the superior 

activity of comp14 towards CO2 to methane formation. 
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Table 3.4. Comparison of the activity of BiVO4/WO3 composites for photocatalytic CO2 

reduction with the catalysts reported in literature. 

Catalyst 

 

Reduction 

medium) 

Sacrif

icial 

agent 

Light 

source 

 

Product 

 

Maximum 

Evolution 

rate  

(µmol g-1 h-1) 

Comp14 30 ml 0.1M 

NaOH soln. 

 

No 

 

 

420W Xe 

Lamp 

 

CH4 

 

CH4: 104 

Comp15 CH4: 85 

Comp12 CH4:  20 

Comp11 CH4:  9 

43Pt/TiO2 Pure water 300 W Xe 

lamp 

 

 

CH4 

 

CH4: 6.8 

44SnS2/TiO2 water CH4 

CO 

CH4: 23 

CO: 2.5 

2VS-CuIn5S8 Water Vapor CH4 CH4: 8.7 

45CdS/WO3 0.14M NaHCO3 CH4 CH4: 1.02 

46Zinc Phthalo-

cyanine/BiVO4 

100mg 

5 ml water 

CO 

CH4 

CO: 4 

CH4: 0.6 

47Au/CdS/TiO2 Pure water vapor 450 W Xe 

lamp  

CH4 

H2 

CO: 4.5 

CH4: 41 

48Rb3Bi2I9 film H2O vapor 32 W UV 

lamp  

CO 

CH4 

CO: 77.6 

CH4: 15 

49N doped 

graphene/CdS 

Water vapour 350 W Xe 

Lamp  

CO 

CH4 

CO: 2.59 

CH4: 0.33 

50WO3/g-C3N4 (10 

wt %) 

water  TEOA 300 W Xe 

Lamp 

CO 

CH4 

CO: 1.37 

CH4: 0.75 

513 mol% Mo-doped 

WO3·0.33H2O. 

Water spray NO 500 W Xe 

Lamp 

CH4 CH4: 5.3 

 

52Pt/C-In2O3 20 ml, 10 mol% 

TEOA 

TEOA 300 W Xe 

Lamp 

 

CO 

CH4 

CO: 630 

CH4: 139.5 

53Zn2GeO4/RuO2/Pt water NO CH4 CH4: 6 

6GaN/Cr2O3/Rh water NO CH4 CH4: 3.5 
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 Liquid product analysis by HPLC and 1H NMR after CO2RR revealed that no liquid 

product was obtained (Figure 3.8b). Photocatalysis with 13CO2 by comp14 in Figure 3.8c 

shows BiVO4/WO3 only produced 13CH4 (m/z=17). This result confirmed that the evolved 

methane indeed originated from the photoreduction of CO2 in presence of water and catalyst. 

The effect of NaOH concentration was studied by varying the pH of the reaction medium. Basic 

medium indces negative surface charge as depicted from zeta potential calculation (Figure 

3.8d). Electrophilic CO2 can bind more facile way on BiVO4 surface because it has negative 

surface charge. The activity remains the same even after 3 runs on the same catalyst (Figure 

3.8e).The catalyst (comp14) remains completely stable after light irradiation and base 

treatment as evident from the post-photocatalytic PXRD patterns (Figure 3.8f). To understand 

the origin of the enhanced CO2 to CH4 activity, optoelectronic properties of the composites 

were analyzed through Ultraviolet-Visible (UV-vis) Diffuse reflectance Spectroscopy (DRS), 

and Photoluminescence (PL) studies. From the DRS spectra (Figure 3.9a) it is clear that BiVO4 

and WO3 have absorption band edge at around 500 nm and 425 nm, respectively, corresponding 

to their characteristic band gaps of 2.53 eV and 3.05 eV as calculated from the Tauc plot (inset 

of Figure 3.9a).22, 54-55 The composites of BiVO4 and WO3 show two discrete optical 

absorption edges attributed to the collective intrinsic absorption edges of the constituents. The 

Ueff (= U-J) study yields a bandgap of 2.63 eV for bulk BiVO4 (Figure 3.9b), which is again in 

excellent agreement with previous reports.27-28 PL analysis was performed to study the 

interfacial charge transfer and separation efficiency of the photogenerated electrons and holes 

in BiVO4/WO3 composites. The PL spectra shown in Figure 3.9c display a broad PL emission 

peak focused at 530 nm and 490 nm for pristine BiVO4 and WO3, respectively, which is in 

agreement with the previous reports.56-57 BiVO4/WO3 heterostructures show a completely 

diminished emission peak, which indicates that the heterostructure can effectively arrest the 

recombination of photogenerated carriers and enhance charge transfer efficiency.52, 58 

Furthermore, charge transfer and separation efficiency was evaluated by transient photocurrent 

measurements as shown in Figure 3.9d. The enhanced photocurrent in the case of comp14, 

compared to pristine BiVO4 and WO3, reveals the higher separation rate of photo-generated 

charges in the composite. As a consequence of which better CO2 reduction performance was 

observed at higher pH. Nyquist plot of comp14 was obtained from electrochemical impedance 

spectra (EIS) (Figure 3.9e). The diameter of the semi-circular arc in the Nyquist plot gives the 

measure of the charge transfer resistance (Rct) at the electrode/electrolyte interface, wherein a 
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larger diameter manifests higher resistance and hence greater possibility of electron-hole pair 

recombination.59  

 

Figure 3.8. (a) Gas analysis by Gas chromatography. Screenshot of gas chromatogram of CO2 

photoreduction with comp14 at 0.1 M NaOH solution. (b) Post reaction liquid analysis. NMR 

taken after 10h of reaction with comp14 at pH 13. No liquid product was detected. (c) 13C 

analysis. Product detection with GCMS after 13CO2 photoreduction by comp14. Mass spectra 

(m/z=17) suggests that the formed methane came from photocatalytic CO2 reduction. (d) Effect 

of pH on catalyst 14. Zeta potential measurements at basic and neutral medium by dispersing 

comp14 in NaOH solution. Malvern (MPT-3) instrument was used for zeta potential 

measurements. At pH 7 the observed overpotential was zero. (e) Stability profile after 

consecutive 3 runs. After each cycle and photocatalytic cell was purged with fresh batch of 

CO2. (f) Post reaction stability. PXRD patterns of comp14 before and after photocatalytic CO2 

reduction. 
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Figure 3.9. Photophysical and photoelectrochemical characterization. (a) UV-Vis diffuse 

reflectance spectra (displayed in absorbance) of BiVO4, WO3, comp11 and comp14 with Tauc 

plot at inset. (b) Electronic band structures of comp14 (cyan lines) and bulk BiVO4 (orange 

shade) calculated using the DFT+U method. The contributions to the electronic bands from Bi, 

V, and O atoms are shown by green, orange, and blue lines. (c) Photoluminescence (PL) spectra 

of BiVO4, WO3, comp11 and comp14 heterostructures. (d) Transient photocurrent density of 

BiVO4, WO3 and comp14 measured at pH 13. (e) EIS Nyquist plot of BiVO4, WO3 and 

comp14 film on FTO electrodes. 

Under light irradiation, charge transfer resistance was found to follow the trend, 

comp14 < BiVO4 < WO3. The reason lies in the well-built interface of the BiVO4/WO3 

composite, which was also reflected in the PL studies. The photocurrent was measured using 

different concentrations of NaOH solution, and better photocurrent was observed at higher pH 

(Figure 3.10a). This suggests a better reducing ability of photogenerated electrons at higher 

pH.   

To understand the band edge position of BiVO4 and WO3 Mott-Schottky (MS) plots of 

all these materials were carried out in 0.5 M Na2SO3 electrolyte. The flat band potentials 

calculated from the MS plots of WO3 (Figure 3.10b) and BiVO4 (Figure 3.10c) are +0.29V 

and -0.31V with respect to NHE. The positive slope in MS plots indicates that both these 

materials are n-type semiconductors. Since it is known that for n-type semiconductors, the 
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Fermi energy lies near to the conduction band minima (CBM), the CBM and the flat band 

potential would be close. Thus, the flat band potentials give an approximate estimation of CBM 

levels.60 Based on CBM and bandgap from Figure 3.9a, the valence band maxima (VBM) 

position of the composites can be determined. Figure 3.11a shows CBM and VBM positions 

of BiVO4 and WO3 with respect to CO2 to CH4 redox potential (-0.24 eV). It can be clearly 

seen that the CBM position of BiVO4 is more negative than the CO2 to CH4 reduction potential, 

whereas the CBM maxima of WO3 lies further below. Photocatalytic reduction of CO2 with 

water using the composites resulted in 100% methane selectively. In general, the transfer of 

electrons to CO2 can happen either from the CBM of WO3 (type II mechanism) or from the 

CBM of BiVO4 (Z-scheme mechanism). The redox potential of CH4 formation from CO2 is -

0.24 eV, and CBM position of WO3 is +0.20 eV (Figure 3.11a). So, electron transfer from the 

CBM of WO3 to CO2 is not possible. Consequently, the only possible route of electron transfer 

can happen from the CBM of BiVO4. Thus, the transfer of electrons from the CBM of BiVO4 

in this heterostructure can only be explained by the Z-scheme model (Figure 3.11b).61 

  

Figure 3.10. (a) Photocurrent measurements at different pH. Mott-Schottky plots of (b) WO3, 

(c) BiVO4 in 0.5M Na2SO3 electrolyte at an applied frequency of 50 kHz. 
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Figure 3.11. Electron transfer pathway. (a) The proposed Z-Scheme of BiVO4/WO3 hetero 

structure towards CO2 to CH4 production, (b) Conduction band minimums (CBM) and valance 

band maximas (VBM) of BiVO4 and WO3 with respect to CO2 to CH4 redox, (c) Bi-LIII edge 

XANES spectra of BiVO4, comp11 and comp14. Inset of Figure 3.11c shows the reduction of 

Bi oxidation state (left side) and the progressive drop of white line intensity (right side). 

In general, Z-scheme is proposed in the presence of sacrificial electron transporter redox 

system like I-/IO3
-.62 Bi LIII edge X-ray absorption near-edge structure (XANES) spectra reveal 

the charge transfer within the composites (Figure 3.11c). Electron transfer from WO3 to BiVO4 

results in a reduction of Bi oxidation state (inset of Figure 3.11c) and the progressive drop of 

white line intensity (inset of Figure 3.11c) upon composite formation. As the percentage of 

WO3 increases, the oxidation state of Bi in BiVO4 is further reduced, showing a minimum 

white line intensity in comp14. This observation strongly supports the proposed mechanism of 

electron transfer and rationalizes the activity enhancement in comp14, compared to the other 

composites (comp11 and comp12). To further confirm the Z-scheme mechanism, EPR analysis 

was done to detect the spin active ·O2
- and ·OH- species using 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO) as the spin trapping agent. As shown in Figure 12a, only signals corresponding to 

DMPO-·OH adduct was detected for WO3 since its conduction band (CB) is not negative 

enough to perform O2 to ·O2
- reaction. On the other hand, only signals attributed to DMPO-·O2

- 

adduct was found for pristine BiVO4 since its valence band (VB) is not positive enough to 

oxidize OH- to ·OH (Figure 12b). Importantly, both DMPO-·OH and DMPO-·O2
- ESR peaks 

were detected for comp14. These findings eliminate the possibility of type II heterojunction in 

these composite catalysts (Figure 12c). In such case, excited electrons in BiVO4 should travel 

to the CB of WO3 while the photo-induced holes of WO3 should transfer on the VB of BiVO4, 

therefore, neither signals attributing to DMPO-·O2
- nor DMPO-·OH could be observed. 

Therefore, on the basis of above findings, the creation of Z-scheme charge transfer mechanism 

in BiVO4/WO3 composites can be confirmed. Additionally, higher accumulation of electrons 
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and holes in comp14 can be observed from more intance ESR signals. Therefore, it can be 

inferred that via Z-scheme process, availability of photo-generated charges increased due to 

better charge separation.63  The reaction intermediates in CO2RR process were detected by in-

situ DRIFTS experiments (Figure 3.13). The peak at 1652 cm-1 for comp14 was observed, and 

this peak intensity increased gradually with increasing time (Figure 3.14a). This peak is 

ascribed to the *COOH group, which is commonly referred to as a crucial initial intermediate 

of CO2 reduction reaction.64-65 FTIR peaks at 1118 cm-1 and 1153 cm-1 in Figure 3.14b are 

attributed to the characteristic bands of *CHO and *OCH3 group respectively.66 *OCH3 is 

regarded as the most important intermediate of CH4 formation by CO2 photoreduction.67   

 

Figure 3.12. ESR study for understanding Z-scheme electron transfer in BiVO4/WO3 

composite catalyst. ESR spectra of DMPO-·OH in water (a) and DMPO-·O2
- in methanol (b) 

in the presence of BiVO4, WO3, and comp14. (c) Energy band alignment and reaction 

mechanism of Z-scheme and type II (pH = 0). 
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Figure 3.13. In-Situ FTIR spectra for comp14 in presence of CO2 and water vapour under light 

illumination.   

 No peak evolution upon extension of irradiation time was observed in 2000 cm-1 to 

2100 cm-1 region, which suggests the absence of abundant stable *CO intermediate on catalyst 

surface.68-69A similar absorption band of carbonates asymmetric stretching is also observed at 

1298 cm-1.70 To further unwrap the unrevealed reasons for improved activity in composites 

compared to pristine BiVO4 and selective CH4 production, we calculated Gibbs free energy on 

possible reaction pathways (Figure 3.14c).71-72 The conversion of CO2 to CH4 usually follows 

two types of reaction pathways (Mechanism-I and Mechanism-II; Table 3.5 ),31 where the first 

two elementary steps are common in both the mechanisms. To check which reaction pathway 

is favoured on the BiVO4 (110) and comp14 (110) surface reaction thermodynamics of both 

pathways were analyzed. The TEM analysis showed that BiVO4 (110) is the most exposed 

plane (Figure 3.4d). Therefore, the DFT calculations were carried out on this facet of BiVO4. 

Upon investigating the Mechanism-I73 pathway, it was found that the *COH and *C 

intermediates change to *COOH and *CO intermediates, respectively, upon structural 

optimization by taking oxygen from the lattice. The instability of the intermediates involved in 

Mechanism-I (*C—O—H and *C) arises due to their carbon atoms being more electron 

deficient than those involved in Mechanism-II (e.g., *C(H)=O or *CHO) (Figure 3.14d). 

Therefore, Mechanism-I is not feasible on the materials under study. It is further validated from 

DRIFTS experiments where peaks for intermediates of Mechanism-I were not observed, but 

those of Mechanism-II such as *CHO and *OCH3 were observed. Hence, for BiVO4/WO3 

composite system CH4 formation route via mechanism-II is more feasible than mechanism-I. 
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 The stronger bonds on BiVO4 surface with O in comp14 lead to easier breaking of O-

C bonds from *OCH3 group. Therefore CH4 desorption became very facile. Based on DRIFTS 

and DFT calculations, a plausible schematic mechanism scheme has been drawn and presented 

in Figure 3.14e.  Next, the free energy diagram for photoreduction of CO2 to CH4 on pristine 

BiVO4 (110) (blue lines) and comp14 (110) (red lines) through the Mechanism-II pathway was 

plotted in Figure 3.14c. The conversion of *CHO to *CH2O intermediate is the potential 

determining step (PDS) on both surfaces. However, the free energy barrier for PDS on strain 

relaxed comp14 (1.84 eV) is lesser than that on pristine BiVO4 (110) (2.32 eV), which renders 

CO2RR more facile on comp14 (110). This is in complete agreement with experiments, where 

CH4 was observed in appreciable amounts only on comp14 surface due to relaxation of strain 

upon composite formation. The decrease in free energy barrier of PDS can be ascribed to the  

 

Figure 3.14. Methane formation mechanism. In-situ DRIFTS for adsorption mixture of H2O 

vapour and CO2 on comp14. (a) Amplifications of areas from 1080 cm-1 to 1260 cm-1 and (b) 

1600 cm-1 to 1720 cm-1, (c) free energy diagram for CO2RR on pristine BiVO4 (110) and 

comp14 (110) and (d) Optimized structures of the intermediates on the comp14 (110) surface 

involved in the CO2RR. The cyan, orange, grey, brown, green, and pink spheres represent Bi, 

V, O (of BiVO4), C, O (of intermediates), and H atoms. (e) Schematic illustration for selective 

methane formation. 

Table 3.5. Eight elementary steps are involved in the CO2RR process31  
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 *CH2O intermediate being stabilized to [Δ𝐺𝐵𝑖𝑉𝑂4−𝒄𝒐𝒎𝒑𝟏𝟒(*CH2O) = 1.87 eV] on 

comp14 than the *CHO intermediate [Δ𝐺𝐵𝑖𝑉𝑂4−𝒄𝒐𝒎𝒑𝟏𝟒(*CHO) = 1.39 eV]. The density of 

states (DOS) calculations has been performed to explain the trends in relative stability of the 

two key intermediates in Figure 3.15a, and b. The filled states of *CH2O intermediate are 

further away from the Fermi level on comp14 (Figure 3.15b), and hence are more stabilized 

compared to *CHO, whose filled states remain almost unchanged on the comp14 surface 

(Figure 3.15a).  

Furthermore, the IR peak corresponding to the *CO intermediate is not observed. In 

order to explain this observation, we calculated CO desorption free energies (ΔG(*+CO)) for  

BiVO4 and comp14 (Figure 3.15c, and d). The formation of *CHO intermediate is more 

exothermic than CO desorption on both pristine BiVO4 (by 1.83 eV) and comp14 (by 2.11 eV) 

surfaces, favouring the formation of *CHO intermediate rather than desorption of the CO gas. 

The reaction free energy for the elementary step *CO + H+ + e- → *CHO is also highly 

exothermic (-2.13 eV) for comp14. Both the findings imply that the *CO intermediate will get 

quickly protonated to form the *CHO intermediate and hence finally produce CH4 gas as the 

product. Therefore, the IR peaks for *CO intermediate and CO as product are not observed in 

the experiments. The ΔG(*H) values at pH=0 for pristine BiVO4 and comp14 are -2.56, and -

4.02 eV, respectively. The ΔG(*H) value is more exothermic for comp14, hence it is more 

difficult for the adsorbed H to desorb from the surface, leading to reduced HER activity on 

comp14 at pH=0. 

Mechanism-I Mechanism-II 

CO2 + H+ + e- → *COOH CO2 + H+ + e- → *COOH 

*COOH + H+ + e- 
→ *CO *COOH + H+ + e- 

→ *CO 

*CO + H+ + e- 
→ *COH *CO + H+ + e- 

→ *CHO 

*COH + H+ + e- 
→ *C + H2O *CHO + H+ + e- 

→ *CH2O 

*C + H+ + e- 
→ *CH *CH2O + H+ + e- 

→ *CH3O 

*CH + H+ + e- 
→ *CH2 *CH3O + H+ + e- 

→ *O + CH4 

*CH2 + H+ + e- 
→ *CH3 *O + H+ + e- 

→ *OH 

*CH3 + H+ + e- 
→ * + CH4 *OH + H+ + e- 

→ * + H2O 
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Figure 3.15. Density of states (DOS) showing states of the intermediate and adsorbent for (a) 

*CHO on pristine BiVO4 (top) and comp14 (bottom), and for (b) *CH2O on pristine BiVO4 

(top) and comp14 (bottom). Free energy diagrams showing competing CO desorption with 

CO2RR for (c) pristine BiVO4 (110), and for (d) comp14 (110).  Free energy diagrams showing 

HER for (e) pristine BiVO4 (110), and for (f) comp14 (110) at different pH values.  
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At neutral pH (7), the values of ΔG(*H) for pristine BiVO4 and comp14 become 1.58 

and 0.12 eV, respectively. The HER activity is usually observed when ΔG(*H) ≈ 074; therefore, 

the comp14 at neutral pH should exhibit HER, which is in agreement with the experiments 

(Figure 3.7e, pH=6.8). On further increasing the pH, the ΔG(*H) values become endothermic 

and hence HER is again suppressed. All these advantages of composite photocatalyst drive 

CO2 photoreduction to highly selective methane formation by suppressing competitive HER 

without applying any sacrificial hole scavenger. It is anticipated that this low cost and stable 

photocatalyst may be suitable for long-term and large-scale utilization.  

3.6  Conclusion 

In conclusion, we have developed a heterojunction photocatalyst, BiVO4/WO3, to 

achieve more than 99% selective conversion of CO2 to the energy-dense fuel CH4 under visible 

light. The interfaces between WO3 nanoparticles and BiVO4 nanosheets drive the expansion of 

lattice parameters and relaxation of strain in BiVO4 upon composite formation, favoring fast 

photoinduced charge transport without the support of any sacrificial agent. The enhancement 

in charge transfer and electron−hole separation along with suitable reaction medium selection 

leads to a multifold increase in activity and selectivity. The suitable band alignment with 

respect to the CH4 reduction potential and the existence of intersystem charge transfer unravels 

a Z-scheme mechanistic pathway for electron transfer in composites. Moreover, DRIFTS and 

Gibbs free-energy calculations confirmed the lowering of overall reaction barrier on the 

heterojunction surface and elucidated the CH4 formation pathway. This work showcases new 

design strategies to generate potential photocatalysts for efficiently converting CO2 to desired 

chemicals under visible light. 
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Summary 

Heterojuncituin photocatalysts has already been explored for bettter catalysis in earlier chapter. 

Therefore, similar approach were introduced for addressing the shortcomings of TiO2. Fast 

photo-generated charge recombination and inappropriate bandgap for visible-light-driven 

charge generation hinder the performance of TiO2. In this study, TiO2 was activated for visible-

light-driven CO2 reduction in the presence of Bi2MoO6 as an electron donor. Furthermore, the 

introduction of oxygen vacancies resulted in enhanced CO2 adsorption and conversion. The 

best catalyst gives 27.1 µmol g-1 h-1 methanol formation. DRIFTS were used to explain the 

methanol formation mechanism on oxygen deficient TiO2. The oxygen vacancies were 

quantified by X-ray photoelectron spectroscopy (XPS) spectra and the enhanced CO2 

adsorption capacity was understood from CO2 temperature programmed desorption (TPD) 

study. 
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4.1.  Introduction 

Metal oxide semiconductors have identified as potential CO2 reduction 

candidate. Selective methane formation was carried out by hetero-structure 

photocatalyst. However, methane and methanol both forms via the same intermediate 

formation. Therefore, methanol synthesis was targeted because methanol has a more 

economical interest compared to methane.1 In this context, transition metal oxide-based 

semiconductors are considered to be promising photocatalysts due to their suitable band 

edge position and excellent stability against photodegradation. For example, TiO2,
2 

WO3,
3 Bi2MoO6,

4 BiVO4
5 etc. have been extensively used for the photocatalytic 

hydrogen evolution reaction (HER) and photocatalytic CO2 reduction reaction (PCR).6  

Despite having promising photocatalytic activity, the practical application of 

TiO2 is constrained by its poor visible light activity and its tendency to undergo 

extensive electron-hole recombination, reducing the extent of photo-generated electrons 

(e-s) available for photoconversion. Similarly, Bi2MoO6, a promising visible light driven 

photocatalyst shows low quantum efficiency owing to its poor charge separation and 

slow carrier mobility.7 Establishing a heterojunction between two semiconductors is an 

excellent strategy to significantly increase the photoconversion efficiency by not only 

modulating the light sensitivity towards the visible region but also promoting the charge 

carrier separation.8-9 In addition, surface engineering leading to the generation of oxygen 

vacancies (Ov) can also increase the lifetime of photo-generated e-s by creating trap 

states between the conduction and valence band.10-11 Here, Bi2MoO6 is used as an e- 

donor to activate TiO2 under visible light. In addition, Ov was created deliberately to 

offer optimum CO2 chemisorption opportunities at the TiO2 surface. With the help of 

this dual strategy, we were able to achieve a dramatic increment of PCR performance 

by suppressing the drawbacks of the individual components. CH3OH was obtained as 

the major product, which is regarded as a high energy dense fuel.12 

4.2.  Experimental section 

Materials: Titania P25 [TiO2, Alfa Aesar], sodium hydroxide [NaOH, Spectrochem], 

hydrochloric acid [HCl, Merck], sulfuric acid [H2SO4, Merck], ethylene glycol [(CH2OH)2, 

Sigma Aldrich], bismuth nitrate pentahydrate [Bi(NO3)3·5H2O, Alfa Aesar], sodium molybdate 

dihydrate [Na2MoO4·2H2O, Alfa Aesar]. All the chemicals used were commercially available 

certified reagents and without further purification. 
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Synthesis of catalysts13 

Preparation of TiO2 nanobelts: P25 (0.2 g) was immersed in 40 mL of a 10 M NaOH solution. 

The suspension was transferred to a 50 mL Teflon-lined autoclave and maintained at 180 °C 

for 48 h. After washing thoroughly with deionized water, the obtained products were dissolved 

in a 0.1 M HCl solution for 48 h to get H2Ti3O7 nanobelts, then the above products were 

immersed in a 0.02 M H2SO4 solution and maintained at 180 °C for 10 h. After washing 

thoroughly with deionized water, the sample was annealed at 600 °C for 2h. 

Preparation of 2D Bi2MoO6/TiO2 heterostructure: Bi2MoO6 nanoparticles/TiO2 nanobelt 

heterostructures (mole ratios from 1:1 to 4:1) were synthesized by a coprecipitation 

hydrothermal method. Bi(NO3)3·5H2O (0.4-1.6 mmol), Na2MoO4·2H2O (0.2-0.8 mmol), and 

TiO2 nanobelts (0.2 mmol) were immersed in 15 mL of ethylene glycol, respectively, and then 

were mixed together. The resulting suspension was maintained at 160 °C for 24 h in a 50 mL 

Teflon-lined autoclave. Finally, the products were washed thoroughly with deionized water. 

For comparison, pure Bi2MoO6 nanoparticles were also synthesized in the same manner 

without adding TiO2 nanobelts. We varied the ratio of Bi2MoO6:TiO2 in the composition 

1:1(Bi1@Ti1), 2:1 (Bi2@Ti1) and 3:1 (Bi3@Ti1) 

Material characterization 

X-Ray diffraction: The structural phase of Bi2MoO6 and TiO2 samples were confirmed by X–

ray diffraction (XRD, Rigaku Advance X-ray diffractometer equipped with Cu kα lamp source 

for irradiation 1.5 Å).  

Microscopy: To understand the morphology of material, transmission electron microscopy 

(TEM), and scanning electron microscopy w done using JEOL 200 and oxford instruments. 

Sample preparation was done by drop casting small amount of sonicated powder in ethanol on 

a carbon coated copper grid and little more concentrated solution on silicon wafer. 

Electron spin resonance (ESR) measurements: 10 mg sample was loaded in EPR tube (made 

of quartz) and the EPR signal was detected by Bruker instrument. Before the experiment, the 

instrument was standardized by a standard Mn sample.  

CO2 Temperature programmed desorption (TPD): The CO2 TPD analysis was performed 

in Altamira AMI-300 Lite instrument using 10% CO2 in Helium. In a typical procedure, around 

150 mg of material was taken in the U-shaped TPD cell. The sample was pre-treated at 500 °C 

for 1h with a ramp rate of 10 °C/min with Helium prior to the CO2 treatment. The material was 
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allowed to cool to 50 °C and it was saturated for 60 minutes with CO2 by passing a mixture of 

gas containing 5 ml/min CO2 and 45 ml/min helium. Further, the sample was flushed with 

Helium to remove any physisorbed CO2. The TPD analysis was performed from 50 °C till 500 

°C with a ramp rate of 10 °C/min and helium as carrier gas with a flow rate of 25 ml/min. The 

amount of CO2 desorbed from the material was detected by the TCD detector. After every 

analysis, the TCD response is calibrated to calculate the amount of CO2 chemisorbed on the 

sample. 

Photocatalytic measurements: A quartz photoreactor was used for CO2 hydrogenation 

experiment under the illumination of 450 W xenon lamp (Newport) through UV cut-off filter 

(CGA 400 filter and KG2 filter). The intensity of output light was measured using a power 

meter (Newport-843-R). The measured intensity during the catalytic reaction is 110 mW/cm2. 

(Note: The distance between light source and reactor is 10 cm). About 5 mg of the sample was 

well dispersed in 20 mL of 0.1 M NaOH by ultrasonication. Before illumination, the reaction 

setup was purged with N2 to remove the air and then with high purity CO2 for 45 minutes. 

During irradiation, 5 mL of the gaseous product from the setup was sampled, and ensuing study 

was done by GC (gas chromatography) (Agilent GC-7890 B) with TCD and FID detector and 

He carrier gas. This can detect up to 0.25 ppm of methane and 16 ppm CO. To further verify 

the products gas chromatography Mass Spectrometry (SHIMAZU GC-2010 PLUS) was used. 

Products were quantified by using RT® Molecular sieve 5A column (45 m, 0.32 mm ID, 30 

μm df) with a mass detector. The calibration was done by a standard gas mixture of H2, CO, 

CH4 of different concentrations in ppm-level. It has a detection limit of 1 ppm for H2, CO and 

CH4. Another dedicated GC (Agilent 7890 B) with a TCD detector and Ar carrier gas was used 

to detect H2. It can sense up to 10 ppm of H2. For liquid product analysis 1H NMR (400 MHz, 

JEOL) and HPLC (Agilent 1220 Infinity II LC system) were employed. The following protocol 

was applied for the 1H NMR analysis. Five hundred μL of the solvent (after filtration) and 10 

μL of an internal standard solution were transferred into a centrifuge tube. The internal standard 

solution consisted of 50 mM phenol (99.5%) and 10 mM dimethyl sulfoxide (99.9%) made in 

D2O solvent. The mixture is transferred into an NMR tube. Blank tests were conducted in the 

absence of CO2 and light to confirm that these two factors are critical for the photocatalytic 

CO2 reduction reaction. Used photocatalyst was amassed after each test and washed with water, 

and its performance was rechecked by similar procedure. Rate of the product formation was 

calculated by considering maximum rate at 6th hour for all the catalysts. 13CO2 was purged for 

20 minutes and the reaction was continued for 2h. Then the products were checked by GC-MS 
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to confirm the source of CO and CH3OH is CO2. All the photocatalytic reactions were done in 

an air conditioning room (22 °C). The local heat generated on the catalyst surface during light 

illumination was checked by an infrared temperature gun (GM320) and it was not more than 

45°C. Maintaining all the conditions similar to the reaction was done at 45°C in the absence of 

light. However, no product was detected. This proves that the local heating due to light 

illumination does not affect the catalytic performance. 

Role of basic medium in PCR study: Basic solution was used to increase the solubility of 

CO2 in the reaction medium. Dissolution of CO2 in water follows three chemical reactions. 

CO2 + H2O ↔ H2CO3………………… (4.1) 

H2CO3 ↔ HCO3
− + H+………………. (4.2) 

HCO3
− ↔ CO3

2− + H+………………… (4.3) 

Hydroxide consumes protons and promotes 4.1 and 4.2 reactions. Reaction 4.3 depletes 

H2CO3. As a result, reaction (r1) is also forced to shift towards right. The net result is more 

CO2 residing in solution (dissolved) as the solution becomes more basic in nature.   

The ultraviolet-visible diffuse reflectance spectrum (UV-vis DRS): UV-vis spectra was 

obtained in the range of 250 to 800 nm by using a Perkin-Elmer Lambda 900 UV/Vis/Near- IR 

spectrophotometer in reflectance mode for BiVO4, WO3 and composites. With an integrating 

sphere attachment. BaSO4 was used as a 100% reflectance standard. The absorption was 

calculated data using the Kubelka−Munk equation, α/S = (1 − R)2/2R, where R is the 

reflectance and α and S are the absorption and scattering coefficients, respectively.14 Band gap 

was derived using Tauc plot. 

Photoluminescence (PL): PL spectra of all the solid samples were recorded at room 

temperature on a steady state Luminescence spectrometer Perkin-Elmer (LS 55) at different 

excitation wavelength.  

Electron paramagnetic resonance (ESR): Five mg of sample (P25 commercially available 

TiO2 and Ov-TiO2 nano belt were poured in a quartz ESR tube. Before starting the experiment, 

the machine was calibrated by slandered Mn2+ sample. The experiment was done by Brucker 

ESR instrument with S-band magnet. First the Q-band was identified at 330 mT and then data 

collection was done in the region of 300 to 360 mT. Here Mt refers: Mili Tesla. 

Photoelectrochemical measurements: The transient photocurrent measurements under dark 

and light were done in a three-electrode system using a OrigaLys potentiostat under the 



Activating Oxygen Deficient TiO2 in The Visible Region by Bi2MoO6 for CO2 Photoreduction to 

Methanol 
Chapter 2 

 

121 

illumination of a solar simulator (Newport) with an ultraviolet (UV) (λ > 400 nm) cut-off filter 

(CGA-400). Hg/Hg2Cl2 (SCE) was reference electrode, and platinum as the counter electrode 

was used. The slurry was prepared by adding 10 mg of the sample, 200 μL of Nafion (5%), and 

1 mL of isopropyl alcohol to fabricated photoelectrodes. The obtained paste was spin-coated 

on FTO with 1 cm2 area to get a homogenous film. All samples were spin coated on fluorine-

doped tin oxide (FTO) which were used as working electrode. 0.5 M Na2SO4 was taken as 

electrolyte for Nyquist plot and Mott-Schottky measurement. Mott-Schottky (MS) plots were 

recorded at a scan rate of 10 mV/s in Na2SO4 neutral solution in the light at a frequency of 75 

kHz. The obtained values (w.r.t SCE) were converted w.r.t NHE by adding 0.20 V. 

Photocurrent was obtained by 10s light on and 10s off experiment with sample spin coated on 

FTO electrode in 0.1M NaOH solution. 

In-situ photocatalytic Fourier transform infrared spectroscopy (FT-IR): In-situ 

photochemical FT-IR spectroscopic studies were performed using a purged VERTEX FT-IR 

spectrometer equipped with the A530/P accessory and a mid-band Mercury Cadmium Telluride 

(MCT) detector. Spectra was recorded after 100 scans with a resolution of 4 cm-1. A DRIFTS 

cell with a quartz window was used to perform catalytic experiment. Prior to catalytic testing, 

5 mg of the sample was placed in the DRIFTS cell and treated in flowing N2 for 30 min to 

remove impure gas mixtures. Then, CO2 and water vapor were injected through rubber septa 

and light was illuminated through the quartz window for 150 minutes. Just before the light 

exposure on the DRIFTS cell the zero-minute data was collected and after that, data was 

collected every 10 minutes for 150 minutes.  

4.3.  Apparent quantum yield (AQY) calculation15-16 

The wavelength dependent AQY of CO2 photo-reduction by comp14 were calculated 

using different monochromatic light source. Therefore, 6 (400±10 nm, 425±10 nm, 450±10 

nm, 475±10 nm, 500±10 nm, 550±10 nm) different bandpass filters obtained from light source 

manufacturer (Newport) were used to obtain the monochromatic wavelengths and Newport-

843-R power meter was used to measure the incident light intensity. After 6 hours of CO2 

reduction the AQY was estimated from the following equation: 

AQY(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑋 100% 

Number of reacted electrons were calculated from the yield of CO2 reduced products (here 

selectively methane was obtained). Because different number of electrons are required for the 

formation of different products, the total number of reacted electrons are  
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = [ 6𝑛(𝐶𝐻4) + 2𝑛(𝐻2) + 2𝑛(𝐶𝑂)]𝑋 𝑁𝐴  

n(CH4), is the yield of methane. NA is Avogadro’s number.  

Number of incident photons are calculated from the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃𝑆𝜆𝑡

ℎ𝑐
 

where, P is the power density of the incident monochromatic light (W/m2), S (m2) is the 

irradiation area, t (s) is the duration of the incident light exposure and λ (m) is the wavelength 

of the incident monochromatic light. h (Js) and c (m/s) correspond to planks constant and speed 

of light respectively. 

Combining these two equations the AQY(%) for different monochromatic light was calculated. 

For example, the AQY(%)@400 nm is shown here- 

n(CH3OH) =18.4 µmol/g, n(H2) =2.8 µmol/g, n(CO) =9.4 µmol/g, NA = 6.023*1023 mol-1, P= 

44*10-3 W/cm2, S= 4.52 cm2, l= 400 nm, t=6h, h= 6.626*10-34 Joule second, c= 3*108 m/s 

AQY(%)@400 nm 

 =
[(18.4×6)+(2.8×2)+(9.4×2)×10−6]×6.02×1023

1
×

6.626×10−34×3×108

44×10−3×4.52×400×10−9×3600×6
× 100% 

 = 0.89%  

Similarly, AQY% were calculated for 425 nm, 450 nm, 475 nm, 500nm, 550nm. For each 

AQY% calculation 5 mg new batch of photocatalysts were used to perform CO2 reduction. 

4.4.  Results and discussions 

TiO2, Bi2MoO6 and their composites were synthesised by solvothermal 

processes. Pre-synthesized TiO2 was added to an autoclave along with Bi(NO3)3 and 

Na2MoO4 to make a suitable interface between TiO2 and Bi2MoO6 for facile e- transfer 

within the heterojunction. The formation of the heterojunction is depicted via TEM and 

SEM images in Figure 4.1a, and 4.1b, which demonstrate the anchoring of Bi2MoO6 

nano-seeds on TiO2 nanoribbons. The HRTEM image in Figure 4.1c depicts the (101) 

plane of TiO2 and (131) plane of Bi2MoO6, which are in intimate contact with each other 

to form the heterostructure in the composite catalyst. EDX colour mapping showed that 

seed like morphology mostly contains Bi, Mo, O (Figure 4.1d-g) and ribbon like 

morphology mainly constitutes of Ti and O (Figure 4.1h-k). The ratio of Bi2MoO6 and 
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TiO2 was varied during the synthesis process to optimize the composite composition for 

best CO2 photoreduction activity. The weight ratio of Bi2MoO6 and TiO2 was varied  

from 3:1, to 2:1 and 1:1 and termed as Bi3@Ti1, Bi2@Ti1 and Bi1@Ti1. Henceforth 

this nomenclature will be used throughout the manuscript. The PXRD patterns of the 

TiO2, Bi2MoO6, and Bi2MoO6/TiO2 heterostructures are shown in Figure 4.2a. Six 

distinctive peaks observed for TiO2 at 2θ = 25.28° (101), 37.80° (004), 48.05° (200), 

53.89° (105), 55.06° (211) and 62.69° (204) corroborate with anatase TiO2 (I41/amd).17 

In the case of Bi2MoO6, the diffraction peaks at 28.25°, 32.59°, 33.07°, 46.72°, 47.07°, 

55.46°, 55.53° and 56.16° could be perfectly indexed to the (131), (002), (060), (202), 

(260), (331), (133) and (191) planes of orthorhombic Bi2MoO6 (Pca21).
18 

 

Figure 4.1. Characterization of PCR performing catalyst including pristine and composites. (a) 

TEM and (b) SEM image of TiO2 nanoribbon and Bi2MoO6 nanoparticle composite. (c) 

HRTEM image of Bi2@Ti1 composite shows the presence of Bi2MoO6 (131) plane and TiO2 

(101) plane. Higher molecular weight of Bi2MoO6 makes darker image compared to the TiO2. 

The different d-spacing and colour contrast further implies that Bi2MoO6 and TiO2 are held 

together in composite. (d) SEM image of pristine Bi2MoO6. SEM–EDX elemental mapping 

images showing uniform distribution of (e) Bi, (f) O, and (g) Mo for pristine Bi2MoO6. (h, i) 

SEM image of pristine Bi2MoO6 taken in 2 different regions. SEM–EDX elemental mapping 

images showing uniform distribution of (j) O, and (k) Ti for pristine TiO2. Colour mapping 

was taken on SEM image. 
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 For the Bi2MoO6/TiO2 heterostructures, all the peaks can be assigned to either TiO2 or 

Bi2MoO6. Absence of extra peak proves the formation of a pure heterojunction. A very 

less intense (101) plane of TiO2 is observed in the XRD patterns of the composite, which 

is due to the lower diffraction ability of TiO2 compared to Bi2MoO6. 

 

Figure 4.2. (a) PXRD all the composites and as synthesized pristine TiO2 and simulated pattern 

of Bi2MoO6. (b) Schematic representation of CO2 adsorption in ‘O’ deficient TiO2.  

  

Figure 4.3. (a) ESR spectra of as synthesized TiO2 nanoribbon and commercially available 

P25 TiO2 for qualitative understanding of Ov. Ti 2p XPS spectra for understanding the presence 

of Ti3+ and Ti4+ in (b) TiO2 nanoribbon and, (c) commercially available P25 TiO2. 
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With an increase in the amount of TiO2, the peak intensity also increases (Figure 4.2a). 

Instead of using commercially available TiO2 (P25), here TiO2 was treated with a base for 

increasing Ov in it (Figure 4.2b). The presence of more Ov in TiO2 nanoribbon compared to 

P25 was understood from EPR spectroscopy (Figure 4.3a). Oxygen vacancies induces the 

formation of Ti3+ along with Ti4+ (Ti4+O2→Ti3+Ti4+O(2-X) + X/2O2). The presence of more Ti3+ 

compared to Ti4+ in TiO2 nanoribbon was depicted from X-ray photoelectron spectroscopy 

(XPS) in Figure 4.3b, and 4.3c. The deconvoluted spectra of P25 also indicated the presence 

of Ti3+ although in much lower quantity compared to the TiO2 nanoribbons. The 3d1 e- in Ti3+ 

generates an EPR signal.19 Hence, the more intense EPR signal of the TiO2 nanoribbons 

compared to P25 clearly indicates the presence of more Ti3+ or more Ov in TiO2 nanoribbons. 

These Ov act as hole scavengers (Ti3+ + h+→ Ti4+) and lower the CO2 adsorption energy on 

TiO2 surface, which in turn facilitates the CO2 reduction process (Figure 4.2b).20-21 CO2 

Temperature Programmed Desorption (TPD) in Figure 4.4a revealed that the TiO2 with 

vacancies has better CO2 uptake capacity (1.85 µmol g-1) compared to pure TiO2 (0.53 µmol g-

1) (Table 4.1). The CO2 photoreduction performance of all the catalysts was tested under solar 

simulated 450W Xe light illumination in a sealed quartz tube. Methanol was obtained as the 

major product and CO as a minor product. The CO2 reduction performance (rate of product 

formation) of all the catalysts is summarized in Figure 4.4b and Table 4.2. Among all the 

composite catalysts, Bi2@Ti1 exhibited the best catalytic activity. It achieved methanol 

formation rate of 27.1 mmol g-1 h-1 (Figure 4.4c), which is better than most of the TiO2 based 

catalyst reported for methanol (Table 4.3).  

Table 4.1. Amount of CO2 chemisorbed on the sample calculated from CO2 TPD analysis. 

Sample CO2 uptake (mol/g) 

TiO2 0.53 

TiO2-x 1.85 

Table 4.2. Summering photocatalytic activity of all the sample. 

Sample CO (mol/h/g) H2 (mol/h/g) CH3OH (mol/h/g) 

Bi 1.3 0.5 1.9 

Bi3@Ti1 13.16 3 14.7 

Bi2@Ti1 16.21 5.1 27.1 

Bi1@Ti1 8 2.2 4.9 

Ti (FA) 6.8 16 2.1 

Ti (V) 0.7 1 0.2 
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Table 4.3. Comparing photocatalytic activity of our sample and best results reported 

with TiO2 for methanol formation upon CO2 photo reduction. NM: Not mentioned. 

Catalyst 

 

Reduction 

medium) 

Sacrif

icial 

agent 

Light source 

 

Product 

 

Maximum 

Evolution 

rate (µmol g-

1h-1) 

Bi3@Ti1 20 ml 0.1M 

NaOH soln. 

No 450W Xe Lamp CO,  

CH3OH 

CH3OH:14.7 

 

Bi2@Ti1 20 ml 0.1M 

NaOH soln. 

No 450W Xe Lamp CO,  

CH3OH 

CH3OH:27.1 

 

Bi1@Ti1 20 ml 0.1M 

NaOH soln. 

No 450W Xe Lamp CO,  

CH3OH 

CH3OH:4.9 

 

22TiO2@GaP 0.5M NaCl No NM CH3OH CH3OH:  0.75 

23CeO2@TiO2 0.1M NaOH No 500 W Xe lamp CH3OH CH3OH: 3.2 

24CdSe/Pt/TiO2 Water No NM (l>400 nm) CH3OH, 

CO, CH4 

CH3OH: 3.3 

ppm/g/h 

25TiO2/GO KOH 

solution 

No 250 W Hg lamp CH3OH, 

CH4 

CH3OH: 2.2 

26Amine 

functionalize TiO2 

NaHCO3 

solution 

No 300 W Xe lamp CH3OH, 

HCOOH 

CH3OH: 2 

27Fluorinated 

TiO2 

NaOH 

solution 

No 18 W lamp CH3OH, 

CH4 

CH3OH: 1.09 

28WSe2/Graphene

/TiO2 

Na2SO3 aq. 

Solution 

No 300 W Xe lamp CH3OH CH3OH:6.33 

29Carbon@TiO2  Water 

vapour 

No 300 W Xe lamp CH3OH, 

CH4 

CH3OH:9.1 

30TiO2/SBA-15 Water  No 100 W Hg lamp 

(l>250 nm). 

N.B: UV light 

CH3OH, 

CH4 

CH3OH:27.7 

312.5%CuInS2/Ti

O2 

Water No 350 W Xe lamp CH3OH, 

CH4 

CH3OH:0.86 

32SCN-H-Ni-

black TiO2 

Water 

vapour 

 NM CH3CHO, 

CH3OH 

CH3OH:1.2 

33Bi2MoO6/PVP Water No 300 W Xe lamp CH3OH CH3OH:6.2 

34Ultra-thin 

Bi2MoO6 

Water No 300 W Xe lamp CO CO:3.62 
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Figure 4.4. (a) CO2 TPD profiles of TiO2 and oxygen deficient TiO2 (TiO2-X). (b) comparison 

of the photocatalytic activity of all the catalysts after 6 h. (FA) means full arc contains UV-

visible light and (V) means Visible light illumination. (c) NMR spectrum of liquid products 

generated after 6h reaction with Bi2@Ti1 catalyst. (d) GC-MS data of CO and methanol 

obtained after the experiment with 12CO2 by Bi2@Ti1 catalyst. MS signal for 13CO and 
13CH3OH obtained after the catalysis with 13CO2 by Bi2@Ti1. 

Interestingly, pristine TiO2 produced more CO compared to methanol under UV 

Visible light illumination. Upon switching the illuminated light to visible region, the 

activity reduced drastically as e-s and holes cannot be generated by visible light (>400 

nm) illumination on TiO2 due to its large band gap. On the other hand, pristine Bi2MoO6 

also could not perform satisfactorily due to fast charge recombination. In the composite 

material, photo-generated e-s of Bi2MoO6 were transferred to the neighbouring TiO2 

nanoribbons and activates TiO2 for photocatalysis under visible light. The optimum 

supply of e-s from Bi2MoO6 and the presence of Ov in TiO2 for CO2 adsorption and 

activation rendered Bi2@Ti1 the best catalyst for methanol formation. The presence of 

more Bi2MoO6 facilitates more e- for the kinetically demanding methanol formation 

process (6e-) in comparison to the production of CO (2e-).35 Therefore, better methanol 

formation rate was observed for Bi3@Ti1 compared to Bi1@Ti1 and pristine TiO2. 
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Furthermore, the role of each component of PCR was confirmed from a series of control 

experiments. Finally, the PCR was carried out with 13CO2 and the obtained methanol 

and CO was examined by GCMS, which clearly shows the formation of 13CO (Figure 

4.4d) and 13CH3OH (Figure 4.4d) confirming that the generated products are solely 

coming from the PCR. Cyclability of the spent catalyst showed unaltered product 

formation rate for six consecutive cycles meaning that the catalyst is stable for repeated 

performance (Figure 4.5a).  

 

Figure 4.5. (a) Yield of methanol and CO after 6h of photocatalysis with Bi2@Ti1 for 6 

consecutive cycles with same spent catalyst and new batch of CO2 and reaction solvent (20ml 

0.1M NaOH solution). Data collection was done after each 2 hours for one single cycle. Here 

the solid balls represent methanol and empty balls represents CO evolution. Five different 

colors were used to indicate five different catalytic tests. (b) Post catalytic catalyst 

characterization by PXRD. Bi2@Ti1 was employed for 6 catalytic cycles and then post 

catalytic XRD analysis was done. Post catalytic characterization of Bi2@Ti1 catalyst was also 

performed via (c) TEM, and (d) SEM analysis. It showed TiO2 and Bi2MoO6 are having ribbon 

and particle like morphology upon base and light treatment meaning no chemical or photo 

corrosion occurred after 6 cycles. After each catalytic 6th catalytic test, the Bi2@Ti1 was 

washed and dried overnight for performing these characterizations. Here the TEM image was 

process by using Gatan digital micrograph software. 
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Figure 4.6. Band structure and Charge transfer process. (a) UV-DRS spectra of all the 

composites and pristine individuals. (b) Comparison of absorbance and AQY% to check the 

co-relation between absorbance and activity of Bi2@Ti1 catalyst. (c) Tauc plot of Bi2MoO6, 

TiO2 and their composites obtained from the absorbance (UV-DRS) measurements. n = 2 refers 

that these are direct band gap semiconductors. Here n means the power given in the y-axis: 

(αhν)n. (d) Mott-Schottky measurements for TiO2. 

PCR in absence of CO2, light, catalyst and 0.1M NaOH solution showed neither 

gaseous nor any liquid product formation, indicating the crucial role played by these 

components. After six cycles, the catalysts were examined via XRD (Figure 4.5b), 

TEM (Figure 4.5c) and SEM (Figure 4.5d) analyses to understand structural and 

morphological integrity. Post catalysis samples displayed similar XRD patterns and 

morphology compared to the pristine catalyst. All the catalyst has produced some 

amount of H2 because the reaction was done in water medium and photogenerated 

electron can be transfer to adsorbed water molecules instead of adsorbed CO2 

intermediates. 

However, upon composite formation with Bi2MoO6, the HER was suppressed 

dramatically compared to pristine TiO2. Therefore, it can be inferred that Bi2@Ti1 not 

a b

c d

300 350 400 450 500

 

 

A
b
s
o
rb

a
n
c
e

 

Wavelength (nm)

 Bi2MoO6

 Bi3@Ti1

 Bi2@Ti1

 Bi1@Ti1

 TiO2

400 500 600

 Absorbance 

of Bi2@Ti1

 AQY%

Wavelength (nm)

A
b

s
o

rb
a

n
c
e

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 A
Q

Y
 (

%
)

2.5 3.0 3.5

3.18 eV

2.92 eV

(a
h

u
)2

 (
e
V

/c
m

2
)2

Bandgap (eV)

 Bi2MoO6

 Bi3@Ti1

 Bi3@Ti1

 Bi3@Ti1

 TiO2

.

-0.6 -0.4 -0.2
0.0

0.5

1.0

1.5

2.0
 TiO2

1
/C

2
 X

 1
0

9
 (
F

-2
c
m

4
)

Potential (V vs. NHE)

a



Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

130 

only performed better towards CO2 reduction but also suppressed e- wasting competitive 

HER, which is considered as one of the biggest challenges in PCR. Improved activity 

of composites and the role of Bi2MoO6 as an e- donor can be understood by analysing 

the band structure and charge transfer process. As depicted in Figure 4.6a, the 

absorbance spectra revealed that TiO2 can only harvest UV part of the solar spectrum. 

On the other hand, Bi2MoO6 has an absorption edge in the visible region. Therefore, the 

Composite materials have UV as well as visible light absorption capability. The 

agreement between the absorption onset of Bi2@Ti1 and overall apparent quantum 

yield (AQY%) was understood upon different wavelength chopped light illumination 

(Figure 4.6b). The CO2 reduction process terminated at more than 475 nm light 

irradiation and the AQY% trends followed the Bi2@Ti1 absorption pattern meaning the 

photocatalysis proceeded via excited e-s of Bi2MoO6. Therefore, highest AQY of 0.89% 

was obtained by 400±10 nm light irradiation where Bi2MoO6 shows maximum 

absorption. Further insight of e- transfer was understood by band gap calculation through 

the Tauc plot (Figure 4.6c) and band alignment calculation by Mott-Schottky 

measurements. It showed that TiO2 and Bi2MoO6 have bandgaps of 3.19 eV and 2.92 

eV, respectively. The Mott-Schottky measurements suggests that both the 

semiconductors are n-type and hence their conduction band maxima (CBM) stay near 

to the Fermi level. Therefore, the CBM position was obtained by adding -0.1V with the 

flat band potential (Vfb) obtained from Mott-Schottky plots (Figure 4.6d and 4.7a).  

 
Figure 4.7. (a) Bi2MoO6 to understand flat-band potential (Vfb). The extrapolation of slope on 

X-axis (as shown by arrow) is regarded as Vfb. The negative sole of impedance inferring that 

these two are n-type semiconductor. (b) Electron transfer route in Bi2MoO6/TiO2 composite 

catalysts via type-II mechanism. 
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As depicted in Figure 4.7b, the CBM position of Bi2MoO6 and TiO2 are situated 

at -0.71 V and -0.58 V. Therefore, the excited e-s of Bi2MoO6 can easily be transferred 

to TiO2 upon visible light irradiation. Figure 4.7b clearly shows that TiO2 has enough 

potential to produce methanol or CO from CO2 by utilizing the excited e-s of Bi2MoO6, 

because -0.36 V and -0.54 V is the CO2 to methanol and CO formation potential, 

respectively. The photo-generated holes in the valence band of Bi2MoO6 participated in 

the water oxidation reaction. The evolved O2 was quantified by GC, which showed that 

the amount of evolved O2 is approximately matching with the stoichiometric amount 

(Figure 4.8a). Time-dependent photoluminescence study further elucidated the e- 

transfer pathway. Figure 4.8b, and Table 4.4 show that the pristine Bi2MoO6 has lower 

lifetime for the excited electrons (avg = 2.2 ns) compared to Bi2@Ti1 (avg = 2.7 ns). 

 

Figure 4.8. (a) Quantification of evolved O2 generated from water oxidation by photo-

generated holes. Based on the obtained products (CH3OH, CO and, H2). (b) Time dependent 

photoluminescence spectra of pure Bi2MoO6 and Bi2@Ti1. (c) Steady state 

photoluminescence (PL) of composites and pristine individuals obtained upon 330 nm light 

excitation. Photoelectrochemical study. (d) Electrochemical impedance spectra for 

understanding interfacial charge transfer resistance.  
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Table 4.4. Calculation of excited state lifetime by fitting time-resolved photo-

luminescence data using the given equation. A+B1exp(-t/1)+B2exp(-t/2). where, B1 

and, B2 are the pre-exponential factor (amplitude) corresponding to decay lifetimes 1 

and 2 respectively. Here tavg is the average life time and χ is goodness of fit.36  

 

Catalyst 1 (ns) B1 (%) 2 (ns) B2 (%) avg (ns) χ2 

Bi2MoO6 0.6 53 4 47 2.2 1.19 

Bi2@Ti1 1.55 64 4.72 36 2.7 1.05 

 

On the other hand, as shown in Figure 4.8c, static photoluminescence (PL) study shows that 

the composites have weaker PL intensities compared to pristine Bi2MoO6. This manifests that 

the excited e-s of pristine Bi2MoO6 quickly recombine with photo-generated holes, whereas in 

the composites, the e-s go to neighbouring TiO2 instead of recombination.37 

Photoelectrochemical measurements including interfacial charge transfer resistance and light 

induce current generation capacity were understood from electrochemical impedance 

spectroscopy (Figure 4.8d) and transient photocurrent measurements. Bi2@Ti1 and pristine 

Bi2MoO6 has the least and the highest charge transfer resistance respectively. Interestingly, 

TiO2 showed rapid photocurrent decay compared to the composites upon light off (Figure 

4.9a).  

 

Figure 4.9. (a) Transient photocurrent measurements in presence of light and dark for 

understanding light driven current generation ability of different photocatalysts. Here, in 

Figure (a), and (b) the number 1, 2, 3, 4 and, 5 represents Bi2MoO6, Bi3@Ti1, Bi2@Ti1, 

Bi1@Ti1 and TiO2, respectively. (b) Photocurrent of Bi2@Ti1 and TiO2 for one cycle shows 

that photocurrent diminishes faster in case of TiO2 compared to Bi2@Ti1 upon light off. 

Photocurrent of TiO2 generated upon UV-visible light illumination (Figure 4.9a).  
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Figure 4.10. In situ study for understanding methanol formation mechanism. (a) Operando 

DRIFTS with CO2 and water vapour under 450W Xe light illumination with Bi2@Ti1 catalyst. 

(b) Plausible methanol formation mechanism on Ov-TiO2 surface. It also shows without 

Bi2MoO6, CH3OH formation became difficult. Inset represents a schematic representation of 

methanol and methane formation upon protonation in ‘O’ center and ‘C’ center of *OCH3. 

Moreover, Bi2@Ti1 exhibited the highest photocurrent. Pristine TiO2 has 

delivered no photocurrent under visible light illumination. The featured photocurrent for 

TiO2 in Figure 4.9b is due to UV-visible light irradiation. Pristine Bi2MoO6 has much 

less photocurrent production ability and high charge transfer resistance. However, upon 

composite formation these drawbacks were overcome and PCR performance increased. 

The methanol formation pathway was understood by identifying intermediates formed 

during CO2 hydrogenation via operando DRIFTS (Figure 4.10a). The peaks observed 

at 1372 cm-1 and 1583 cm-1 represent the bidentate and monodentate carbonates 

generated via adsorption of CO2 in the Ov-TiO2 surface.38 Most importantly, the 

intensity of the band at 1655 cm-1 corresponding to *COOH has increased with light 

irradiation time.39 The *COOH intermediate is regarded as the first and most common 

intermediate for CO2 hydrogenation.39 A tiny peak evolution at 2095 cm-1 corresponding 

to the *CO intermediate was also found. The most important intermediates of methanol 

formation are *OCH3 and *CHO. A monotonous evolution of IR peaks at 1036 cm-1 and 

1114 cm-1 implicitly indicates the presence of these two critical intermediates.5 The *CO 

intermediate was rapidly converted to *CHO intermediate; therefore, the intensity of the 

*CO intermediate remained negligible. 

On the other hand, the *OCH3 intermediate showed a prominent peak. Therefore, 

it can be inferred that the *OCH3 intermediate has chemisorbed on Ov-TiO2 surface for 
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longer time and got protonated on the O site for methanol formation.40 The absence of 

methane eliminates the probability of proton adsorption on C centre of the *OCH3 

intermediate (Figure 4.10b). Based on the knowledge of these intermediates, a 

mechanistic scheme for methanol formation via 6 protons coupled e- transfer process is 

shown in Figure 4.10b. CO and H2O were obtained as the by-products through this 

mechanism. Upon *OCH3 protonation the catalyst bed can be regenerated without any 

chemical corrosion. Moreover, as mentioned previously, the formed heterojunction 

allows TiO2 to utilize visible light energy more effectively via additional photo-

generated e- transfer from Bi2MoO6 for the reaction, whereby the yield of methanol 

formation is greatly enhanced.  

4.5.  Conclusion 

  In summary, introducing Bi2MoO6 into Ov-TiO2 allows e- transfer through the 

intimate interface. Thereby, the active sites of TiO2 were used for CO2 adsorption, and 

photo-generated charges of Bi2MoO6 were used for PCR. A series of photophysical and 

photoelectrochemical studies established the regions of the best activity in the Bi2@Ti1 

catalyst. Finally, the methanol formation mechanism was predicted based on the 

intermediate information from operando DRIFTS. Further modification of reaction 

conditions can lead to a better increment of performance and can be used for large-scale 

applications owing to the high durability of this composite. 
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Summary 

Obtaining multicarbon products via carbon dioxide (CO2) photoreduction is a major catalytic 

challenge involving multielectron mediated C-C bond formation. Complex design of 

multicomponent interfaces that are exploited to achieve this chemical transformation, often 

leads to untraceable deleterious changes in the interfacial chemical environment affecting CO2 

conversion efficiency and product selectivity. Alternatively, robust metal centres having 

asymmetric charge distribution can effectuate C-C coupling reaction through the stabilization 

of suitable intermediates, for desired product selectivity. However, generating inherent charge 

distribution in a single component catalyst is a difficult material design challenge. To that end, 

herein, we present a novel photocatalyst, Bi19S27Cl3, which selectively converts CO2 to a C2 

product, ethanol, in high yield under visible light irradiation. Structural analysis through X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy (XAS) reveal the presence of charge polarized bismuth centres in Bi19S27Cl3, 

which is well complemented by DFT calculation. The intrinsic electric field induced by the 

charge polarized bismuth centres renders better separation efficiency of photogenerated 

electron-hole pair. Furthermore, the charge polarized centres yield better adsorption of CO* 

intermediate and accelerate the rate determining C-C coupling step through the formation of 

OCCOH intermediate. Formation of these intermediates was experimentally mapped by in situ 

FTIR spectroscopy and further confirmed by theoretical calculation. 
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5.1.  Introduction 

The heterostructure catalysts discussed in the earlier chapters succhessfully produced  

C1 products in high yield. However, synthesising C2 products on single component 

photocatalyst are more economically profitable process. In this regard, the reported selectivity 

of C2 products is also not satisfactory. Henec, the use of abundant solar light and the 

sustainability of the process is, however, marred by the meager product tunability achieved so 

far, which is mostly limited to gaseous C1 products such as CO, CH4, CH3OH etc.5-8 Higher 

carbon liquid products are more desired because of their higher energy density and various 

industrial applications.9-10 Among these, ethanol is extremely valuable because of its high 

enthalpy of combustion (−1366.8 kJ mol−1) leading to its wide use as a clean fuel additive (E15 

in 2007 in the U.S.A, also in China) and also for the synthesis of a range of specialty and 

commodity chemicals.11 Ethanol production usually relies on the fermentation of agricultural 

feedstocks which is detrimental to the environment. Thus, using CO2 as the feedstock for 

ethanol production by harvesting solar radiation can have significant advantages including the 

mitigation of greenhouse gas CO2.
12-13 However, kinetically sluggish nature of the multi-

electron transfer process and high activation barrier of C-C coupling reaction make the process 

catalytically very challenging. In electrocatalysis, this problem is usually addressed via the 

formation of intermetallic compounds, metal-oxide interfaces or metal alloys where two or 

more metal centers having distinct electronic structures perform the C-C coupling reaction.14-

17 Moreover, recent studies have demonstrated that through in-situ modulation of the active site 

oxidation states, it is also possible to obtain C2 products with good selectivity.18-20 However, 

multi-carbon products are rarely achieved in photocatalytic systems due to the inherent 

operational limitation because of the kinetic competition between the electron-hole 

recombination and catalysis both of which operate at the similar time scale.21-22 Besides, proton 

coupled conversion of CO2 to higher carbon products are endothermic process which also 

accounts for their low yield and selectivity compared to C1 products. So far only limited success 

has been accomplished in photochemistry through the formation of heterojunction between 

different semiconductor materials.23-25 By manipulating the charge distribution over the metal 

centers at the heterojunction interface, different intermediates are being stabilized to favor the 

C-C coupling reaction by minimizing the activation barrier.26 However, conventional 

heterostructures usually suffer from low selectivity and limited efficiency. This is primarily 

due to the lack of microstructural and nanoscale control in their synthesis which limits the 
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interactions between different materials and eventually restricts electron mobility and charge 

separation.27 Another shortcoming of the photocatalytic process is that the electrons are 

constantly supplied under a bias voltage in electrochemical process whereas only a limited 

amount of electrons can be excited under light irradiation. Therefore, the success of finding a 

worthy photocatalyst that can overcome these obstacles without sacrificing the catalytic 

efficiency and selectivity is a significantly challenging task. Owing to their excellent visible 

light harvesting property and ability to form different morphologies, bismuth based 

chalcogenides and chalcohalides have been extensively used for the photocatalytic conversion 

of CO2.
28-31 Moreover, similar to other chalcohalide catalysts, the band structure can be tuned 

by halide modification whereas their catalytic activity can be easily enhanced through the 

creation of defect sites in terms of chalcogen vacancy.32-33 Although a few of these catalysts 

have shown promising activity towards liquid products; thus far they have been mostly used 

with a co-catalyst for the synthesis of multi-carbon products.34-35 In light of these observations, 

we first judiciously selected a bismuth chalcohalide photocatalyst namely, Bi19S27Cl3 with 

suitably positioned charge polarized metal sites. Being a closely related member of Bi2S3 and 

BiSCl, Bi19S27Cl3 exhibited strong structural resemblance and excellent visible light absorption 

property. Detailed structural analysis showed that bismuth sites present in Bi19S27Cl3 are in fact 

in charge polarized state which is crucial for C-C coupling reaction. A combination of 

experimental studies and Density Functional Theory (DFT) calculations also reinstated our 

preliminary observation of asymmetric charge distribution between different bismuth sites. As 

a consequence, Bi19S27Cl3 showed excellent photocatalytic conversion and selectivity towards   

ethanol from CO2 donor under visible light. The major reaction intermediates including CO, 

COH and OCCOH (C-C coupling intermediate) were identified during photocatalytic CO2 

reduction by in-situ FTIR analysis. Theoretical studies further showed the importance of 

different charge polarized bismuth centres during the C-C bond formation and eventually 

ethanol formation. This study reiterates the importance of metal centers having distinct charge 

distribution for C-C coupling reaction during photocatalytic CO2 reduction.  

5.2.  Experimental methods 

Materials. Bismuth(III) Chloride (BiCl3, ≥98%) and thiourea ((NH2)2CS, ≥99%) were 

purchased from Sigma-Aldrich. Bismuth(III) nitrate pentahydrate (Bi(NO3)3∙5H2O, ≥98%) was 

purchased from Alfa Aesar. Sodium sulfide (Na2S, ≥98%) and sodium sulfite (Na2SO3, ≥98%) 

were purchased from Merck. High purity 13CO2 (99.0 atom %) was acquired from Sigma-
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Aldrich. All the reagents were used as received and without further purification. Deionized 

water was used throughout the experiments. 

Synthesis 

Bi19S27Cl3 nanorods: Bi19S27Cl3 was synthesized following a previously reported method.36 

Typically, 788 mg of BiCl3 (2.5 mmol), 175 mg of thiourea (2.3 mmol) and 35 ml of ethanol 

was taken in a 100 ml beaker. The mixture was mixed vigorously with continuous stirring for 

1 hour. The light-yellow colored dispersion was then poured into a 50 ml autoclave. The 

autoclave containing the mixture was then heated to 180 °C for 3 days. After completion, the 

autoclave was cooled to room temperature. The black colored slurry thus obtained was then 

taken out and thoroughly washed with water to remove the unreacted compounds. The black 

solid was then dried at 80 °C overnight in a vacuum oven. Finally, Bi19S27Cl3 nanorods were 

obtained as black powder in a yield of up to 390 mg (0.08 mmol). 

Bi2S3 nanoribbons: Bi2S3 was synthesized using a previously reported procedure34. First 290 

mg of thiourea (3.8 mmol) was dissolved in 35 ml water. Then 610 mg Bi(NO3)3∙5H2O (1.26 

mmol) was added slowly into the mixture. During the addition, the transparent solution turned 

yellow. The mixture was stirred for another 4 hours. After that the solution was transferred to 

a 50 ml autoclave and heated at 160 °C for 12 hours. The autoclave was cooled to room 

temperature. The brown precipitate was thoroughly washed with water and dried at 80 °C for 

overnight in a vacuum oven. Bi2S3 nanoribbons were finally obtained as grey powder in a yield 

of up to 230 mg (0.45 mmol).  

Characterization of materials 

Microscopy: TEM and HRTEM (High resolution TEM) images were recorded using a JEOL 

transmission electron microscope at an accelerating voltage of 200 kV. Small amount of sample 

was first properly dispersed in water through sonication and the dispersion was then drop casted 

on a carbon coated copper grid and subsequently dried for TEM imaging. A FEI NOVA 

NANOSEM 600 scanning electron microscope equipped with an energy-dispersive X-ray 

spectroscopy (EDAX) instrument (Bruker 129 eV EDAX instrument) was used to conduct 

SEM analysis and elemental mapping. The sample was drop casted on a silicon wafer and the 

data was acquired on an accelerating voltage of 20 kV. The elemental analyses were performed 

using the P/B-ZAF standardless method (where, P/B = peak to background model, Z = atomic 

no. correction factor, A = absorption correction factor and F = fluorescence factor) for Bi, S, 

Cl at multiple areas on the sample coated Si wafer.  
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Powder X-ray diffraction (PXRD): PXRD patterns were collected using a Rigaku Advance 

X-ray diffractometer equipped with Cu kα lamp source (λ = 1.5406 Å).  

Proton NMR: 1H NMR was performed in JEOL NMR spectrometer operating at 600 MHz. 

For the analysis 500 μL of the reaction mixture was transferred into an NMR tube and 30 μL 

of internal standard solution containing 50 mM phenol (99.5 %) and 10 mM dimethyl sulfoxide 

(99.9 %) in D2O was added. After the 1H NMR experiment, excitation sculpting (solvent 

suppression) was performed so that the peaks corresponding to the CO2 reduced products 

become prominent.  

Chromatography: Gas analysis was done by Agilent GC-7890B gas chromatogram equipped 

with TCD and FID detectors using He as carrier gas. An Agilent 1220 Infinity II LC system 

was utilized for the quantification of liquid products using 0.5M H2SO4 as eluent.  

X-ray photoelectron spectroscopy (XPS): XPS data were obtained using Omicron 

Nanotechnology spectrometer using an Al-Kα X-ray source. All the binding energies were 

referenced to the C 1s peak at 284.8 eV. Bi LIII-edge XAS measurements of the catalysts were 

carried out in fluorescence mode at PETRA III, P64 beamline of DESY, Germany. The XAS 

data processing were done using the ATHENA software and theoretical EXAFS models were 

constructed and fitted to the experimental data in ARTEMIS. Nitrogen adsorption-desorption 

isotherms were conducted using a BELSORP-MR6 Surface Area and Porosity Analyzer at 77 

K after degassing the samples at 100°C for 12 h. The specific surface area and pore volume 

were determined using the Brunauer-Emmett-Teller method and the pore size distribution was 

calculated using the Barrett-Joyner-Halenda method.  

UV-Visible spectroscopy: UV-visible DRS were recorded using a Perkin-Elmer Lambda 900 

UV/Vis/Near-IR spectrophotometer in the range of 300 cm-1 to 1000 cm-1. BaSO4 was used as 

a 100% reflectance standard. The obtained UV-vis diffuse reflectance spectra were first 

transformed to absorption spectra according to the Kubelka-Munk function, 

𝐹(𝑅) =  
(1 − 𝑅)2

2𝑅
× 100% 

where, R was the relative reflectance of samples with infinite thickness compared to the 

reference. Next, the band gaps of samples were estimated based on the Tauc equation, 

𝐹(𝑅)ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑛
2 
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where, h, , A, and Eg represents Planck constant, incident light frequency, proportionality 

constant and band gap, respectively, while n depends on the nature of transition in a 

semiconductor. Values of 1, 3, 4 and 6 for n correspond to allowed direct, forbidden direct, 

allowed indirect, and forbidden indirect transitions, respectively. The values of Eg were then 

determined from the plot of (F(R)h)2/n versus h corresponding to the intercept of the 

extrapolated linear portion of the plot near the band edge with the h axis. Both Bi19S27Cl3 and 

Bi2S3 being direct bandgap semiconductors, their values of Eg were thus determined from the 

plot of (F(R)h)2 against h. The time-resolved transient PL decay spectra were measured at 

room temperature using a Horiba Delta Flex time correlated single-photon-counting (TCSPC) 

instrument. A 405 nm laser diode with a pulse repetition rate of 1 MHz was used as the light 

source. The instrument response function (IRF) was collected using a scatterer (Ludox AS40 

colloidal silica, Sigma-Aldrich). The value of the goodness-of-fit parameter (2) calculated 

from the bi-exponential decay kinetics method is much closer to unity (2 value for Bi19S27Cl3 

fitting is 1.309 and the same for Bi2S3 fitting is 1.334), which indicates a good fit of the data. 

Thus, the emission signals were analyzed by the bi-exponential decay kinetics method rather 

than mono-exponential kinetics methods. The following equation was applied to carry out the 

bi-exponential kinetic analysis and to calculate the decay lifetimes 1 and 2- 

Fit = B1exp(-t/1) + B2exp(-t/2) 

where, B1 and B2 are the pre-exponential factor (amplitude) corresponding to decay lifetimes 

1 and 2, respectively. The average lifetimes (avg) were calculated using the following 

equation-  

avg=∑Bii
2/∑Bii 

Photocatalytic CO2 reduction measurement: Photocatalytic CO2 reduction was performed 

in quartz cell with an approximate volume of 90 ml. A 420 W Xenon-arc lamp provided by 

Newport was used as light source. To obtain the visible light spectrum 20CGA-400 long pass 

filter (UV light cut-off) and FSR-KG2 short pass filter (IR light cut-off) were used in tandem. 

In the typical CO2 photocatalytic reduction process, 10 mg of the Bi19S27Cl3 was initially 

dispersed in 20 ml deionized water with continuous ultrasonication for 30 minutes. Sodium 

sulfite and sodium sulfide were used as sacrificial electron donor. An amount of 0.4 mg of 

sodium sulfide and 2.9 mg of sodium sulfite were added to the dispersion and the mixture was 

sonicated for another 30 minutes to obtain homogeneity. The dispersion was first purged with 
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N2 to remove the dissolved air and then pure CO2 gas was purged for 1 hour to saturate the 

solution. The reaction cell was properly sealed and kept 10 cm away from the light source 

during illumination. After the catalysis the products were detected and quantified by GC, HPLC 

and NMR. In the beginning of a new catalytic cycle, the catalyst was washed by distilled water 

to remove surface-adsorbed reactants. 

In-situ diffuse reflectance FT-IR spectroscopy (DRIFTS): In-situ photochemical FT-IR 

spectroscopic studies were performed using a purged VERTEX FT-IR spectrometer equipped 

with the A530/P accessory and a mid-band Mercury Cadmium Telluride (MCT) detector. 

Spectra were recorded after 100 scans with a resolution of 4 cm-1. A DRIFTS cell with a quartz 

window was used to perform catalytic experiment. Prior to catalytic testing, 20 mg of the 

sample was placed in the DRIFTS cell and treated in flowing N2 for 30 min to remove air. Then 

CO2 and water vapor mixture were injected into the cell through a rubber septa and light was 

illuminated through the quartz window. Just before the light exposure on the DRIFTS cell, the 

zero-minute data was collected and after that data were collected after 2 minutes interval.  

Photo-electrochemistry: A CHI 760 potentiostat with three-electrode configuration under the 

illumination of a solar simulator (Newport) with an ultraviolet (UV) (λ > 400 nm) cut-off filter 

was used for photoelectrochemical experiments. A slurry containing 10 mg of the sample, 200 

μL of Nafion (5%), and 1 mL of IPA was spin-coated on FTO with 1 cm2 area to fabricate the 

working electrode. For all the experiments, a platinum rod was used as the counter electrode 

whereas an Ag/AgCl was used as reference electrode in 0.5M Na2SO4 aqueous solution.  

5.3. Calculations 

Calculation of selectivity of CH3CH2OH 

𝐶𝑂2(𝑔) + 2𝐻+ + 2𝑒− = 𝐶𝑂(𝑔) +  𝐻2𝑂 (𝑙) 

𝐶𝑂2(𝑔) + 6𝐻+ + 6𝑒− = 𝐶𝐻3𝑂𝐻(𝑔) +  𝐻2𝑂 (𝑙) 

𝐶𝑂2(𝑔) + 8𝐻+ + 8𝑒− = 𝐶𝐻4(𝑔) +  2𝐻2𝑂 (𝑙) 

2𝐶𝑂2(𝑔) + 12𝐻+ + 12𝑒− = 𝐶𝐻3𝐶𝐻2𝑂𝐻(𝑔) + 3𝐻2𝑂 (𝑙) 

The selectivity of CO2 reduced products have been calculated on an electron basis using the 

following equation (n represented the yield (μmol) of the products in the CO2 photoreduction): 

Selectivity of CH3CH2OH (%) = [12n(CH3CH2OH)] / [12n(CH3CH2OH) + 8n(CH4) + 

6n(CH3OH) + 2n(CO)] × 100% 
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Apparent quantum yield (AQY) calculation: The wavelength dependent AQY of 

Bi19S27Cl3 nanorods for photocatalytic CO2 reduction reaction were calculated using different 

monochromatic light source. Four different light filters obtained from Newport were used to 

obtain the monochromatic wavelengths (square bandpass filter with a centre wavelength range 

of ± 10nm) and 919P-010-16 Thermopile Sensor was used to measure the incident light 

intensity. After 12 hours of CO2 reduction the AQY was estimated from the following equation: 

AQY(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑋 100% 

Number of reacted electrons were calculated from the yield of CO2 reduced products. Because 

different number of electrons are required for the formation of different products, the total 

number of reacted electrons are  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = [12𝑛(𝐶𝐻3𝐶𝐻2𝑂𝐻) +  8𝑛(𝐶𝐻4) +  6𝑛(𝐶𝐻3𝑂𝐻) +

                                                                  2𝑛(𝐶𝑂)] 𝑋 𝑁𝐴  

where, n(CH3CH2OH), n(CH4), n(CH3OH), n(CO) are the yields of ethanol, methane, methanol 

and carbon monoxide in moles, respectively. NA is Avogadro’s number. 

Number of incident photons are calculated from the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃𝑆𝜆𝑡

ℎ𝑐
 

where, P is the power density of the incident monochromatic light (W/m2), S (m2) is the 

irradiation area, t (s) is the duration of the incident light exposure and λ (m) is the wavelength 

of the incident monochromatic light. 

Combining these two equations the AQY(%) for different monochromatic light was calculated. 

For example, the AQY(%)@700 nm is shown here- 

AQY(%)@700 nm 

 =
[(22.7×12+1.9×8+4.1×6+2.2×2)×10−6]×6.02×1023

1
×

6.626×10−34×3×108

48×10−3×3.46×700×10−9×3600×12
× 100% 

 = 0.76%  

5.4.  Details of calculations used in density functional theory (DFT) 

DFT calculations were done using VASP package and Quantum expresso both. Bader 

charge calculation and density of state analysis were done using VASP. However, Gibbs free 

energy (G) of CO2 to ethanol formation intermediates were calculated using Quantum 
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Espresso. The calculation of Gibbs free energy using VASP became expensive and time 

consuming considering multiple intermediate steps and large no of atoms in Bi19S27Cl3 surface. 

The details of each calculation are given below. 

DFT calculations were done with Vienna ab initio simulation (VASP) package.37 The 

Electron-ion interactions were described using all-electron projector augmented wave 

pseudopotentials,38 and Perdew-Bruke-Ernzehof (PBE) generalized gradient approximation 

(GGA)39 was used to approximate the electronic exchange and correlations. The plane-wave 

kinetic energy cut off of 520 eV was used for all the calculations. The Brillion zone was 

sampled using a 5×5×5 Monkhorst-Pack k-grid for bulk Bi19S27Cl3 and Bi2S3 and 3×3×1 

Monkhorst-Pack k-grid. Bulk structures and surfaces were relaxed using a conjugate gradient 

scheme until the energies and each component of the forces converged to 10-6 eV and 0.001 

eV Å-1 and 10-5 eV and 0.01 eV Å-1. All the calculations are spin polarized. A vacuum of 12 Å 

was added for surfaces to avoid interactions among periodic images. p-band centre was 

calculated by considering the first moment of p-states for Bi atoms.  

The DFT computations for energy calculations were performed using the PWscf (Plane-

Wave Self-Consistent Field) method implemented in Quantum Espresso Simulation Package.40 

The Perdew-Becke Ernzerhof (PBE)41 exchange-correlation functional was used in 

combination with Vanderbilt ultra-soft pseudopotential39 that represents the interaction 

between ionic cores and valence electrons. The Brillouin zone was set to 2 × 2 × 1 Monkhorst-

Pack k-point mesh and the kinetic energy cutoff of 455 eV is applied to truncate the plane-

wave basis used to represent the Kohn-Sham orbitals. The convergence threshold of 0.03 eV/Å 

is accounted for forces on the atoms for ionic minimization. The slab model of Bi19S27Cl3 

consists of four atomic layers of Bi and S atoms and is separated by a vacuum gap of 14 Å on 

the z-axis.   

ΔG=ΔE+ΔZPE-TΔS        (5.1) 

During optimization, the atoms in the bottom layer were fixed at their bulk position, 

and the remaining layers were allowed to relax. The correction to long-range dispersion 

interactions was included by employing the D3 correction method by Grimme et al.42  

The computational hydrogen electrode model by Norskov et al.43 was used to calculate 

the energy of proton-coupled with electron and the reaction-free energy change: 
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Where ΔE is the DFT calculated change in reaction energy, ΔZPE is the zero-point 

energy change, and TΔS is the entropy change at 300 K. Here the total entropy change for the 

adsorbed intermediates is approximated with contribution from vibrational entropy only. The 

frequency calculation for the intermediates was done on a single Bi2S3 unit. The entropy and 

ZPE values for the gas-phase molecules are taken from the NIST Chemistry WebBook.44 

5.5.  Results and discussions 

Material design: Bi19S27Cl3 has been synthesized from the reaction of BiCl3 and 

thiourea using solvothermal method at 180 C. Initial addition of thiourea into the ethanolic 

solution of BiCl3 at room temperature leads to the formation of [Bi(thiourea)]3+ complex due 

to strong chelation between Bi3+ and thiourea. At higher temperature, the [Bi(thiourea)]3+ 

complex decomposes to form Bi2S3, which eventually reacts with remaining BiCl3 to form 

Bi19S27Cl3 (Figure 5.1).45 

 

Figure 5.1. Formation of Bi19S27Cl3 Schematic illustration of the synthesis of Bi19S27Cl3 

nanorods. 

 

Figure 5.2. Unit Cell crystal structure of (a) Bi19S27Cl3, and (b) Bi2S3. 

Hence, the formation of Bi19S27Cl3 can be proposed as the reaction between Bi2S3 and BiCl3 

with an effective ratio of 9:1. This is also evident from the structural similarity between Bi2S3 

BiCl3 + n[thiourea]                       [Bi(thiourea)n]
3+ + 3Cl- 

[Bi(thiourea)n]
3+                             Bi2S3 

9Bi2S3 + BiCl3                       Bi19S27Cl3 

 

 
 

Decompose 

140°C 
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and Bi19S27Cl3 (Figure 5.2a, and 5.2b). The common Bi2S3 building block contains ladder–

like structure where the individual ladders are connected together to form a continuous chain. 

Introduction of BiCl3 unit into the Bi2S3 lattice transforms the individual ladder structure of 

Bi2S3 into highly symmetrical star-shaped structure where the central hexagonal star-shaped 

moiety is connected to six individual ladders. The Cl atoms can be found inside the channel 

created by the three interconnected star-shaped units. It should be pointed out that the distance 

between the chlorine and the nearest bismuth atom (Bi2) is 3.54 Å, which is much larger than 

the covalent bond distance of Bi-Cl in BiCl3 (2.51 Å). This is very similar to other open 

framework structures like clathrate (Ba8Ga16Ge30).
46 Incidentally, another bismuth 

chalcohalide namely, BiSCl also possesses a similar ladder-shaped structure, although with 

smaller length of the ladder. Several spectroscopic and microscopic techniques were employed 

to characterize the as synthesized materials (Figure 5.3). The crystal-phase purity and visible 

light absorption capabilities of the samples was examined by powder X-ray diffraction (XRD) 

and DRS analysis (Figure 5.3a and 5.3b).  

 

Figure 5.3. Characterization of Bi19S27Cl3 nanorods. (a) Powder XRD pattern of as synthesized 

Bi19S27Cl3. The simulated diffraction pattern was obtained from hexagonal Bi19S27Cl3 structure 

with lattice parameters of a = b = 15.403 Å, c = 4.015 Å (PDF card no. 27-1039, space group 

P63/m). (b) UV-Vis diffuse reflectance spectra (DRS) and the corresponding bandgaps of 

Bi19S27Cl3 and Bi2S3, calculated from Kubelka-Munk plot (inset). (c-d) TEM images of the as-

synthesized Bi19S27Cl3 showing rod-shaped morphology. The nanorods grow along the z-axis. 

(e) HRTEM image of the Bi19S27Cl3 showing lattice plane (110) with d spacing value 0.77 nm. 

(f) FESEM image and the EDS mapping of Bi, S and Cl atoms of Bi19S27Cl3. 
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The structure and morphology of Bi19S27Cl3 were examined under field-emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). As 

shown in Figure 5.3c and Figure 5.3d, the TEM images show typical rod-shaped structure of 

Bi19S27Cl3 with an average diameter of 100 nm and several micrometers in length.  Moreover, 

lattice fringes having d spacing of 0.77 nm can be identified in the HRTEM image of the 

individual nanorod which corresponds to the (110) plane of Bi19S27Cl3 (Figure 5.3e). This 

suggests that the nanorods anisotropically grow along the [001] axis or z-axis which is parallel 

to (110) plane (Figure 5.3d). The similar rod-shaped morphology can be also detected under 

SEM (Figure 5.3e). In addition to that the Energy-dispersive X-ray spectroscopy (EDS) 

mappings show that Bi, S and Cl atoms uniformly coexist in the Bi19S27Cl3 (Figure 5.3f). The 

gas adsorption properties of these nanocrystals were understand from BET measurements, 

which follows type-II isotherm (Figure 5.4a). Furthermore, the as synthesized Bi2S3 was also 

characterized by powder XRD and its nanoribbon morphology was confirmed from TEM 

analysis (Figure 5.4b, and 5.5a-e). Before diving into the catalytic property of Bi19S27Cl3, its 

light absorption property and the band structures were investigated by different spectroscopic 

techniques. To check the photo absorption efficiency, UV-Vis diffuse reflectance spectra 

(DRS) were collected and compared with the data of Bi2S3. Both Bi19S27Cl3, as well as Bi2S3, 

showed excellent visible light absorption property (Figure 5.3b). Compared to Bi2S3, 

Bi19S27Cl3 showed enhanced visible light absorption property suggesting better light harvesting 

efficiency. Moreover, the bandgaps of these materials were also calculated using Kubelka-

Munk function from their corresponding DRS spectrum. As can be seen from Figure 5.3b 

(inset), the bandgap values of Bi19S27Cl3 and Bi2S3 were 1.49 V and 1.33 V, respectively. 

 

Figure 5.4. (a) Surface area analysis of Bi19S27Cl3 BET surface area and pore size distribution 

of Bi19S27Cl3. The surface area and pore volume were determined by the 

Brunauer−Emmett−Teller (BET) (type II isotherm) and Barrett−Joyner−Halenda (BJH) 

models, respectively. (b) XRD of Bi2S3 Powder XRD pattern of as synthesized Bi2S3 (Pnma).  
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Figure 5.5. Microscopic images of Bi2S3 nanoribbons. (a-b) TEM images of the as-synthesized 

Bi2S3 showing ribbon-shaped morphology. The Bi2S3 nanoribbons have less depth compared 

to Bi19S27Cl3 nanorods and that is why the nanoribbons seems transparent in the TEM image. 

(c) HRTEM image of the Bi2S3 showing lattice plane (210) with d spacing value 0.327 nm. (d) 

FESEM image and the EDS mapping of Bi and S atoms of Bi2S3. (e) Overall EDS spectrum of 

the Bi2S3 nanoribbons. 

Mott-Schottky plot was further employed to find the exact band positions. From the 

electrochemical experiment, the flat band potential of Bi19S27Cl3 was calculated to be -0.43 V 

versus normal hydrogen electrode (Figure 5.6a). A positive slope from the capacitance 

measurement in Mott-Schottky plot generally indicates n-type semiconductor and the 

conduction band potential (Ecb) of an n-type semiconductor usually considered as 0.1 V more 

negative than the flat band potential.47 This translates to the Ecb of Bi19S27Cl3 to be at -0.53 V 

and thus the valence band position (Evb) to be at 0.96 V. Incidentally, the Ecb and Evb values of 

Bi2S3 were very similar to Bi19S27Cl3 (Figure 5.6b). Apparently, the Ecb value of Bi19S27Cl3 is 

sufficient to reduce CO2 into CH3OH and CH3CH2OH and barely capable of producing CO 

(Figure 5.6c). 

Photocatalytic CO2 reduction to ethanol: Photocatalytic CO2 reduction has been 

performed on Bi19S27Cl3 and Bi2S3 catalysts in aqueous medium using a 420 W Xenon-arc lamp 

with UV cut-off filter (<400 nm) (Figure 5.6d). As seen in Figure 5.7a, Bi2S3 favoured the 
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conversion of CO2 to C1 products (CO, CH4 and CH3OH), which is consistent with the earlier 

reports.29 However, Bi19S27Cl3 catalyst favoured the production of C2 product, CH3CH2OH, in 

high selectivity and high yield. After 21 hours of continuous light irradiation, 22 µmol g-1 of 

ethanol was obtained when Bi19S27Cl3 was used as the catalyst along with CO, CH4, CH3OH 

and H2 as the minor products (Figure 5.7b). H2 was obtained as the by-product from the 

competitive HER during photocatalytic CO2 reduction reaction (Figure 5.7c). A further 4.9 

times increment in the production of CH3CH2OH (109 µmol g-1) was observed with the 

addition of Na2S and Na2SO3 as sacrificial electron donors. The reason behind the simultaneous 

addition of Na2S and Na2SO3 was to prevent the formation of sulphur particles from the 

oxidation of S2-. 

 

Figure 5.6. (a) Mott–Schottky plots of interfacial capacitance derived from EIS data for 

Bi19S27Cl3 in 0.5 M Na2SO4. (b) Mott–Schottky plots of interfacial capacitance derived from 

EIS data for Bi2S3 in 0.5 M Na2SO4. (c) Electronic band structure. Schematics representation 

of the electronic band structures for Bi19S27Cl3 nanorods and Bi2S3 nanoribbons. (d) Spectra of 

illuminated light. Illuminated region of our used light source comparing with sunlight. Two 

light filters namely 20CGA-400 longpass filter (UV cut-off) and FSR-KG2 shortpass filter (IR 

cut-off) were used in combination to obtain the visible light. 

a b

c d
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It is worth noting that the CH3CH2OH selectivity also increased from 66% to 85% upon 

the addition of sacrificial electron donor (Figure 5.7d). Because the reduction of CO2 to 

CH3CH2OH is a dominant electron transfer process compared to CO2 to C1 products (CO, CH4 

and CH3OH), the selectivity has been shifted towards CH3CH2OH upon the addition of 

sacrificial electron donors whose sole purpose is to consume the photogenerated holes and thus 

increase the number of photoexcited electrons by minimizing the recombination. When the 

same reaction was performed under full range of UV-Visible light, the yield of each product 

increased. However, the selectivity of CH3CH2OH was disturbed due to unwanted reactions 

happening in presence of UV light (Figure 5.7b). 

 

Figure 5.7. Photocatalytic CO2 reduction and charge polarization. (a) Evolution of different 

products during photocatalytic CO2 reduction with Bi19S27Cl3 and Bi2S3 with sacrificial 

electron donor under visible light irradiation. (b) Evolution of different products during 

photocatalytic CO2 reduction under different catalytic conditions. (SED = sacrificial electron 

donor). (c) The yield of H2 during the photocatalytic CO2 reduction over Bi19S27Cl3 nanorods 

with sacrificial electron donor. (d) Selectivity of CO2 reduced products for Bi19S27Cl3 catalyst 

under different reaction conditions. The selectivity of the products was calculated based on the 

electrons required for their formation.  

a b

c d
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Figure 5.8. (a) Apparent quantum yield (AQY%) of Bi19S27Cl3 under different monochromatic 

light. AQY% matches well with the absorption spectrum of Bi19S27Cl3. AQY(%) were 

measured using 400 nm, 550 nm, 650 nm and 700 nm bandpass filter. (b) Liquid product 

analysis 1H NMR of the liquid products obtained from the visible light CO2 reduction with 

Bi19S27Cl3. DMSO and phenol were used as internal standards. The broad peak ranging from 

4.5 to 5.0 ppm value is due to water. DMSO peak was locked to 2.6 ppm as a reference and 

other peak positions were measured accordingly. The triplet peak from 1.067-1.044 ppm and 

quartet peak from 3.550-3.514 ppm are due to the CH3- and -CH2- protons of ethanol, 

respectively. The singlet peak at 3.233 ppm is due to the CH3- protons of methanol. (c) 1H 

NMR of the liquid products obtained from the visible light CO2 reduction with Bi2S3. Only 

methanol was detected in 1H NMR for Bi2S3. (d) 1H NMR of the liquid products obtained under 

N2 environment with Bi19S27Cl3. No liquid product was detected. 

The AQY (Apparent Quantum Yield) (%) of the Bi19S27Cl3 catalyst for overall CO2 

reduction reaction was also calculated using different monochromatic light (Figure 5.8a). The 

AQY (%) at different wavelengths were consistent with the absorption spectra of Bi19S27Cl3 

which suggests the CO2 reduction reaction is indeed driven by the light absorption of the 

catalyst. To determine the origin of all the reduced products, a series of control experiments 

were performed as per the guidelines provided in our recent viewpoint article.48 The CO2 

reduced products were confirmed by GC as well as NMR experiments (Figure 5.8b-5.8d). As 

b

c d

a
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shown in Figure 5.9a, and 5.9b no gaseous or liquid product was detected in the absence of 

light and CO2. When the reaction was conducted under 13CO2 environment, only 13C enriched 

products were detected in GC-MS and the corresponding mass peaks clearly shifted to higher 

value for 13C incorporated products compared to the 12C incorporated products (Figure 5.10).  

 

Figure 5.9. (a) Time dependant yield of CH3CH2OH during visible light CO2 reduction with 

Bi19S27Cl3 in presence of sacrificial electron donor. Error values were calculated from three 

separate catalytic reactions. (b) Yield of CO2 reduced products for different control 

experiments. No products were detected in the absence of light or without CO2 or without 

catalyst, keeping all the other parameters same. Only small amounts of products were detected 

without sacrificial e- donor where water serves as the electron donor. 

 

Figure 5.10. GC-MS study. Mass spectra of (a) 12CH3CH2OH, (b) 12CH3OH, (c) 12CO, and (d) 
12CH4 were obtained from reduction of 12CO2. Mass spectra of (e) 13CH3CH2OH, (f) 13CH3OH, 

(g) 13CO, and (h) 13CH4 were obtained from the reduction of 13CO. 

a
b
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Figure 5.11. After catalysis study. (a) XRD after catalysis. XRD pattern of Bi19S27Cl3 after the 

continuous 21 h test of CO2 photoreduction under 420 W visible light. (b) UV-Vis DRS spectra of 

Bi19S27Cl3 nanorods before and after CO2 reduction reaction. 

It did not show any degradation after 60 hours of reaction as evident from the powder 

XRD pattern This clearly demonstrates that the products were indeed derived from the CO2 

rather than other sources. Besides, Bi19S27Cl3 also showed excellent durability during repeated 

photocatalytic tests. and UV-Vis diffuse reflectance spectra (Figures 5.11a, and 5.11b). 

Further, SEM and TEM analysis confirmed that the rod-shaped morphology of Bi19S27Cl3 also 

remained unaltered during the photocatalysis (Figure 5.12). It should be mentioned here that 

the reaction rate decreases considerably after 15 hours of continuous reaction (Figure 5.9a).  

 

Figure 5.12. Microscopic image after catalysis. (a) TEM, and (b) HRTEM image of the 

Bi19S27Cl3 nanorods after the photocatalytic CO2 reduction reaction. The nanorods remains 

unaltered during the reaction. The (110) lattice plane can be seen in the used catalyst as well. 

a b
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Figure 5.13. Reusability test of Bi19S27Cl3 for 5 cycles. After the catalysis, the catalyst was 

separated from the reaction mixture and washed with distilled water to remove adsorbed 

reactants. It was then redispersed in water and purged with CO2 for the next catalytic cycle. 

This could be due to the depletion of dissolved CO2 in the solution and also probable 

adsorption of carbon species on the surface of the catalyst during prolong reaction.49 Hence, 

the catalytic cycle tests were performed for 12 hours which resolved the issue and the 

subsequent catalytic cycles even produced similar yield of all the products retaining the 

selectivity of CH3CH2OH (Figure 5.13). 

Intrinsic Charge Polarization: In order to find out the underlying reason behind the 

excellent efficiency and selectivity towards C2 product formation, we investigated the 

electronic properties of different bismuth centres present in Bi19S27Cl3. To explain this, a deep  

 understanding of connectivity and bond lengths of Bi centres with their neighbouring S atoms 

is necessary. There are three different types of bismuth centres present in Bi19S27Cl3 (Figure 

5.14a). The central Bi atom (from now on denoted as Bi3) has the highest average Bi-S bond 

length compared to others. The higher bond length for a particular metal centre with same 

neighbouring atoms indicates lower charge over the metal centre. This suggests a lower 

oxidation state of Bi3 compared to other two Bi centres. In fact, Groom et al. recently reported 

that the central disordered Bi atom (Bi3) exists in the +2 oxidation state forming [Bi2]
4+ dimer 

based on the single crystal XRD data analysis.50 Similarly, the average Bi-S bond distance 

values in Bi19S27Cl3 have been compared with that of Bi2S3 and found that the average Bi-S 
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distance has decreased from Bi2S3 (2.86 Å) to Bi19S27Cl3 (2.82 Å) (Figure 5.14b, and 5.14c). 

This means the charge over the Bi atoms has been redistributed upon the introduction of BiCl3 

unit to the Bi2S3 structure.51 Additionally, the Bi atoms present inside the ladder (from now on 

denoted as Bi2) as well as Bi atoms present on the edge of the star-shaped unit (from now on 

denoted as Bi1) have lower average Bi-S bond length and hence higher charge compared to 

Bi3. To compensate the lower charge of Bi3, other two Bi atoms get more positively charged. 

The chlorine atoms having higher electronegativity compared to Bi also help this charge 

polarization by withdrawing the electrons from Bi atoms. Upon this asymmetrical local charge 

distribution, an intrinsic electric field has been created in Bi19S27Cl3. On the other hand, the 

bismuth centres in Bi2S3 have very similar structural environment facilitating uniform charge 

distribution.  

 

Figure 5.14. (a) Different bismuth centres present and their distance in i) Bi19S27Cl3, and ii) 

Bi2S3. There are 2 types of bismuth centre present in Bi2S3 whereas 3 types of Bi centres present 

in Bi19S27Cl3. The Bi1-Bi2 and Bi2-Bi2 bonds are less in Bi19S27Cl3 compared to Bi2S3. Bi1-

Bi3 bond distance (only present in Bi19S27Cl3) is much higher compare to other two distances. 

(b) Connectivity and Bi-S bond lengths for Bi2 centre in i) Bi19S27Cl3, and ii) Bi2S3. There are 

5 Bi-S bonds for each Bi2 centre. In case of Bi19S27Cl3, the Bi2 centres are also connected with 

chlorine atoms in addition to the 5 S atoms. Bi2-S bond lengths are higher in Bi2S3 compared 

to Bi19S27Cl3. (c) Bi-S bond length for different bismuth centres in Bi19S27Cl3 and Bi2S3. (d) 

Structure of different bismuth centres present in i) Bi2S3, and ii) Bi19S27Cl3 and their 

corresponding Bader charge calculated from the DFT calculations. 
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Therefore, we anticipate that the suitably situated charge polarized Bi sites in Bi19S27Cl3 

are responsible for the high catalytic activity and selectivity towards C2 product. It is important 

to mention here that the intrinsic charge polarization can furthermore promote the separation 

efficiency of photogenerated carriers which is beneficial for photocatalytic reactions.52
 To 

further validate the charge polarization, Bader charges of the different bismuth centres were 

calculated from density-functional-theory (DFT), which also estimate their electronic states 

(Figure 5.14d). Two different Bi-sites Bi1 and Bi2 in Bi2S3 have similar Bader charges of 1.13 

and 1.14, respectively. Whereas three different Bi sites Bi1, Bi2 and Bi3 were identified on the 

surface of Bi19S27Cl3, having Bader charges of 1.18, 1.14 and 0.99, respectively and this led to 

the formation of charge polarized Bi sites. All these experimental and theoretical findings 

further corroborate the charge polarized metal centers present in Bi19S27Cl3. X-ray 

Photoelectron Spectroscopy (XPS) was utilized to elucidate the charge polarized Bi centres in 

Bi19S27Cl3 nanorods (Figures 5.15a, 5.15b, 5.16a, 5.16b). The deconvoluted Bi 4f spectrum of 

Bi19S27Cl3 revealed 3 different Bi centers having different charge densities (Figure 5.16b), 

which is in excellent agreement with the structural data. The three peaks observed at 165.5 eV, 

164.1 eV and 162.6 eV can be assigned to the binding energy of Bi 4f5/2 whereas the peaks at 

159.9 eV, 158.6 eV and 156.9 eV can be indexed to the binding energy of Bi 4f7/2. The 

additional peaks found at 162.1 eV and 160.4 eV can be allocated to the binding energy of S 

2p1/2 and S 2p3/2, respectively. In comparison, the deconvoluted Bi 4f spectrum of Bi2S3 showed 

only two types of Bi centers with the binding energy peaks centered at 164.7 eV and 163.8 eV 

for Bi 4f5/2 and 159.6 eV and 158.5 eV for Bi 4f7/2 (Figure 5.16a). From the Bi 4f XPS spectra 

it can be inferred that two of the Bi centers present in Bi19S27Cl3 (Bi1 and Bi2) are more 

positively charged compared to that for Bi2S3. 

 

Figure 5.15. XPS analysis of Bi19S27Cl3. (a) XPS survey spectrum of Bi19S27Cl3. (b) 

Deconvoluted Cl 2p XPS spectrum of Bi19S27Cl3. 

a b
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This is because of the higher binding energy shift of the two Bi centers in Bi19S27Cl3. 

Whereas the lower binding energy shift of the other Bi center in Bi19S27Cl3 suggests less 

positive charge on Bi atom (Bi3). To gain further insight into the charge polarization induced 

by the differently charged bismuth centers, X-ray absorption spectra were measured at Bi-LIII-

edge. In the X-ray Absorption Near Edge Structure (XANES), the absorption edge of 

Bi19S27Cl3 was found to be at lower energy compared to Bi2S3 suggesting lower overall charge 

on the Bi center of Bi19S27Cl3 (Figure 5.16c).53 This could be due to the presence of Bi2+ centers 

along with the Bi3+ centers in Bi19S27Cl3. In order to gain more intuitive evidence, the Fourier 

transform extended X-ray absorption fine structure (FT-EXAFS) were analysed. The FT-

EXAFS for Bi2S3 showed a peak at 2.1 Å corresponding to the first shell of Bi-S bond. In case 

of Bi19S27Cl3, the peak was found to be at 1.8 Å with broader feature compared to the Bi2S3. 

The coordination structure of Bi in the Bi2S3 and Bi19S27Cl3 was further analysed by fitting the 

k3-weighted FT-EXAFS curves (Figure 5.16d). The fitting parameters are listed in Table 5.1 

which sows 2 different Bi centres in Bi2S3 with very similar Bi-S distances. Whereas, the fitting 

parameter of Bi19S27Cl3 showed 3 different Bi-S distances with similar distances of two Bi-S 

bond and another Bi-S bond with higher bond distance.  

 

Figure 5.16. Investigation of charge polarization. Bi 4f XPS spectra of (a) Bi2S3 nanoribbons, 

and (b) Bi19S27Cl3 nanorods. (c) Bi LIII-edge XANES spectra, and (d) the corresponding k3-

weighted (k) function of the FT-EXAFS spectra and the fitting curves for Bi19S27Cl3 nanorod, 

Bi2S3 nanoribbon and Bi foil. Wavelet transforms for the k3-weighted EXAFS signals of (e) 

Bi19S27Cl3, and (f) Bi2S3. 
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Table 5.1. EXAFS fitting parameters at the Bi LIII-edge for Bi19S27Cl3 nanorod, Bi2S3 nanoribbon and 

Bi foil. 

Sample Shell Reff (Å) R (Å) E0 (eV) R-factor 

Bi foil Bi-Bi 3.062 0.013 -0.309 0.0239 

Bi-Bi 3.503 -0.047 

Bi2S3 

nanoribbon 

Bi-S 2.628 -0.055 -4.618 0.0236 

Bi-S 2.709 -0.059 

 

Bi19S27Cl3 

nanorod 

Bi-S 2.559 -0.125  

 

-9.773 

 

 

0.0212 

Bi-S 2.642 -0.134 

Bi-S 3.072 -0.012 

Bi-Cl 3.546 -0.066 

To further deconvolute the precise coordination environment around bismuth, wavelet 

transform analysis was performed using Morlet function. Bi2S3 displays a single intense feature 

at R ≈ 2.1 Å and k ≈ 8.6 Å-1 which represents the Bi-S shell (Figure 5.16d). For the Bi19S27Cl3 

sample, the most intense feature was observed at R ≈ 1.8 Å and k ≈ 5.1 Å-1 which corresponds 

to the Bi(3+)--S shell. In addition to that, two additional features with less intensity were 

observed at R ≈ 2.3 Å and k ≈ 7.2 Å-1 as well as R ≈ 2.8 Å and k ≈ 5.9 Å-1 which correspond to 

the Bi(3-)--S shell and Bi-Cl shell, respectively (Figure 5.16e, and 5.16f). This further validates 

the charge polarized Bi centres present in Bi19S27Cl3. Photocurrent and electrochemical 

impedance spectroscopy tests were employed for the testing of carrier separation and migration 

ability, which further confirmed the difference in the CO2 reduction ability. A stronger 

photocurrent suggests higher electron–hole separation efficiency whereas, higher charge 

mobility in a photocatalyst generally results in a smaller arc radius in electrochemical 

impedance spectroscopy (EIS). Bi19S27Cl3 has higher current density and lower arc diameter of 

electrochemical impedance spectra, suggesting that it possesses better catalytic performance 

compared to Bi2S3 (Figure 5.17a, and 5.17b). To verify the above observations, time-resolved 

photoluminescence was performed. The spectra show an exponential decay which was fitted 

to a biexponential function (Figure 5.18a). The decay lifetime values 1 and 2 obtained from 

the fitted curve correspond to the non-radiative and radiative lifetime, respectively (Table 5.2). 

For comparison, the lifetime values were calculated for Bi2S3 as well.  
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Figure 5.17. (a) Transient photocurrent response of Bi19S27Cl3 and Bi2S3 at a bias voltage of 

0.2 V vs. Ag/AgCl. The spectra were recorded under sequential illumination condition with an 

interval of 10 s on/off switch. The plot suggests that Bi19S27Cl3 have better charge separation 

efficiency compared to Bi2S3. (b) Electrochemical impedance spectra of Bi19S27Cl3 and Bi2S3 

in 0.1 M K2SO4 solution. Rct is calculated from the radius of the half circle. 

Higher radiative lifetime in case of Bi19S27Cl3 means better photogenerated electron-

hole separation. The presence of intrinsic electric field induced by the charge polarized metal 

centres leads to better stabilization of electron-hole pair and thus increase the decay lifetime. 

In addition to that, the greater amplitude of 2 for Bi19S27Cl3 also suggests better quantum 

efficiency of the catalyst.54Furthermore, because the reaction was performed in aqueous 

medium, the interaction between the catalytic surface and water molecules or in other words 

hydrophilicity of the catalysts were measured. Smaller water contact angle for Bi19S27Cl3 

implies better hydrophilicity of Bi19S27Cl3 compared to Bi2S3 (Figure 5.18b, and 5.18c). This 

could be due to the intrinsic charge polarization in Bi19S27Cl3 which leads to better interaction 

with polar water molecules. Simultaneous availability of water dissolved CO2 as well as 

protons on the surface of Bi19S27Cl3 assist the proton coupled CO2 reduction reaction.55 All 

these studies strongly prove that the presence of charge polarized centres and hence superior 

catalytic activity of Bi19S27Cl3. 

Table 5.2. τ values obtained from the fitted bi-exponential curve. 

Bi19S27Cl3 Bi2S3 

τ1 1.134 ns B1 88.34% τ1 1.068 ns B1 93.12% 

τ2 6.425 ns B2 11.64% τ2 4.298 ns B2 6.88% 

Average τ 3.39 ns Average τ 1.81 ns 

 

a b
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Figure 5.18. (a) Time resolved photoluminescence spectra of Bi19S27Cl3 and Bi2S3. The decay 

kinetics is fitted with bi-exponential function. The intensity was calculated by taking the 

logarithm value of counts. Water contact angles of (b) Bi19S27Cl3, and (c) Bi2S3. γVL, γSV and 

γSL are the liquid−vapor, solid−vapor, and solid−liquid interfacial tensions, respectively. The 

equilibrium contact angle depends on these three different interfacial tensions. The water 

contact angle is much smaller in case of Bi19S27Cl3 compared to Bi2S3. The smaller contact 

angle means higher surface energy of the surface and hence higher solid-liquid interfacial 

tension between water and Bi19S27Cl3. This translates to better hydrophilicity of Bi19S27Cl3 and 

the dissolved CO2 and H+ ions will be better available on the catalyst surface of Bi19S27Cl3. (d) 

In-situ FTIR spectra for co-adsorption of a mixture of CO2 and H2O vapour on the Bi19S27Cl3 

catalyst for the detection of intermediate species (900 cm-1 – 2200 cm-1). 

CO2 to ethanol mechanistic pathway: Now we investigate how these charge polarized 

bismuth centres in Bi19S27Cl3 facilitate the C-C coupling reaction during photocatalytic CO2 

reduction. In situ Fourier-transform Infrared Spectroscopy (FTIR) was employed to detect the 

active intermediate species and the reduction pathway during photocatalytic CO2 reduction. 

The measurement was done from 0 to 30 minutes and spectra were collected after an interval 

of 2 minutes. As can be seen from Figures 5.18d, and Figure 5.19, with increasing irradiation 

b c

da
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time new bands have appeared and evolved monotonously in the in-situ FTIR spectra. The 

peaks observed at 1354 cm-1 and 1467 cm-1 can be attributed to the asymmetric vibration mode 

of CO3* and symmetric stretching of HCO3*, respectively.56 These are the initial intermediates 

formed from the reaction of gaseous CO2 and water vapor. Additionally, the newly appeared 

infrared peak at 1609 cm-1 can be attributed to the absorbed *COOH group, which is a crucial 

intermediate during CO2 reduction reaction. Most importantly, the absorption bands observed 

at 986 cm-1 and 1112 cm-1 can be assigned to the characteristic peaks of *COH and *OCH3 

groups. Interestingly, single and double bonded *CO intermediate are also observed in the in 

situ FTIR spectra at 2049 cm-1 and 1703 cm-1, respectively.66 These are the active intermediates 

which take part in C-C coupling reaction during the photoreduction of CO2 to ethanol. 

Moreover, the peak at 1234 cm-1 could possibly be due to the formation of OCCOH* 

intermediate which might have formed from the coupling of *CO and *COH intermediate.67 

Because the adjacent Bi centres in Bi19S27Cl3 have asymmetric charge redistribution, they 

stabilize different intermediates (*CO and *COH) which facilitate the CH3CH2OH formation 

by reducing the activation energy barrier of CO* and COH* coupling for the formation of 1st 

C-C coupled intermediate (OC-COH*).   

 

Figure 5.19. In-situ FTIR analysis. In-situ FTIR spectra for co-adsorption of a mixture of CO2 

and H2O vapour on the Bi19S27Cl3 catalyst in the range of 2000 cm-1 – 4000 cm-1. The high 

intense peak ranging from 2200 cm-1 - 2600 cm-1 arises due to the gaseous CO2 molecules 

whereas the IR peaks at 3661 cm-1 and 3764 cm-1 can be indexed to the hydroxyl group of 

*COOH intermediate. The small peaks in the range of 2800 cm-1 - 3000 cm-1 can be attributed 

to the C-H vibrations of different intermediates. 
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To substantiate this mechanistic proposition, theoretical calculations were performed 

for Bi19S27Cl3 and Bi2S3. In order to unwrap the trend of intermediate species adsorption over 

different Bi sites (3 Bi sites of B19S27Cl3 (Bi1, Bi2, Bi3) and 2 Bi sites of Bi2S3 (Bi1 and Bi2)), 

p-band centre of different Bi centres were calculated (Figure 5.20a). The band centre model 

proposed by Norskov et. al has been used extensively to understand the role of electrons in the 

bonding with the adsorbent.68  According to this model, band centre of the adsorbent being 

close in energy with respect to the Fermi energy enhances the bond stability with adsorbate, 

having more electrons in the bonding state and less electron in the antibonding state. Therefore, 

having most suitable p-band centre, Bi1 of Bi19S27Cl3 shows relatively stronger adsorbent and 

adsorbate interactions compared to other Bi Centres. However, this model does not explain the 

reason behind the better stability of adsorbent over Bi2 in comparison with other remaining 

sites, though having the least suitable p-band positions.  

 

Figure 5.20. Theoretical calculation. (a) p band centres of different Bi atoms in Bi19S27Cl3 and 

Bi2S3. (b) Partial density of p-states forms Bi3 (in Bi19S27Cl3) and Bi2 (in Bi2S3). Plausible 

reaction pathway for the formation of CH3CH2OH from the photoreduction of CO2. (c) Free 

energy diagrams of CO2 photoreduction to C2H5OH for the Bi19S27Cl3 Vs. C1 product 

formation on Bi2S3 surface. 
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However, this model does not explain the reason behind the better stability of adsorbent 

over Bi2 in comparison with other remaining sites, though having the least suitable p-band 

position. Hence, further extending this, the exact position of the p-band centres was also 

considered. If the p-band centre lies below Fermi level, then the band is more than half-filled 

and can donate electrons easily. Whereas, if the p-band centre lies above Fermi level, the band 

is less than half-filled and cannot donate electrons easily. Therefore, having p-band centre 

below the fermi level Bi1 and Bi2 in Bi19S27Cl3 show better adsorption capability. However, 

Bi1 is still a better active site in comparison with Bi2. This is because the p-band centre of Bi1 

is closer to the fermi level. Bi1 and Bi2 in Bi2S3 show weak adsorption as their p-band centre 

is far from the fermi level, as well as above fermi level. Bi3 (in Bi19S27Cl3) behaves as a 

considerable active site though having unfavourable p-band centre comparable with Bi2 (in 

Bi2S3). This can be explained by the partial density of p-states of the corresponding Bi sites 

(Figure 5.20b). Bi3 in Bi19S27Cl3 dominated with large number of filled p-states, which are 

localized near the fermi level and can easily donate electrons to adsorbent. However, the p-

states of Bi2 (in Bi2S3) are totally dispersed (Figure 5.20b). Therefore, the intermediates of 

CO2 reduction are better activated over charge polarise Bi centres of Bi19S27Cl3 surface 

compared to Bi2S3 by transferring the electrons from p-band centre. Furthermore, to validate 

better C-C coupling reaction over Bi19S27Cl3 surface, we performed Gibbs free energy 

calculations considering different possible reaction pathways (Table 5.3).  

Being a common intermediate for both the catalysts, we first examined the formation 

of CO* on Bi19S27Cl3 compared to Bi2S3 because of very high energy barrier of COOH* 

formation over Bi2S3 surface. The charge polarization significantly reduces the activation 

energy barrier for the CO2 hydrogenation on Bi19S27Cl3 due to better charge transfer from p-

band. After the formation of CO* intermediate two CO* are adsorbed at two different sites i.e. 

Bi1-Bi2 and Bi1-Bi1 bridge sites. Here, worth mentioning the fact that, first hydrogenation of 

CO* intermediate is very crucial for the formation of COH* intermediate which was also 

tracked from in-situ FTIR. However, this short-lived intermediate immediately gets coupled 

with nearby CO* and form OCCOH* which is regarded as the most important step of C-C 

coupling reaction in CO2 reduction. As depicted in Figure 5.20c the energy barrier of COH* 

formation is uphill on both Bi19S27Cl3 and Bi2S3 surface by 1.22 eV and 1.24 eV respectively 

suggesting it is the rate-determining step. However, upon coupling with CO* in the next step, 

the OCCOH* (the presence of it was confirmed from in-situ FTIR also) obtained remarkable 

stability over Bi19S27Cl3 surface leading to the favourable C-C coupling reaction over polarise 
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Bi centres (Figure 5.21a, and 5.21b). Contextually, the involvement of differentially charged 

Bi centres in the course of C-C coupling process was also understood during calculation. 

Initially, CO* were placed on Bi1, Bi2 and Bi3 of Bi19S27Cl3 then C-C bond of OCCOH* was 

placed along with via COOH* intermediate, and it can be seen in the energy profile that CO* 

formation is easy the bridging bonds of Bi1-Bi2 (Figure 5.22a).  

Table 5.3. Contribution to the free energy from zero-point energy correction and entropy. 

(Only vibrational entropy is considered for adsorbed system). 

Species ZPE (eV) TS (eV) ZPE - TS  

H2 0.27 0.42 -0.15 

CO2 0.31 0.65 -0.34 

CO 0.14 0.67 -0.53 

H2O 0.58 0.65 -0.07 

CH3CH2OH 2.18 2.81 -0.53 

*CO2  0.30 0.09 0.21 

*COOH 0.69 0.19 0.50              

*CO 0.21 0.14 0.07 

*COH 0.46 0.24 0.22 

*CHO 0.34 0.10 0.24 

*CH2O 0.65 0.17 0.48 

*OCCOH 0.66 0.29 0.37 

*HOCCOH 0.90 0.31 0.59  

*CCO 0.41 0.16  0.25 

*CHCO 0.68 0.25 0.48 

*CH2CO 0.98 0.14 0.84 

*CH2CHO 1.28 0.21 1.07 

*CH3CH2O 1.91 0.26 1.65 



Intrinsic Charge Polarization Promotes Selective C-C Coupling Reaction During 
Photoreduction of CO2 to Ethanol 

Chapter 5 

 

169 

 

Figure 5.21. Top and Side view of (a) Bi19S27Cl3, and (b) Bi2S3 with the coupled intermediate 

(OCCOH*). 

However, the adsorbed CO* over Bi3 (in Bi19S27Cl3) was unable to undergo any C-C coupling 

reaction because of the higher distance between Bi1 and Bi3 centres compared to that of Bi1 

and Bi2 in Bi19S27Cl3. The lower binding energy for CO* adsorption as well as the position of 

p-band centre for Bi3 (in Bi19S27Cl3) also restricted further protonation of the intermediate. 

Hence, CO* desorption from Bi3 centre resulted in gaseous CO production by Bi19S27Cl3 

catalyst. On the other hand, the OCCOH* on Bi2S3 surface suffered further dis- stabilisation 

because of large Bi-Bi distance and CO*, COH* repulsion as in case of Bi2S3 the there are no 

polarise Bi centres. Therefore, no C2 product was obtained by B2S3 photocatalyst. Further 

investigation on COH* protonation for the formation of COH2* over Bi19S27Cl3 and Bi2S3 

surface showed that the energy of COH2* formation is similar for both. Interestingly, COH2* 

is more stable compared to OCCOH* on Bi2S3 and less stable for Bi19S27Cl3. Therefore, in the 

case of Bi19S27Cl3 catalyst C2 products dominated over C1 products and Bi2S3 only produced 

C1 molecules. In the next step, OCCOH* got further protonation followed by water desorption 

a
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and C2O* intermediate was formed. Interestingly, the ΔG values of all other intermediates of 

CO2 to ethanol formation are negative and monotonously downhill. 

Therefore, the reaction became extremely favourable. Stepwise proton-coupled electron 

transfer on C2O* intermediate finally resulted in the formation of ethanol. Based on the above 

in situ FTIR analysis and theoretical calculation stepwise ethanol formation mechanism over 

Bi19S27Cl3 photocatalyst was schematically presented in Figure 5.22b. An attempt of 

understanding CO2 to ethanol formation mechanism via in-situ technique and theoretical study 

has been done for electrochemical route. However, this attempt is completely novel for 

photochemical route. Most importantly, the concept of charge polarization has been implicitly 

exploited for C-C coupling process in CO2 reduction reaction. This approach could enable the 

Bi19S27Cl3 catalyst to reach 85% ethanol selectivity along with high CO2 reduction activity. 

This low-cost material can easily be scaled up and it is anticipated that this proposed concept 

applicable for other charge polarized molecules like spinal for multi carbon product formation.  

 

Figure 5.22. (a) C-C coupling. Plausible C-C coupling reactions between the CO intermediates 

adsorbed on different Bi centres. (b) Schematic representation of stepwise reaction pathway 

for the formation of CH3CH2OH from the photoreduction of CO2 on Bi19S27Cl3 photocatalyst. 

a

b
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5.6.      Conclusions 

In conclusion, to induce C-C coupling reaction during photochemical CO2 reduction, 

we have chosen Bi19S27Cl3 catalyst with intrinsic charge polarized Bi centres. The asymmetric 

charge distribution over different bismuth centres were confirmed from crystal structure, XPS 

analysis, XAS analysis and well corroborated by Bader charge distributions from the DFT 

calculation. A combination of experimental studies and theoretical calculations demonstrated 

that the charge polarized Bi centres are capable of performing C-C coupling reaction due to 

lower activation energy barrier. In comparison, Bi2S3 despite having similar light absorption 

property and band edge position could not perform C-C coupling reaction due to the lack of 

charge polarized centres. As a result, Bi19S27Cl3 can selectively reduce CO2 to CH3CH2OH 

with a yield of 109 μmol g−1 after 21 hours. Remarkably the selectivity towards CH3CH2OH 

formation can reach up to 85% by modifying the reaction conditions. In comparison to the of 

bismuth based photocatalysts reducing CO2 to CH3CH2OH, Bi19S27Cl3 showed highest ever 

ethanol selectivity (Table 5.4). For C-C coupling reaction, two suitably arranged metal centres 

are required. As evident from the earlier reports, this has been thus far achieved by 

multicomponent system (Table 5.5, and 5.6). However, for the first-time we report single 

compartment catalyst for C-C coupling reaction. This work thus showcases the importance of 

charge polarized metal centres in photoinduced C-C coupling reactions, which can be generally 

adapted as a key material design strategy for tailoring higher carbon product pathways across 

various catalytic systems. 

Table 5.4.  Benchmarking of bismuth based photocatalysts reducing CO2 to CH3CH2OH in 

CO2 saturated aqueous solution. 

S. 

No. 

Catalyst Product Yield 

(µmol g-1 

h-1) 

Ethanol 

Selectivity 

Stabil

ity 

test 

(hour

s) 

References 

1 Bi19S27Cl3 

nanorods 

CH3CH2OH 

CH3OH   

CH4          

CO 

5.2              

1.2              

0.4              

0.5 

85% 60 This work 

2 Red 

P/Bi2MoO6
13 

CH3CH2OH 

CH3OH   

HCOOH          

CH4 

51.8 

31.2 

20.1 

11.3 

66% 30 Energy Environ. 

Sci. 15 (2022) 

1967-1976 

3 MoS2/Bi2WO6 

nanocomposite

s57 

CH3CH2OH 

CH3OH 

9.15          

9.18 

66% 16 Appl. Surf. Sci. 

403 (2017) 230–

239 
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4 WS2 quantum 

dots seeding in 

Bi2S3 

nanotubes58 

CH3CH2OH 

CH3OH 

6.95          

9.55 

59% 20 Chem. Eng. J. 

389 (2020) 

123430-123437 

5 Bi2MoO6 

quantum dots 

in situ grown 

on reduced 

graphene oxide 

layers59 

CH3CH2OH 

CH3OH 

14.37        

21.2 

57% 20 ACS Appl. 

Mater. Interfaces 

12 (2020) 

25861−25874 

6 Nanocrystallin

e BiOCl60 

CH3CH2OH

, CH3OH 

CH4 

1.87 × 10−2 

1.57 × 10−2 

1.87 × 10−2 

48% 43 Catalysts 10 

(2020) 998-1004 

7 Conducting 

polymers 

modified 

Bi2WO6 

microspheres61 

CH3CH2OH 

CH3OH 

5.13        

14.13 

42% 20 Appl. Surf. Sci. 

356 (2015) 173–

180 

8 Bi@Bi2MoO6
6

2 

CH3CH2OH 

CH3OH           

CO 

6 

8 

0.1 

42.5% 24 ChemSusChem 

14 (2021) 3293-

3302 

9 Pt and N co-

doped hollow 

hierarchical 

BiOCl63 

CH3CH2OH

CH3OH 

14.15      

41.08 

41% 32 Appl. Surf. Sci. 

502 (2020) 

144083-144091 

10 Single unit cell 

o-BiVO4 

layers64 

CH3OH 398.3 No C2 

product 

0% 

96 J. Am. Chem. 

Soc. 139 (2017) 

3438−3445 

11 Bi2S3 

nanoribbons29 

CH3OH 32 0% 30 Appl. Surf. Sci. 

394 (2017) 364–

370 

12 Bi2S3/CdS 

photocatalyst65 

CH3OH 122.6 0% 5 J. Nat. Gas 

Chem. 20 (2011) 

413–417 

Table 5.5. Literature reports of CO2 photoreduction to ethanol in aqueous solution. 

S. 

No. 

Catalyst Product Yield 

(µmolg-1h-

1) 

Ethanol 

Selectivity 

Reaction 

condition 

1 Bi19S27Cl3 

nanorods 

CH3CH2OH 

CH3OH   

CH4          

CO 

5.2              

1.2              

0.4              

0.5 

85% Water 

2 Red P/Bi2MoO6
69 CH3CH2OH 

CH3OH   

HCOOH          

CH4 

51.8 

31.2 

20.1 

11.3 

66% Water 

3 AgBr–NG–g-

C3N4
70 

CH3CH2OH 

CH3OH  

51 

21 

83% 0.1M NaHCO3 

solution 
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4 Cu2+ doped TiO2
71 CH3CH2OH 

CH3OH  

47 

24 

80% Vapor phase 

5 Red Ag/AgCl72 CH3CH2OH 

CH3OH 

44.6 

29.2 

75% 0.1M NaHCO3 

solution 

6 ZnO/g-C3N4
73 CH3CH2OH 

CH3OH 

CH4 

CO 

2.5 

19.0 

5.4 

38.7 

11% Water 

7 LaVO4
74 CH3CH2OH 

CH3CHO 

CH3OH 

12.7 

negligible 

1.20 

95% CO2-saturated 

NaHCO3 solution 

8 STO/Cu@Ni/TiN7

5 

CH3CH2OH 

CH3OH 

HCOOH 

C2H4 

CO 

21.3 79.3% Water 

9 Bi4TaO8Cl/Bi76 CH3CH2OH 

CH3OH 

5.11 

2.34 

92% 

(CH3CH2O

H 

+ CH3OH) 

Water 

(Continuous flow) 

10 Bi2MoO6/PVP77 CH3CH2OH 

CH3OH 

4.7 

6.2 

60% Water 

 

Table 5.6. Literature reports of CO2 to liquid C2 products other than ethanol in aqueous 

solution. 

S. 

No. 

Catalyst Product Yield 

(µmolg-1h-1) 

Reaction 

condition 

1 Carbon-doped SnS2
78 CH3CHO 14 Vapor phase 

2 O-vacancy-rich Zn2GeO4
79 CH3COOH 

HCOOH 

CO 

12.7 

12.4 

13.2 

Water 

3 O-vacancy-rich WO3·0.33H2O
56 CH3COOH 

HCOOH 

CO 

9.4 

15 

1.12 

Water 

4 d-UiO-66/MoS2
80 CH3COOH 

CH3OH 

CH4 

CO 

39.0 

Trace 

Trace 

Trace 

Vapor phase 
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Summary 

Ethanol is an immediate alternative to crude oil. Therefore, up to 20% ethanol blending with 

petroleum has emerged in the oil industry. However, the existing ethanol synthesis process is 

not completely green. In this scenario, ethanol synthesis by abundant sunlight, water and CO2 

can provide the cheapest and greenest route. The existing literature based on photocatalytic 

CO2 reduction is still stuck at C1 products due to multiple intermediate steps and the kinetically 

sluggish 12 proton coupled electron transfer route in the CO2 to ethanol formation process. 

Direct photocatalytic conversion of CO2 to ethanol remains a scientific challenge because of 

the sluggish kinetics of C-C coupling and complex multielectron transfer processes. To achieve 

a green transformation of CO2 to C1+ products using naturally abundant sunlight and water 

requires smart design of an efficient catalyst by selecting the right combination of atoms either 

in elemental or in compound form. Herein, we report a composite photocatalyst composed of 

earth abundant red phosphorus (RP) in nano-sheet morphology decorated with Bi2MoO6 nano-

particles. The composite synthesised by a facile ultrasonication method, produces 51.8 µmol 

g-1h-1 of ethanol from CO2. The ability of RP for the conversion of CO2 to C1 has been altered 

by the introduction of Bi2MoO6. The in-situ Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) and Kinetic Isotopic Effect (KIE) analysis shed a light on the 

mechanistic pathway, which propose that the presence of Bi-Mo dual sites play a crucial role 

for the C-C coupling towards the formation of ethanol. The spectroscopic evidences and 

isotope labeling experiments of intermediate suggest OCH3* is the key active species for 

ethanol formation via self-coupling followed by proton transfer.  
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6.1.  Introduction 

Ethanol was produced by single component catalyst in the last chapter. However, the 

rate of ethanol formation was not very promising. Therefore, more importance on increasing 

the ethanol yield was given in this work because ethanol is one of the most value added CO2 

reduction products. On top of that, an adequate amount of ethanol synthesis from solar energy 

is a dream project. There are several critical challenges that need to be addressed to achieve 

this dream concept, however, catalyst design is the key amongst them.1 A wide range of 

materials such as metal oxides,2-3 chalcogenides,4 halide perovskites,5 porous organic polymers 

(POP),6 covalent organic frameworks (COF),7 metal-organic frameworks (MOF)8 and 

organometallic photocatalysts9-10 have been explored for photocatalytic CO2RR. However, 

poor efficiency and high cost limit the practical implementation of these potential catalytic 

systems. To elaborate further, enlisted below are the key targets to be achieved for the effective 

implementation of photocatalytic CO2RR: 

a. Enhancing CO2RR efficiency by increasing the number of excited electrons with a 

potential equivalent to the desired product.  

b. Avoiding charge recombination11 

c. Enhancing the surface area of the catalysts to drive maximum CO2 molecules 

adsorption at the active sites of a photocatalyst 

d. Obtaining the desired selectivity towards C1+ products, while suppressing the 

competitive hydrogen evolution reaction (HER) 

e. Reducing operational costs by discovering more durable low-cost catalyst for the 

formation of C1+ products12  

Traditionally the photochemical CO2 reduction route offers C1 (CO, CH4, CH3OH and 

HCOOH) products under mild conditions.13 However, tuning the active sites and band structure 

can promote further coupling of these C1 products to form desired higher carbon products. 

Multi-electron and proton transfers are necessary to produce C1+ products, which must go 

through complex reaction pathways, resulting in low efficiency. Among the C1+ products, 

ethanol is of great value as it can be used as a potential energy storage fuel and for the 

production of several industrially important chemicals. Photocatalytic CO2 to ethanol 

conversion has a very limited repository in terms of literature as compared to electrocatalytic 

processes due to low efficiency of the process. To the best of our knowledge, the highest 
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conversion of CO2 to ethanol was obtained with the formation rate of 50 µmol g-1 h-1 via AgBr–

NG–g-C3N4 catalyst under visible- light.14 However, photogenerated holes in this process had 

to be scavenged by organic pollutants rendering it a non-green process. On the other hand, all 

other CO2 to ethanol reports, indicate formation rates lower than 20 µmol h-1 g-1 under visible 

light.12, 15-17 These reports had other drawbacks including obscurity of the coupling mechanism 

involved, surface recombination and limited gas adsorption capacity over the catalysts.  

In this work, we report the discovery of a novel photocatalyst composed of naturally 

abundant exfoliated red phosphorus (RP) and Bi2MoO6 (BMO) nanoparticles synthesized by a 

facile sonication process. RP is a non-toxic semiconducting element with relatively narrow 

band gap (about 1.72 eV) that has light-harvesting ability and a suitable conduction band edge 

for CO2 photoreduction. The favourable band structure of RP can be exploited if it can be 

modified by the formation of a heterostructure with another strong light harvesting material. 

Various studies have suggested that Bi-based ternary metal oxides (BixMyOz) have the potential 

to trigger C-C coupling.18 Bi2MoO6 has already been known as a photocatalyst and it produces 

very small amount of methanol and ethanol.19-20 In the light of these observations, we inferred 

that the interface of these two materials in a heterostructure composite should be a promising 

candidate to study the ability of dual-metal site to modulate C-C coupling in CO2 

photoreduction. The structural chemistry and chemical interactions of the catalysts are well 

characterized by several microscopic and spectroscopic techniques. A composite with 

optimized ratio of RP and BMO yields high CO2-to-ethanol conversion efficiency (51.8 µmol 

g-1h-1) under visible light without any degradation for more than 5 consecutive runs. The role 

of dual metal site for ethanol formation was probed by kinetic isotopic effect (KIE) study, 

which was further supported by operando DRIFTS measurements. These experiments suggest 

that abundant RP wrapped dual-metal sites allow specific hydrogenation at Mo-OC* 

(Hydrogenation on C centre) and Bi-O* centres leading to the formation of high yield ethanol 

from CO2. 

6.2.  Experimental section 

Chemicals and reagents: The following chemicals were used: Red phosphorus (P, Sigma 

Aldrich), ethylene glycol [(CH2OH)2, Sigma Aldrich], bismuth nitrate pentahydrate 

[Bi(NO3)3·5H2O, Alfa Aesar], sodium molybdate dihydrate [Na2MoO4·2H2O, Alfa Aesar]. All 

the chemicals are commercially available certified reagents and used without further 

purification. 
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Synthesis 

Synthesis of Bi2MoO6 by solvothermal method:  Stochiometric amount of Bi(NO3)3·5H2O, 

Na2MoO4·2H2O were immersed in 15 mL of ethylene glycol and 15 ml of hot water 

respectively, and then were mixed together. The resulting suspension was maintained at 160 

°C for 24 h in a 45 mL Teflon-lined autoclave. Finally, the products were washed thoroughly 

with deionized water and dried in vacuum oven at 60° C for 10 hours. 

Synthesis of exfoliated red phosphorus (RP): Commercially available RP was sonicated for 

20 h in water to get exfoliated RP. 

Synthesis of RP/Bi2MoO6 heterostructures by solvothermal method: Exfoliated RP and 

previously synthesised Bi2MoO6 were sonicated together for 12 hours. Finally, the composites 

were dried at 60 oC for 6 h to get RP/Bi2MoO6 powders. The weight ratio of RP and Bi2MoO6 

was varied from 1:1 to 3:1 to get different composites. The composite with 1:1, 2:1 and 3:1 

weight ratio was named as RP-BMO(11), RP-BMO(21), and RP-BMO(31). We have used 

the same nomenclature throughout this chapter. 

Material characterization 

X-Ray diffraction: The structural phase of pristine Bi2MoO6, RP and composites were 

confirmed by X–ray diffraction (XRD, Rigaku Advance X-ray diffractometer equipped with 

Cu Kα source for irradiation 1.54 Å).  

Microscopy: To understand morphology of material high-resolution transmission electron 

microscopy (HRTEM) was taken. Sample preparation was done by drop casting small amount 

of sonicated powder in ethanol on a carbon coated copper grid. SEM images were taken by FEI 

NOVA NANOSEM 600 scanning electron microscope equipped with an energy-dispersive X-

ray spectroscopy (EDAX) instrument (Bruker 129 eV EDAX instrument). Data was acquired 

by using an accelerating voltage of 20 kV and typical time taken for data accumulation is 100 

s. The elemental analyses were performed using the P/B-ZAF standardless method (where, P/B 

= peak to background model, Z = atomic no. correction factor, A = absorption correction factor 

and F = fluorescence factor) for C, N, O, Co at multiple areas on the sample coated Si wafer. 

Photoluminescence (PL): PL spectra of all the solid samples were recorded at room 

temperature on a steady state Luminescence spectrometer Perkin-Elmer (LS 55) at different 

excitation wavelength.  
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The ultraviolet-visible diffuse reflectance spectrum (UV-vis DRS): UV-vis spectra were 

obtained in the range of 250 to 800 nm by using a Perkin-Elmer Lambda 900 UV/Vis/Near- IR 

spectrophotometer in reflectance mode for Bi2MoO6, RP and other composites with an 

integrating sphere attachment. BaSO4 was used as a 100% reflectance standard. The absorption 

was calculated data using the Kubelka−Munk equation,21 α/S = (1 − R)2/2R, where R is the 

reflectance and α and S are the absorption and scattering coefficients, respectively. Band gap 

was derived using Tauc plot. 

X-ray photoelectron spectroscopy (XPS): XPS data were obtained using Omicron 

Nanotechnology spectrometer using an Al Kα. All the binding energies were referenced to the 

C 1s peak at 284.8 eV. 

Surface area measurement: Specific surface area measurements were performed on 

BELSORP-MR6 by adsorption of nitrogen gas at – 77 K, applying the Brunauer-Emmett-Teller 

(BET) calculation.22 Prior to adsorption analysis, the samples were degassed at 85 °C for 12h. 

Pore size distributions were derived from desorption isotherms using Barrett-Joyner-Halenda 

(BJH) method. 

Photocatalytic measurements: A quartz photoreactor was used for CO2 hydrogenation 

experiment under the illumination of 450 W xenon lamp (with UV cut-off filter (KG-2 filter 

and CGA-400) filter) solar simulator. About 5 mg of the sample was well dispersed in 20 mL 

of water by ultrasonication. Before illumination, the reaction setup was purged with N2 to 

remove the air and then purged with high purity CO2 for 45 minutes.  

During irradiation, 3 mL of the gaseous product from the setup was sampled, and gas 

analysis study was done by GC (gas chromatography) (Agilent GC-7890 B) with TCD and FID 

detector and He carrier gas. Blank tests were conducted in the absence of CO2 and light to 

confirm that these two factors are key for photocatalytic CO2 reduction reaction. Rate of the 

evolved gases were calculated after at 10-hour reaction.  

Liquid product analysis: The liquid products were analysed by and HPLC (Agilent 1220 

Infinity II LC system) and GC-MS (Agilent). After each cycle, catalytic system was purged 

with N2 for 40 minutes followed by fresh batch of CO2 purging. Liquid products are also cross 

checked by proton NMR. 500 µl sample was added with 30 µl internal standard (10 mM DMSO 

and 50 mM phenol) for calculating the yield. 

Control studies was done with UV grade ultra-pure methanol and CD3OD using same 

photocatalytic setup for 10h. Control study with methane was done by maintaining similar 

procedure as CO2 reduction. However, the purging was done by CH4 instead of CO2. 



Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

188 

In-situ photocatalytic Fourier transform infrared spectroscopy: In-situ photochemical FT-

IR spectroscopic studies were performed using a purged VERTEX FT-IR spectrometer 

equipped with the A530/P accessory and a mid-band Mercury Cadmium Telluride (MCT) 

detector. Spectra were recorded after 100 scans with a resolution of 4 cm-1. A DRIFTS cell 

with a quartz window was used to perform catalytic experiment. Prior to catalytic testing, 5 mg 

of the sample was placed in the DRIFTS cell and treated in flowing N2 for 30 min to remove 

impure gas mixtures. Then, CO2 and water vapor were injected through rubber septa and light 

was illuminated through the quartz window for 100 minutes. Just before the light exposure on 

the DRIFTS cell the zero-minute data was collected and followed by data under light was 

collected every 10 minutes for 100 minutes. 

Time resolved photoluminescence: Photoluminescence decay profiles were recorded using a 

Horiba Delta Flex time correlated single-photon-counting (TCSPC) instrument. A 520 nm laser 

diode with a pulse repetition rate of 1 MHz was used as the light source. The instrument 

response function (IRF) was collected using a scatterer (Ludox AS40 colloidal silica, Sigma-

Aldrich). 

Photoelectrochemical measurements: The transient photocurrent measurements under dark 

and light were done in a three-electrode system using a CHI 760 potentiostat under the 

illumination of a solar simulator (Newport) with an ultraviolet (UV) (λ > 380 nm) cut-off filter. 

Ag/AgCl was reference electrode, and platinum as the counter electrode was used. All samples 

were spin coated on fluorine-doped tin oxide (FTO) which were used as working electrode. 0.5 

M Na2SO4 was taken as electrolyte.  

The slurry was prepared by adding 10 mg of the sample, 200 μL of Nafion (5%), and 1 

mL of isopropyl alcohol to fabricated photoelectrodes. The obtained paste was spin-coated on 

FTO with 1 cm2 area and annealed at 100 °C for 1 h to get a homogenous film. Mott-Schottky 

(MS) plots were recorded at a scan rate of 10 mV/s in Na2SO4 neutral solution in the light at a 

frequency of 50 kHz. The obtained values (w.r.t Ag/AgCl) was converted w.r.t NHE by adding 

0.20 V. 

6.3.  Calculations 

Calculation of relative quantum yield (QY) rate ratio for ethanol production: AQY 

of RP-BMO(21) for photocatalytic CO2 reduction reaction were calculated for simulated light 

source and sunlight. KG-2 filter CGA-400 filter were used to cut off UV and IR part of the 

simulated light (450 W xenon lamp from Newport). The light intensity was measured using a 
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power meter (Newport-843-R) the intensity of outputting light was measured. The intensity of 

Xe lamp (PXe lamp) is 116 mW/cm2 and sunlight (Pdirect sunlight) is 84 mW/cm2. 

QY(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑓𝑜𝑟 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑋 100% 

Number of reacted electrons were calculated from the yield of CO2 reduced products. 

Because different number of electrons are required for the formation of different products, the 

total number of reacted electrons are  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑓𝑜𝑟 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = [12𝑛(𝐶𝐻3𝐶𝐻2𝑂𝐻)] 𝑋 𝑁𝐴  

n(CH3CH2OH) is the rate of ethanol formation in moles/g/h, respectively. NA is Avogadro’s 

number. 

Number of incident photons are calculated from the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃𝑆𝑡

ℎ𝑐
 

where, P is the power density of the incident light (W/m2), S (m2) is the irradiation area, t (s) 

is the duration of the incident light exposure. 

Combining these two equations the ratio of QY(%) were calculated for ethanol formation rate 

under direct sunlight and simulated light (Xe lamp).  

QY(%) 𝑟𝑎𝑡𝑒 𝑟𝑎𝑡𝑖𝑜 

=
𝑅𝑎𝑡𝑒 𝑜𝑓 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑢𝑛𝑑𝑒𝑟 𝑑𝑖𝑟𝑒𝑐𝑡 𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 𝑋 𝑃𝑋𝑒 𝑙𝑎𝑚𝑝

𝑅𝑎𝑡𝑒 𝑜𝑓 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑢𝑛𝑑𝑒𝑟 𝑋𝑒 𝑙𝑎𝑚𝑝 𝑋 𝑃𝑑𝑖𝑟𝑒𝑐𝑡 𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡
× 100% 

=
34.1

51.8
×

116

84
× 100% 

 = 90.91%     

6.4.  Results and discussions 

Material design: To investigate our proposal, several composites with different ratios 

of RP and BMO were synthesised. We deliberately exfoliated amorphous RP and impregnated 

previously synthesised BMO nanocrystals into it by prolonged sonication to develop an 

optimum interface between them for better CO2 reduction efficiency. The powder X-ray 
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diffraction (PXRD) patterns showed the formation of amorphous RP and pure crystalline BMO 

(Figure 6.1a, and 6.1b). RP, low angle peak at 2θ = 16° is matching with reported literature. 

In the case of Bi2MoO6, the diffraction peaks observed at 28.25°, 32.59°, 33.07°, 46.72°, 

47.07°, 55.46°, 55.53° and 56.16° can be perfectly indexed to the (131), (002), (060), (202), 

(260), (331), (133), and (191) planes of orthorhombic Bi2MoO6 (Pca21). For RP/Bi2MoO6 

compositess all the peaks can be assigned to Bi2MoO6, along with a hump at around 16° 

corresponding to RP. The absence of extra peak (other than BMO XRD peak) in case of pure 

BMO and composites clearly indicates the phase purity of the catalyst. The broadness of BMO 

XRD patterns indiates the formation of BMO nanoparticles. The scanning electron microscopic 

(SEM) image of BMO (Figure 6.2), and RP (Figure 6.3) showed nanoparticles and exfoliated 

thick sheet like morphology, respectively and the corresponding elemental mapping clearly 

indicates the uniform distribution of elements in BMO, and phosphorus only in RP. Absence 

of O atoms suggests that RP has not been oxidised to P4O10 or P2O5.
23 SEM images and 

elemental mapping in Figure 6.4a-6.4c shows the dispersion of Bi2MoO6 nanoparticles on 

exfoliated RP in RP-BMO(21). Transmission electron microscopy (TEM) images further 

confirmed the dispersion of BMO nanoparticles on exfoliated RP (Figure 6.4d). Small BMO 

nanoparticles were confirmed from HRTEM. As depicted in Figure 6.4e, and 6.4f, BMO on 

the RP matrix exhibited d spacing of 0.32 nm corresponding to the (131) lattice plane which is 

the most prominent plane as observed from XRD too. The morphology and average particle 

size of BMO were also determined from TEM (Figure 6.5a, and 6.5b).  

 

Figure 6.1. Powder X-ray diffraction (PXRD) patterns. (a) Phase purity characterization by 

PXRD of RP, RP-BMO(31), RP-BMO(21), RP-BMO(11) and Bi2MoO6. The line showed 

along (131) plane indicates, there is no shift of peak position upon composite formation. (b) 

zoomed version of Figure 6.1a for showing the presence of amorphous red phosphorus (RP). 
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Figure 6.2. SEM images and color mapping of Bi2MoO6. (a) SEM images of pristine Bi2MoO6 

nano particles. (b) SEM elemental mapping projecting a superimposition of the distribution of 

(c) bismuth, (d) molybdenum, and (e) oxygen. 

 

Figure 6.3. SEM images and color mapping of red phosphorus. (a) SEM images of pristine red 

phosphorus (RP). (b-d) SEM elemental mapping displaying a superimposition (b) of the 

distribution of phosphorus (c), oxygen (d). Absence of oxygen eliminates the surface oxidation 

of phosphorus and the formation phosphorus oxide compounds. 
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Figure 6.4. Characterization of composites and individual components. (a) SEM image 

showing that the Bi2MoO6 nanoparticles are lying on exfoliated RP. (b) SEM elemental 

mapping for the identification of 2 different material. (c) Elemental mapping of P, Bi, Mo and 

O. The less concentrate yellow colour hints that the composite formation does not trigger 

surface oxidation of red phosphorus. (d) TEM image of Bi2MoO6/RP composite. (e) HRTEM 

image of BMO nano particle on RP. The yellow border shows the BMO nano particle. (f) 

Figure 6.4e was zoomed to show the d-spacing. It shows the BMO (131) exposed plane.  

In addition to that the exfoliated RP were characterized by TEM which shows a thin 

sheet like morphology of RP (Figure 6.5c and 6.5d). 

 
Figure 6.5. TEM images of pristine BMO. (a) TEM images showed uniform spherical BMO 

nanoparticle. (b) Particle size of BMO nanoparticle were calculated from Figure 6.5a. 

Microscopic images of exfoliated RP. (c) TEM and, (d) HRTEM image of exfoliated RP.   
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Further insight about the sonication induced time dependent exfoliation of RP was 

visualized by atomic force microscopy (AFM). Figure 6.6a-d clearly shows 2 layers of RP 

sheets where each layer has around 2 nm height after 10h sonication. On the other hand, 20h 

sonicated RP has single layer of around 2 nm height (Figure 6.6e-h). The single layer of RP 

can disperse BMO particle on it more compared to multiple layers which in turn helps in the 

formation of more heterojunctions and interfaces. 

 
Figure 6.6. (a) AFM image of 10h sonicated RP which shows 2 layers of RP. (b) Presence of 

2 layers was found by analyzing the height profile. Similar double layer (c) and height profile 

(d) was found in another region. AFM image of 20h sonicated RP (e) shows single layer of RP 

sheets. The corresponding height profile shows only one hump (f). Another AFM image of 20h 

sonicated RP sheet (g), and height profile (h). Height profile of 20h sonicated single layer RP 

shows the layer thickness of around 2 nm. 
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N2 adsorption-desorption isotherm reveals better gas adsorption capacity of Bi2MoO6 

compared to common oxide semiconductor materials (Figure 6.7a). However, RP has very 

poor gas-adsorption ability (Figure 6.7b). Therefore, a compromised surface area was obtained 

for RP-BMO composites (Figure 6.7c-e). Figure 6.8a shows the monotonic decrease of 

surface area upon increasing the impregnation of BMO on RP. Pure BMO consists of 

mesopores of 20 nm diameter (Figure 6.7f).  

 

Figure 6.7. BET measurements of Bi2MoO6/RP composite and individual components. a-e, N2 

adsorption-desorption isotherms of (a) RP, (b) RP-BMO(31), (c) RP-BMO(21), (d) RP-

BMO(11), and (e) Bi2MoO6. (f) Mesopore size distribution of Bi2MoO6. This measurement 

shows that the RP less surface area compared to Bi2MoO6. This study shows that the BMO has 

suitable pores for accommodating adsorbate molecule. These pores can be classified as 

mesopores because the average pore size is in between 15nm-20 nm. 
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Figure 6.8. (a) Surface area of composites, Bi2MoO6 and RP calculated from BET 

measurements for understanding the gas adsorption capacity. (b) UV-Vis DRS of composites 

and individual components. (c) Corresponding Tauc plots drawn by using Kubelka-Munk 

parameter ((αհν)2) as a function versus photon energy (eV). 

This kind of mesopores is beneficial for the adsorption of CO2 molecules and it helps 

in triggering the catalytic activity. The band structures of RP, BMO and composites were 

determined by ultraviolet-visible diffuse reflectance spectra (UV-DRS). RP and BMO exhibit 

the optical absorption edge at 689 nm and 459 nm, respectively, which is also observed in the 

case of the composite materials as well (Figure 6.8b). The prominent absorption edge of RP 

compared to BMO can be interpreted as better absorption ability of RP compared to BMO. 

Kubelka–Munk function24 was used to determine direct bandgaps of the RP, BMO and 

composites. The band gap of 1.95 eV and 2.91 eV observed for RP and BMO, respectively also 

were found in case of all composites (Figure 6.8c).  

X-ray photoelectron spectroscopy was performed to verify the oxidation state of Bi in 

pristine BMO (Figure 6.9a) and RP-BMO composites (Figure 6.9b). RP-BMO composite 

show very small amounts of Bi0 along with Bi3+ whereas pristine BMO comprised of only Bi3+. 

Extensive sonication may lead to the formation of Bi0 on the surface of the RP-BMO 

composite.25 However, no Bi metal peak was observed in the powder XRD of RP-BMO 

composites because the amount of Bi0 is very less. Presence of metallic Bi in the interface of 

RP and BMO may facilitate faster charge transfer between them. 

 The binding energy value of Bi3+ in the composite shifted towards a lower value (0.2 

eV, this value is sufficient to show the interfacial charge transfer)26 which suggested the charge 

transfer from red P to BMO (Figure 6.10c). The positive binding energy shift (+0.13 eV) of P-

2p band in RP-BMO(21) compared to pristine RP (Figure 6.10a, and 6.10b) further confirms 

the interfacial charge transfer and a substantial electrostatic interaction between the 2 

individual components in the composite. Change of binding energy in RP and BMO upon 

composite formation due to drastic sonication is schematically represented in Figure 6.10d. 
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Figure 6.9. XPS measurements. (a) Bi 4f spectra corresponds to Bi3+ in pristine BMO. (b) Bi 

4f spectra corresponds to Bi3+ (red) and Bi0 (blue) in RP-BMO(21). The presence of metallic 

Bi was indicated in RP-BMO(21). 

 

Figure 6.10. XPS analysis for understanding electronic interaction between BMO and RP. (a-

b) Higher energy shift in P 2p XPS in RP-BMO(21) compared to pristine RP. (c) Lower energy 

shift of Bi 4f XPS in RP-BMO(21) compared to pristine BMO. (d) Schematic representation 

of RP-BMO composite formation due to sonication and its impact on XPS binding energy shift. 
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CO2 to methanol under visible light: CO2 photoreduction was conducted under 

visible light illumination using CGA 400 nm UV-cutter filter. Detailed information of the 

photocatalytic CO2 reduction measurements is given in experimental procedure.   

 

Figure 6.11. Quantitative and qualitative photocatalytic performance. (a) CO2 photoreduction 

activity of BMO/RP composites with different composition under Xe lamp irradiation (>400 

nm). All the experiments were done and average values are presented with error bars for 

standard deviation. (b) Photocatalytic control experiments. Experiments were done in absence 

of catalyst, CO2, light and water. Pristine Bi2MoO6 showed very feeble photocatalytic 

performance. (c) Screenshot taken from GC. Liquid products were analyze by GC after the 

catalysis with RP-BMO(21). Effect of sonication on catalysis. (d) Photocatalytic CO2 

reduction activity of RP-BMO(21) upon different interval of sonication. (e) Schematic 

representation of effect of sonication in separating RP sheets and its correlation with ethanol 

formation efficiency. (f) The rate formation of each product at different cycle is presented. (g) 

50 h stability tests with RP-BMO(21) catalyst where data collections were done after each 6h. 

Stability test of the catalysts after reaction. (h) XRD was taken before and after the 

photocatalytic tests (5 cycles). Phase purity and stability of pristine RP was also checked by 

recording XRD patterns before and after the photocatalytic reactions. (i) XPS of RP-BMO(21) 

sample taken after photocatalytic CO2 RR studies. 
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As shown in Figure 6.11a, single phase RP favored the conversion of CO2 to CH4 and 

HCOOH with the formation rates of 5.2 μmol g−1h−1 and 9.6 μmol g−1h−1, respectively, after 

10 h light irradiation. No considerable product was detected with pristine BMO catalyst 

(Figure 6.11b). The control experiment also showed that the presence of Bi0 in BMO 

(BMO(AS)) due to extended sonication process did not change the CO2 reduction efficiency 

considerably (Figure 6.11b). However, the composites (RP-BMO) made up of RP and BMO 

favored higher conversion of CO2 with the large production of C2H5OH (51.8 μmol g−1h−1) 

(Table 6.1, Figure 6.11c). The obtained ethanol formation rate by visible light driven CO2RR 

is the best compared to other literature reports (Table 6.2).  

Table 6.1. Overall CO2 reduction performance by different RP/Bi2MoO6 composite 

photocatalysts. Rate of product formation was given in µmol g-1 h-1 unit. ND: No product was 

detected (beyond detection limit). BMO(AS) means BMO after sonication. 

Sample Methane Formic acid Methanol Ethanol 

RP-BMO(31) 10.2 17.7 7.1 8.4 

RP-BMO(21) 11.3 19.6 30.2 51.8 

RP-BMO(11) 8.1 10.2 24.6 28.4 

RP-BMO(12) 3.3 7.3 11.2 6.4 

RP 7.2 9.6 6.2 ND 

Bi2MoO6 0.71 0.89 1.03 0.42 

Bi2MoO6(AS) 1.37 1.23 1.98 1.31 

 

Table 6.2. CO2 to ethanol formation by photocatalytic route. Comparison of ethanol formation 

rate by RP-BMO(21) with reported literature. 

Entry Catalyst Product Yield 

(µmolg-1h-1) 

Light source and 

mode of reaction 

Referen

ces 

1 RP-BMO(21)  CH3CH2OH  

 

 

51.8 (Xe-

lamp)   

34.1 

(Sunlight)   

Xe-lamp (450W), 

Solid-liquid 

This 

work 

2 AgBr–NG–g-C3N4 CH3CH2OH  51 Xe lamp (450W), 

Solid-liquid 

14 



Green Transformation of CO2 to Ethanol Using Water and Sunlight by Cooperative Endeavour of 

Naturally Abundant Red Phosphorus and Bi2MoO6 
Chapter 6 

 

199 

3 Cu2+ doped TiO2 CH3CH2OH  47 365 nm LED lamp, 

Solid-vapour 

27 

4 BiVO4 CH3CH2OH  22 Xe lamp (300 W) 

Solid-liquid 

(continuous gas 

flow). 

17 

5 Pt and N co-doped 

hollow hierarchical 

BiOCl 

CH3CH2OH 

CH3OH 

14.2 Xe lamp (300 W) 

Solid-liquid (0.1M 

NaOH solution, 

continuous gas 

flow)  

28 

6 Conducting 

polymers modified 

Bi2WO6 

microspheres 

CH3CH2OH  5.13 Xe lamp (300 W) 

Solid -liquid  

16 

7 MoS2/Bi2WO6 

nanocomposites 

CH3CH2OH  9.15 Xe lamp (300 W) 

Solid -liquid 

29 

8 Bi2MoO6 quantum 

dots in situ grown 

on reduced 

graphene oxide 

layers 

CH3CH2OH  14.37 0.47 W/cm2, 

Solid-liquid 

(continuous gas 

flow) 

30 

9 Red Ag/AgCl CH3CH2OH 44.6 Xe lamp (500 W) 

Solid-liquid (0.1M 

NaHCO3 solution, 

continuous gas 

flow)  

31 

10 ZnO/g-C3N4 CH3CH2OH 1.5 Xe lamp (500 W) 

Solid-liquid 

(continuous gas 

flow) 

32 

11 WS2 /Bi2S3 CH3CH2OH 

CH3OH 

6.95 

9.55 

Xe lamp (300 W) 

Solid -liquid 

33 

12 LaVO4 CH3CH2OH 

CH3OH 

12.7 

1.20 

 

Xe lamp (300 W) 

Solid -liquid            

CO2-saturated 

NaHCO3 solution 

containing 0.2 M 

Na2SO3 

34 

13 STO/Cu@Ni/TiN CH3CH2OH 21.3 Xe lamp (300 W) 

Solid -liquid 

35 

14 Bi4TaO8Cl/Bi CH3CH2OH 

CH3OH 

5.11 

2.34 

Xe lamp (300 W) 

Solid -liquid 

Photothermal 

36 

15 Bi2MoO6/PVP CH3CH2OH 
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Additionally, this activity was obtained in water in absence of any external additives 

(sacrificial agents, carbonate solution). Bulk RP was exfoliated and separated upon extended 

sonication process. Therefore, the effect of sonication on catalytic activity was checked for 

RP-BMO(21) with different sonication time. Compared to the physical mixture sample (0h 

sonication), 10h sonicated sample showed very high activity. Especially ethanol formation has 

increased drastically. Upon further sonication up to 20h the activity has increased further 

(Figure 6.11d). Sonication process has separated RP sheets which in turn facilitated better 

dispersion of BMO and composite formation. This eased the interfacial charge transfer process 

which caused dramatic increment of activity (Figure 6.11e). High efficiency and stability are 

the two major quality of an industrially acceptable catalyst. Therefore, to check the reusability 

and stability, the best optimized catalyst, RP-BMO(21) was employed for 5 consecutive 

photocatalytic cycles (Figure 6.11f) and continuous 30h catalytic tests with fresh CO2 and 

water (Figure 6.11g). No significant change in activity even after the 5th cycle and 30h catalysis 

was observed, confirming high recyclability and stability of the catalysts towards CO2 

photoreduction.  

Apart from the performance stability, the structural stability of the catalyst was checked 

by probing powder X-ray diffraction (PXRD) and XPS after the photoreduction test (Figure 

6.11h, and 6.11i), which confirmed the original structure remains the same even after light 

irradiation. A set of controlled experiments confirmed that the combination CO2, H2O, light 

and catalyst are absolutely necessary for the photoreduction of CO2 (Figure 6.11b). Inspired 

by the high activity of CO2 to ethanol formation capabilities in the laboratory conditions, the 

CO2 photoreduction of the best catalyst RP-BMO(21) was also tested under direct sunlight. 

Experiments were done in winter/summer and cloudy/sunny weatherusing water as the source 

of protons (Figure 6.12a). Similar yield of ethanol (34.1 μmol g−1h−1) was observed under 

direct sunlight compared to artificial arc lamp condition. The relative quantum yield (QY) of 

ethanol formation rate under sunlight is around 90.91% (Figure 6.12b) of ethanol formation 

rate under Xe lamp (51.8μmol g−1h−1 ethanol). These findings indicate the promising 

exploration and application of this catalyst for large-scale commercial use. CO2 photoreduction 

experiments with 13CO2 further confirm the source of produced ethanol is nothing but CO2. 

Figure 6.12c shows the gas chromatography-mass spectrometry (GC-MS) fragmented peak of 

12CH3
12CH2OH and 13CH3

13CH2OH. GC-MS data for other products generated upon 13CO2 

experiment was given Figure 6.13.  
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Figure 6.12. Real time experiment. (a) Photocatalytic CO2 to ethanol formation activity under 

sunlight with RP-BMO(21). The solar light intensity was given in mW/cm2 in between bars. 

(b) Comparison of ethanol formation rate under sunlight and Xe lamp. (c) GC-MS of ethanol, 

generated from 13CO2 photoreduction experiment. 

 

Figure 13. Product analysis by GC-MS after the reaction with RP-BMO(21) catalyst. MS of 

(a) 13CH4, (b) 13CH3OH, (c) H13COOH obtained upon the reactions with 13CO2. The GC peak 

at a known retention time was chosen from previous calibration and the mass-spectrometry 

associated with that peak was analyzed for each product. 

Hydrophilic catalytic surface provides more proton availability due to better water 

adsorption and in turn facilitates better CO2 hydrogenation reaction.37 As depicted by the 

contact angle measurements in Figure 6.14, RP and Bi2MoO6 have contact angles of 22.7° and 

63.2° respectively. Consequently, RP-BMO(21) has contact angle of 29.1°. RP-BMO(21)  

provides optimum gas (Figure 6.8a) and water adsorption capabilities compared to the pristine 

components and other composites. These synergetic effects provided by the RP-BMO(21) 

composite indicate it is the  most promising catalyst evaluated in this work and potentially in 

the existing literature on photocatalytic CO2RR.  

Role of C1 molecules in C-C coupling: C1 molecules (CO, CH4, HCOOH, CH3OH) 

transforming into liquid fuels or long-chain hydrocarbons are well studied.38-41 However, harsh 

conditions like high temperature and pressure are required for such transformations and it is 

very rare in CO2 photo-reduction especially for the formation of ethanol.42 
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Figure 14. Surface wettability measurements. a-c, Static contact angles of water droplets on 

the surface of (a) RP, (b) Bi2MoO6, and (c) RP-BMO(21). These contact angles indicate RP 

has best hydrophilic surface. 

Since we have observed CH4, MeOH and HCOOH in our CO2 photo-reduction test, a 

set of controlled experiments were performed using the intermediate C1 molecule under light 

illumination with the best catalyst (RP-BMO(21)). No ethanol formation was observed when 

methane was used, but 996.3 µmol h-1g-1 ethanol was formed (Figure 6.15a) in when 300 mM 

methanol solution was used, confirming that methanol is the key intermediate for ethanol 

formation. Light-induced conversion of methanol to ethanol was further probed via kinetic 

isotopic effect (1° KIE) study using deuterated methanol (CD3OD) to verify the involvement 

of OCH3*/OCD3* species in the rate-determining step. The deuterated ethanol species was 

identified from GC-Mass (Figure 6.15b). Figure 6.15c shows almost 3.6 times lesser activity 

for the formation of partially deuterated ethanol (Figure 6.15b) from CD3OD compared to 

CH3OH. Importantly, formation of formic acid was also affected by changing the reactant from 

CH3OH to CD3OD (Figure 6.15c).  

However, methane formation rate remained similar upon switching the feed from 

CH3OH to CD3OD because C-H bond is not involved in OCH3* to CH4 formation. This 

confirms direct involvement of C-D bond during C-C coupling for ethanol formation and 

methanol oxidation by C-D bond dissociation for the formic acid production. Generation of 

formic acid can be attributed to the photo-oxidation of methanol by photo-generated holes 

(Figure 6.15d). Furthermore, the synergistic effect of BMO and RP towards ethanol formation 

was verified by using methanol or methane as feed and pristine exfoliated RP, sonicated BMO 

(BMO(AS)) as a catalyst. When methane was used as reactant, both the catalysts have not 

shown activity. However, in 300 mM methanol RP has generated methane and formic acid, 

which indicates that RP has good C1 product formation capability but inability towards C-C 

coupling process (Figure 6.15e).  

a b c
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Figure 6.15. Photocatalytic control experiment with methanol. (a) Ethanol formation rate from 

methanol feed under light illumination with different concentration methanol. CH3OH and 

CD3OD were exploited for studying the kinetics (Kinetic isotopic effect) of methanol to ethanol 

formation. (b) MS of ethanol obtained from CD3OD after reaction with RP-BMO(21). 

Deuterated methanol converted to ethanol on RP-BMO(21) catalyst upon light illumination. 

(c) Overall methanol to other liquid product formation rate. (d) Methanol oxidation by the 

photogenerated holes (h+) of RP valence band counterpart. (e) Photocatalytic activity of 

exfoliated red phosphorus (RP) and 20h sonicated Bi2MoO6 (BMO(AS)), AS means after 

sonication) when 300 mM methanol was used as reactant. The reaction was carried out for 10h. 

Interestingly, BMO(AS) has generated very less amount of ethanol along with methane 

from methanol (Figure 6.15e), meaning that it has C-C coupling power but it suffers from lack 

of adequate amount of photoexcited charges and blockage of active sites due to agglomeration. 

Therefore, the composite catalyst can stabilize photoexcited charges and supply methanol for 

C-C coupling. Exfoliated RP also provides proper dispersion of BMO(AS) where active sites 

get exposed for catalysis.  

Mechanism via in-situ DRIFTS: Insight into the photocatalytic conversion of CO2 to 

ethanol by RP-BMO(21) was obtained from the in-situ DRIFTS experiments, which were 

performed in the range of 400-4000 cm-1 at room temperature (25° C). An absorption peak was 

observed at 1613 cm−1 with a proportional increase of peak intensity upon irradiation time. 

This peak can be assigned to the COOH* group, which is considered as the common 
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intermediate for CH4, HCOOH, CH3OH and C2 product formation during CO2 reduction 

(Figure 6.16a).37, 43 Most importantly, RP-BMO(21) exhibited high activity for ethanol 

formation from CO2 photoreduction at room temperature, flagged by the growth of OCH3* 

characteristic band at 1069 cm-1.26 Evolution of the characteristic CHO* peak at 993 cm-1 was 

also observed upon irradiation time.44 Both the CHO* and OCH3* groups are the key 

intermediates for the production of CH3OH, CH4 and C2H5OH from CO2. The peaks observed 

at 1290 cm−1 and 1,506 cm−1 (Figure 6.16b) could be assigned to asymmetric and symmetric 

stretching (ASS) of CO3*. FT-IR peaks corresponding to HCO3* ASS vibrations are observed 

at 1356 cm-1 and 1430 cm-1 respectively.26, 45 Contextually, no CO absorption peak was found 

in the range of 2000-2200 cm-1 in the in-situ FTIR spectra,46 indicating rapid conversion of CO 

intermediates to CHO* instead of being desorbed to form CO molecules. DRIFTS experiments 

with pristine BMO indicated the formation of carbonate, bicarbonate and COOH species 

(Figure 6.16c). Presence of high amounts of carbonate and bicarbonate can be attributed due 

the presence of O-vacancies because these vacancies are capable of adsorbing CO2 as carbonate 

species. The presence of O-vacancies was also confirmed from Electron spin resonance (ESR) 

spectroscopy.  

Additionally, a very small peak observed at 1071 cm-1 can be assigned to OCH3* 

species confirming negligible CO2 conversion activity of BMO (Figure 6.11b). Inappropriate 

CBM position  with respect to HCOOH and CO formation potential47 and excessive charge 

recombination in BMO hindered the CO2 photoreduction process, hence no further 

intermediates like CHO* or OCH3* peaks were observed in in-situ DRIFTS. On the other hand, 

DRIFTS studies on RP exhibited a strong band at 1067 cm-1 corresponding to OCH3*, which 

supports the formation of methane (Figure 6.16d). However, due to inefficient gas adsorption 

capabilities (Figure 6.8a, and 6.7b), it shows very weak carbonate and bicarbonate peaks 

(Figure 6.16d). The moderate formation of methane from CO2 on pristine RP has been 

supported by the increased in-situ FTIR peak intensities for CHO* and OCH3* (key 

intermediates for CH4 formation) upon irradiation time (Figure 6.16d). Hence, the co-

operative efforts of RP and BMO in RP-BMO(21) offers optimum condition for optimum CO2 

and water adsorption and further hydrogenation as depicted from the presence of both high 

quantities of OCH3* intermediates and carbonate species (Figure 6.16a). Methanol has been 

identified as the active species which converted to ethanol via C-C coupling from controlled 

experiments (Figure 6.15a, and 6.15c), which is further mapped by in-situ FTIR. As a control 

study, DRIFTS was done in presence of methane gas and methanol vapour. 
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Figure 6.16. In-situ FT-IR. (a) In-situ-DRIFTS recorded for RP-BMO(21) under light 

illumination after purging the in-situ cell with CO2 and water vapour. In-situ FTIR spectra for 

(b) BMO, and (c) RP was performed for 100 minutes with 10 minute intervels. (d) In-situ FT-

IR experiments were done with co-observed methanol and water vapour without CO2. 

A strong peak corresponding to OCH3* was observed at around 1062 cm-1 on RP-

BMO(21) catalyst surface upon the in-situ DRIFTS experiments with methanol (Figure 

6.16b). No significant spectral evolution was observed with long time light illumination due to 

presence of sufficient methanol vapour inside the DRIFT cell from the beginning of the 

experiment. No carbonate or bicarbonate stretching bands were observed because the cell was 

not purged with CO2 during these control experiments. Most importantly on the other hand, 

completely silent FTIR spectra were found during methane and water vapour mediated 

experiment. These controlled experiments strongly support the transformation of methanol to 

ethanol through C-C coupling on RP-BMO catalyst.  

C-C Coupling mechanism: There are two well known pathways for the transformation 

of CO2 to ethanol: (1) formate pathway (Figure 6.17; top) and carbide pathway (Figure 6.17; 

bottom). The latter can be eliminated based on the in-situ DRIFTS, Kinetics Isotopic Effect 

(KIE) and controlled photochemical experiments as it is expected to form only methane, which 

clearly indicate the reaction mechanism occurred through C-adsorbed formate pathway 

(Figure 6.17; top). In general C2 product formation (Figure 6.18; top) requires stronger CO* 
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intermediate which couples with neighbouring CO*48. However, the absence of CO* peak in 

DRIFTS measurements suggest the transient life span of this species and rapid conversion into 

CHO* intermediate ruling out the coupling of the 2 CO* intermediate occurrence. It is reported 

that OCH3* is the key intermediate for methanol and methane production. Proton (H+) 

adsorption on the O center leads to the formation of methanol. On the other hand, H+ adsorption 

on the C center produces methane.37, 49 Since no OCH3* peak was observed in our controlled 

DRIFTS measurements with methane and water vapour, we focused on the methanol to ethanol 

conversion step. Li and co-workers have reported that the insertion of methyl carbene (꞉CH2) 

into the C-H bond of methanol drives the formation of ethanol on GaN nanowires under UV-

vis-light irradiation at ambient temperature. However, this pathway will promote C3-alcohol 

formation upon further ꞉CH2 insertion on ethanol.50 Since we didn’t observe any C2+ alcohols, 

this pathway is not valid in this case. Insertion of CO into CH2 (formed by carbide mechanism) 

can also lead to the formation of ethanol (Figure 6.18; bottom).51 However, this process 

demands generation of CH2* and CO (gaseous). In this study, the process is not following 

carbide mechanism and gaseous CO was not observed. Hence this pathway can also be ruled 

out. In this context, a novel mechanistic path can be proposed as the coupling of 2 OCH3* 

groups on BMO surface, which is well complemented by the presence of strong OCH3* peak 

in DRIFTS. As shown in Figure 6.19, one OCH3* on Bi atom and another on Mo atom interact 

with a neighbouring OH* group on RP, facilitating the C-C coupling and C-H bond breaking 

in OCH3. Subsequent formation of C2H4O2* intermediate followed by the proton adsorption 

on center (attached with Bi) and C center (attached with Mo-O) will lead to the formation of 

ethanol.  

 

Figure 6.17. Plausible reaction pathways for CO2 to C1 product formation. CO2 to formic acid, 

methanol and methane formation mechanism by formate pathway (top) upon light irradiation. 

Selective methane formation by carbide mechanism (bottom) from CO2 photoreduction. 
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Higher oxidation state and electropositivity of Mo atom compared to Bi in BMO leads 

to the formation of a stable Mo=O bond, which drives the formation of water upon reacting 

with 2H+ and 2e- (Figure 6.20). Rate of the reaction has reduced 3.6 times upon the use of 

CD3OD instead of CH3OH. Whereas, negligible changes in the methane formation rate implies 

O-D/H bond breaking is not involved in rate determining step. This observation asserts the 

direct involvement of C-D/H bond breaking in the process of ethanol formation. 

Charge transfer: To understand the driving force for the enhanced CO2 

photoreduction, steady-state photoluminescence (PL) emission spectra were collected, which 

provide an insight on the charge recombination phenomenon. Almost complete PL quenching 

was observed in the case of RP-BMO(21) compared to the pristine BMO (Figure 6.21a) 

implying that the intrinsic radiative recombination of photogenerated charges in BMO has been 

drastically alleviated by the construction of the heterojunction. Heterojunction helped in 

stabilising photogenerated electrons and holes in CBM and VBM respectively. This confirms 

a strong interfacial charge transfer between well dispersed BMO nanoparticles and the 

exfoliated RP sheets. The band structures of the ultrathin RP-BMO(21) was determined by 

Tauc plot (Figure 6.8c) and Mott-Schottky measurements. As revealed from impedance 

spectroscopy (Mott-Schottky (MS) plot)52 in Figure 6.21b, and 6.21c the conduction band 

minima (CBM) position of RP and Bi2MoO6 lies at -0.66 V and -0.6 V (vs. RHE). 

 

Figure 6.18. Plausible photocatalytic reaction pathways for CO2 to ethanol formation. 

Coupling of 2 CO* (as shown by the dotted box (A) in Figure 6.18) leads to the formation of 

acetaldehyde followed by the conversion to ethanol by proton coupled electron transfer 

pathway (top). Ethanol formation by CO insertion into M-CH2* (depicted by the dotted box(B) 

in Figure 6.18) which was obtained from carbide mechanism (bottom). 
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Figure 6.19. Photo induced CO2 to ethanol formation and electron transfer mechanism in RP-

BMO(21). Methanol to ethanol formation via 2 OCH3* coupling induced by co-operative 

efforts of Bi and Mo atom of BMO on RP. 

 

Figure 6.20. Regeneration of the catalyst after catalysis. ‘Mo=O’ bond further gets reduced to 

water via proton coupled electron transfer pathway and regenerate composite photocatalyst. 

The valence band maxima (VBM) of RP and Bi2MoO6 lies at +1.29 V and  +2.35 V, 

was calculated from the bandgap as well as flat band potential values (Figure 6.8c, 6.21b, and 

6.21c). As depicted in Figure 6.21d, upon irradiation, the photogenerated electrons at the CBM 
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of the RP travel to the CBM of the BMO. Meanwhile, photogenerated holes transfer from the 

VBM of BMO to the CBM of RP through the intimate interfaces. Consequently, the CBM of 

BMO and VBM of RP in composites gain enough CO2 reduction and O2 production ability, 

respectively. Formation of HCOOH can only be explained by Z-scheme mechanism (Figure 

6.22a) because CO2 to HCOOH formation demands a potential of -0.58 V whereas BMO CB 

minima lies at -0.42 V. However, photoexcited electrons of RP can also convert CO2 to formic 

acid. On the other hand, controlled study confirms methanol oxidation in the RP VBM 

counterpart is the main reason for formic acid production (Figure 6.15d)53. Here 

photogenerated holes have been consumed by the produced methanol. Therefore, in-situ 

generated methanol acts as a hole scavenger and increases the supply of electrons for CO2 

reduction on the CBM of BMO. 

 

Figure 6.21. (a) Static PL of RP-BMO(21) and other pristine individual components. 

Electrochemical band edge measurements by Mott-Schottky plot. Conduction band edge was 

checked by determining flat band potential of (b) Bi2MoO6, (c) RP. Negative slope of the 

materials confirms nature of the semiconductor is n-type. (d) Schematic illustration of 

photogenerated charge transfer by type-II mechanism. 
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Z-scheme mechanism (Figure 22a) in composites will lead to the accumulation of 

electrons on RP CBM and holes at BMO VBM.54 However, RP alone has not shown any 

ethanol formation despite having a suitable bandgap, on the other hand control study with 

methanol by BMO has not shown formic acid production. Hence, reduction of CO2 to ethanol 

by electrons and oxidation of methanol to HCOOH by holes over composite catalysts can only 

be done by the BMO (CBM) and RP (VBM) respectively.  

 

Figure 6.22. (a) Charge transfer by Z-scheme mechanism. Schematic illustration of Z-scheme 

mechanism. The photogenerated electrons at the CBM of Bi2MoO6 travel to the VBM of the 

RP and then consequently recombine with the photogenerated holes. Meanwhile, the 

photogenerated electrons and holes are left, respectively, at the CBM of RP and VBM of 

Bi2MoO6 perform reduction and oxidation respectively. (b) Time-resolved photoluminescence 

(TRPL) decay spectra of RP-BMO(21) and BMO. (c) Transient photocurrent density of BMO, 

RP and RP-BMO(21) at 0.1 V vs. Ag/AgCl. (d) Electrochemical impedance spectroscopy 

(EIS, Nyquist plot) to understand charge transfer resistance from the bulk to surface of the 

photocatalyst. BMO(AS) represents BMO after sonication. 
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Therefore, flow of electrons from RP to BMO through Z-scheme route is not a 

favourable path for electron transfer, instead type-II charge transfer mechanism efficiently 

separates photo-generated charges and minimizes their recombination. This hypothesis was 

further supported by time-resolved photoluminescence (TRPL) emission decay spectra (Figure 

6.22b), which shows longer average lifetime (avg) of photogenerated charge carriers in RP-

BMO(21) with respect to the pristine BMO (Table 6.3) suggesting substantial number of 

photogenerated electrons are available for longer time in the CBM of RP-BMO(21) for CO2 

reduction56. Furthermore, to obtain the qualitative insight of photogenerated charge transfer 

properties, transient photocurrent and electrochemical impedance spectroscopy (EIS) 

measurements were done for RP, BMO, and RP-BMO(21). Transient photocurrent 

measurements exhibit a consistent increase of photocurrent for RP-BMO(21) compared to RP 

and BMO (Figure 6.22c). The smallest semicircle corresponding to RP-BMO(21) in EIS 

(Figure 6.22d) indicates lower charge transfer resistance of RP-BMO(21), which implies 

better charge transfer efficiency of composites by the formation of type-II heterostructure. The 

role of sonication on pristine BMO was further understood from photo-current and 

electrochemical impedance spectroscopy. It showed very small increment (Figure 6.22c) of 

photocurrent and minor decrease of charge transfer resistance (Figure 6.22d), implying small 

amount of Bi0 on BMO after sonication has very negligible impact in stabilizing excited 

photoelectrons. This observation also supports small increment of CO2 reduction efficiency by 

BMO(AS) catalyst compared to BMO. However, Bi0 in the interface of RP and BMO may play 

a crucial role in faster charge transfer. Based on these observations, the enhanced activity of 

CO2 to ethanol on composite can be understood by considering type-II charge transfer pathway.  

Table 6.3. Parameters of the TRPL decay. The data was fitted using the following equation. 

A+B1exp(-t/1)+B2exp(-t/2)+B3exp(-t/3), where, B1, B2, and B3 are the pre-exponential 

factor (amplitude) corresponding to decay lifetimes 1, 2, and 3 respectively. Here avg. 

is the average life time and χ is goodness of fit.55 

Sample 1 (ns) B1 2 (ns) B2 3 (ns) B3 avg. (ns) χ2 

RP-

BMO(21) 

0.85 0.58 2.73 0.26 16.65 0.16 3.87 1.17 

Bi
2
MoO

6
 0.32 0.38 2.7 0.47 10 0.15 2.8 1.10 
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The concept of using low-cost red phosphorus in photocatalysis after producing sheet 

like fragments from it upon ultra-sonication is absolutely unique in terms of material design. 

Record high amount of ethanol formation and its’ formation analysis from isotopic study is 

very unique for this field. 

6.5.  Conclusion 

We have discovered a novel type-II composite heterostructure with earth-abundant, 

non-toxic, cost-effective exfoliated red phosphorus nano-sheet and Bi2MoO6 nanoparticles 

with manipulated band structure for selective conversion of CO2 to ethanol. Formation of the 

photocatalyst was verified by a combination of several microscopic and spectroscopic 

techniques. A record high amount of ethanol was obtained under arc lamp as well as direct 

sunlight. Controlled experiments with the intermediate methanol and methane molecules 

revealed that the in-situ generated methanol is the actual active species that was consumed for 

the production of ethanol. With the help of kinetic study by deuterated methanol (CD3OD) and 

in-situ DRIFTS, a new ethanol formation mechanistic pathway has been established for the 

first time. An efficient type-II charge transfer mechanism in the composite was proposed and 

supported by PL, TRPL, EIS, photocurrent density measurements. These findings prospects 

towards a relatively less explored photocatalyst that holds great promise for photocatalytic 

CO2RR, and is selective towards value-added ethanol formation in higher yield through a new 

mechanistic pathway. 
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Summary 

Development of an efficient photocatalyst for C2 product formation from CO2 is of urgent 

importance towards deployment of solar-fuel production in recent time. Here, we report a 

template-free, cost-effective synthetic strategy to develop carbazole derived Porous Organic 

Polymer (POP) based composite catalyst with In2.77S4, which was held together by induced 

polarity driven electrostatic interaction. By using a co-operative endeavor of catalytically 

active In centers and light-harvesting POPs, the composite catalyst showed 98.9% C2H4 

formation selectivity with 65.75 mmolg-1h-1 rate. Two different oxidation states of In2.77S4 

spinel were exploited for C-C coupling process and this phenomenon was investigated by X-

ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Density 

Functional Theory (DFT) calculations. The role of POP was unwrapped based on several 

photophysical and photoelectrochemical studies. The electron transfer was mapped by several 

correlated approaches and established the Z-scheme mechanism. Most importantly the 

mechanistic insight of C2H4 formation was enlightened based on DRIFTS and DFT calculation 

from multiple possible pathways. 
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7.1.  Introduction 

The concept of charge polarization in the process of C-C coupling reaction was 

investigated in last 2 chapters and most of the chapters has exploited the heterostructure of two 

inorganic components. Therefore, organic-inorganic heterostructure was investigated here 

because the organic counterpart can boost CO2 adsorption and light absorption. a large variety 

of sophisticated heterogeneous photo catalytic systems like metal oxides, metal sulphides, 

zeolites, porous organic polymers (POPs), metal-organic frameworks (MOFs) and covalent 

organic frameworks (COFs) have been already been explored to speed up the CO2 conversion 

process producing CH4, CO, CH3OH and other hydrocarbon products.1 However due to multi 

electron transfer and C-C coupling process, only a few works have been reported multi carbon 

(C2+) products.2 Although C2H4 is a thermodynamically achievable product, the low efficiency 

of CO2 photoreduction to C2H4, which comprises multiple proton-coupled electron transfer 

(PCET) processes due to the involvement of various C1 intermediates on catalytic sites, remain 

a huge challenge.3-4 Therefore, modulating the catalyst surface and manipulating the binding-

energy between C1 intermediates and active sites to achieve efficient photochemical CO2-to-

C2H4 is of great significance. 

To solve the aforementioned issue, scientists all around the world are working on 

developing new catalysts that can efficiently perform CO2 to multi-carbon product (CMP) 

formation. A fluorine-modified copper catalytic system has been developed by Wang et al. 

exhibited CMP conversion, but unfortunately with very low yield of ethylene because of its 

narrow C2+ selectivity.5 Chen et al. reported Cu nanomaterial-based electrocatalytic system for 

CMP conversion with minimal ethylene selectivity.6 Further improvement of selectivity was 

spotted from the work of Sargent et al. where N-aryl substituted tetrahydro-bipyridine was 

utilized for the CMP conversion.7  

Moreover, the selectivity was improved recently by Xinyi and co-workers up to 87% 

by polyamine-incorporated Cu electrode.8 Unfortunately, such stepwise development of C2H4 

formation efficiency and selectivity is not started yet in the field of photocatalytic CO2 

reduction. Therefore, it is high time for showcasing this extraordinary outcome of our research 

where 99% C2H4 selectivity was obtained by Cu-free new class of porous organic polymer 

(POP) embedded In2.77S4 photocatalyst. Most importantly the rate of C2H4 formation is highest 

in the field of photocatalysis compared to any other reported literature (Figure 7.1) Transition 

metal coordinated POPs has been explored for various  
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Figure 7.1. Comparison of this work with reported literature for C2H4 formation. 

photocatalytic applications including CO2 reduction but none of them has designed such 

organic-inorganic hybrid type-II semiconductor photocatalyst where POPs played versatile 

roles in terms of photosensitization, gas-adsorption and catalyst dispersion.9 Moreover, it 

tampered the binding strength between In and C1 intermediates for facilitating C-C coupling 

process.  

Herein, we report two novel carbazole functionalized porous organic polymer (P4, and 

P6) supported In2.77S4 composite photocatalyst namely In2.77S4(P4) and In2.77S4(P6) for solar 

driven photochemical CO2 conversion. It is already well established that carbazole can 

facilitate faster electron transfer.10 In this work photo-active In2.77S4 center of In2.77S4(POP), 

provides an upper hand over the pristine In2.77S4 due the virtue of excited electron transfer from 

POP to In2.77S4 via Z-scheme process.  

The Z-scheme mechanism was investigated thoroughly by studying TRPL and AQY%. 

The charge transfer mechanism was also supported by studying in-situ EPR. The better light 

harvesting capacity of composites were understood from photoelectrochemical studies. 

Furthermore, mechanistic insight of photochemical CMP conversion over In2.77S4(POP) was 

unwrapped from in-situ DRIFTS spectroscopy and Density Functional Theory (DFT) analysis. 
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Composite formation energy and the best possible pathway among 10 different possibilities of 

C2H4 formation are detailed for the first time. 

7.2.  Experimental section 

Chemicals and reagents: 4,4'-Bis(9H-carbazol-9-yl) biphenyl (BCB), 1,3,5-tri(9-carbazolyl)-

benzene (TCB), 1,3,5-Tris(bromomethyl), anhydrous FeCl3, InCl3. 4H2O and thioacetamide 

were purchased from Sigma Aldrich. 1,2-dichloroethane (DCE), ethylene glycol and MeOH 

were purchased from Finar Chemicals used as received without further purification. 

Synthesis of porous organic polymer (POP): The carbazole based POPs were 

synthesized via FeCl3 assisted template free Friedel-Crafts alkylation. In a typical synthesis 

procedure, 4,4'-Bis(9H-carbazol-9-yl) biphenyl (BCB; 0.375 mmol) and 1,3,5-

Tris(bromomethyl)benzene (TBB; 0.5 mmol) in 1,2-dichloroethane (DCE; 30 ml) were added 

in a 100 ml round bottom flask and sonicated for 30 minutes to get a homogeneous mixture. 

After getting the homogeneous mixture the solution was stirred under N2 atmosphere followed 

by the addition of anhydrous FeCl3 (4 mmol). Further, the mixture was refluxed at 120 oC for 

48 h (Scheme 1). After completion, the reaction mixture was cooled to room temperature and 

the slurry mixture was dipped into methanol under stirring conditions until precipitation. 

Finally, the precipitate was collected by centrifugation and washed with MeOH several times. 

To completely remove the excess iron from the as-synthesized porous organic polymer (P4) 

was subjected to soxhlet extraction with MeOH for 72 h followed by vacuum drying at 60 oC 

overnight yielded (90%) pale-yellow powder (P4).  For the synthesis of P6, the exact above-

mentioned procedure was followed where 1,3,5-tri(9-carbazolyl)-benzene (TCB; 0.25 mmol) 

was used instead of 4,4'-Bis(9H-carbazol-9-yl) biphenyl (BCB). After completion, P6 was 

yielded (86 %) as pale-brown powder (Scheme 2).  

 

Scheme 7.1. Synthesis of P4 via FeCl3 assisted template free Friedel-Crafts alkylation. 
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Scheme 7.2. Synthesis of P6 via FeCl3 assisted template free Friedel-Crafts alkylation. 

Synthesis of pristine In2.77S4: According to the previous literature,11 1 mmol of InCl3. 

4H2O and 5 mmol of thioacetamide were mixed uniformly in ethylene glycol (30 ml) and 

stirred for 3 h. Further, the reaction mixture was transferred in a teflon-lined stainless-steel auto 

clave and heated at 180 oC for 18 h. After being cooled at room temperature the bright orange 

precipitate was collected and washed several times with MeOH followed by overnight vacuum 

drying at 60 oC yielded pristine In2.77S4. 

Synthesis of In2.77S4(POP) photo composite: Typically, a well-dispersed mixture of 200 mg 

P4 in 10 ml ethylene glycol was added dropwise in a uniform mixture of 1 mmol of InCl3. 

4H2O and 5 mmol of thioacetamide in 20 ml of ethylene glycol under staring conditions. The 

reaction mixture was sonicated for several minutes until we get a well-dispersed mixture. Then 

the reaction mixture was transferred to a Teflon-lined stainless-steel auto clave and heated at 

180 oC for 18 h. After completion, the autoclave was cooled down to room temperature and the 

bright yellow precipitate (In2.77S4(P4)) was collected, washed several times with methanol and 

dried under vacuum at 60 oC. 

Similar synthesis procedure was followed for the synthesis of bright yellow colored 

In2.77S4(P6), where 200 mg of P6 was used in place of P4.  

Materials characterization 

X-Ray Diffraction: Powder X-ray diffraction (XRD) patterns of the catalysts were performed 

on a Rigaku Miniflex (Rigaku Corporation, Japan) X-ray diffractometer using Ni filtered Cu 

Kα radiation (λ = 1.5406 Å) with a scan speed of 2° min−1 and a scan range of 10-80° at 30 kV 

and 15 mA. 

mailto:In2.77S4@C-POP4
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Microscopy: The morphology of the catalysts was obtained by scanning electron microscopy 

(SEM) technique. The SEM equipment was FEI Verios 460L field-emission SEM (FE-SEM) 

which is an ultra-high resolution Schott key emitter SEM equipped with an electron diffraction 

spectroscopy (EDS) detector. The elemental mapping EDS analysis were also performed in the 

same SEM instrument. Transmission electron microscopy (TEM) images of the catalysts were 

captured at 100 kV on a JEOL 1010 TEM. 

N2-adsorption/ desorption analysis: The surface area was determined through the Brunauer-

Emmett-Teller (BET) method. The average pore volume and pore size were measured by 

Barrett-Joyner-Halenda (BJH) method. The BET surface area, pore volume and pore sizes were 

determined by using the N2 adsorption-desorption method using BEL Sorb II Instruments, 

Japan at liquid nitrogen temperature. Before the measurement the samples were degassed at 

200 °C for 2 h. 

FT-IR analysis: FT-IR spectrums of catalysts were investigated on a DIGILAB (USA) IR 

spectrometer using the KBr disc method. Solid-state 13C CP MAS NMR studies were 

performed by using a Bruker Avance III HD 400 MHz NMR spectrometer. 

X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy (XPS) were 

investigated on a Thermo Scientific K-Alpha instrument (monochromatic Al Kα radiation, 

Ephoton = 1486.6 eV). The binding energy (B.E) in each case, that is, core levels and valence 

band maxima were corrected using an internal reference peak of C 1 s peak centered at 

284.8 eV. 

Synchrotron based XAS analysis: In K-edge XAS (X-ray Absorption Spectroscopy) data 

were collected on the BM23 beamline of the European Synchrotron Radiation Facility (ESRF) 

based in Grenoble, France. The current stored in the ring during the experiment was about 65 

mA. The white beam produced by a two-pole wiggler was monochromatized by the means of 

a double crystal Si(311) monochromator. The beam intensity was measured by the means of 

three ion chambers (30 cm, 1kV) placed before, (I0, filling 104 mbar Kr + 1896 mbar He), after 

(I1, filling 559 mbar Kr + 1441 mbar He) the sample and after the In foil reference sample (I2, 

559 mbar Kr + 1441 mbar He filling). By comparing the spectra of the foil with the one of the 

samples we were able to reference the energy position of the edge and thus calibrate the energy 

for each spectrum. Samples were measured in the form of 5mm diameter self-supporting 

pellets, whose optimized weight were calculated with the XAFS mass code.12 Data were 

reduced and analyzed by the means of the Demeter package.13 Athena for raw data treatment 
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(energy calibration, normalization, extraction) and Artemis for the fitting of the EXAFS 

spectra. FEFF614 was used to calculate phase shifts and scattering amplitudes. Wavelet 

transforms (WT) were calculated using a Python code originally developed by Martini et al.15 

Photocatalytic measurements: A quartz photoreactor was used for CO2 hydrogenation 

experiment under the illumination of 450 W xenon lamp (Newport) through UV cut-off filter 

(CGA 400 filter and KG2 filter). Using a power meter (Newport-843-R) the intensity of 

outputting light was measured. The measured intensity during catalytic reaction is 110 mW/cm. 

(Note: The distance between light source and reactor is 10 cm). About 3 mg of the sample was 

well dispersed in 20 mL of water by ultrasonication. Before illumination, the reaction setup 

was purged with N2 to remove the air and then purged with high purity CO2 for 45 minutes. 

During irradiation, 5 mL of the gaseous product from the setup was sampled, and ensuing study 

was done by GC (gas chromatography) (Agilent GC-7890 B) with TCD and FID detector and 

He carrier gas. This can detect up to 0.25 ppm of methane and 16 ppm CO. To further verify 

the products gas chromatography Mass Spectrometry (Agilent GCMS) was used. Products 

were quantified by using RT® Molecular sieve 5A column (45 m, 0.32 mm ID, 30 μm df) with 

a mass detector. The calibration was done by a standard gas mixture of H2, CO, CH4, C2H4 and 

C2H6 of different concentrations in ppm-level. It has a detection limit up to 1 ppm. For liquid 

product analysis 1H NMR (400 MHz, JEOL) and HPLC (Agilent 1220 Infinity II LC system) 

were employed. The following protocol was applied for the 1H NMR analysis. Fifty μL of the 

solvent (after filtration) and 30 μL of an internal standard solution were transferred into a 

centrifuge tube. The internal standard solution consisted of 50 mM phenol (99.5%) and 10 mM 

dimethyl sulfoxide (99.9%) made in D2O solvent. The mixture is transferred into an NMR tube. 

Solvent suppression was used to decrease the intensity of the water peak. Blank tests were 

conducted in the absence of CO2 and light to confirm that these two factors are key for 

photocatalytic CO2 reduction reaction. Used photocatalyst was amassed after each test and 

washed with water, and its performance was rechecked by the similar procedure. Rate of the 

C2H4 evolution was calculated by considering maximum rate at 10h for In2.77S4(P6), 

In2.77S4(P4) and individual components. 13CO2 was purged for 30 minutes and the reaction was 

continued for 10h. Then the products were checked by GC-MS to confirm the source of CO 

and C2H4 is CO2. All the photocatalytic reactions were done in an air conditioning room (22°C). 

The local heat generated on the catalyst surface during light illumination was checked by 

infrared temperature gun (GM320) and it was not more than 38 °C. Heating was avoided by 

using KG-2 filter which cuts the UV and IR part of spectrum. Further the light comes through 
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water filter which helps in eliminating heating probability. Maintaining all the reaction 

conditions similar, the catalysis was done at 38 °C in absence of light. However, no product 

was detected. This proves that the local heating due to light illumination does not affect the 

catalytic performance.  

O2 was evolved as H2O to O2 evolution reaction (OER) is the oxidation counterpart of 

CO2 reduction. It was quantified by Micro-GC (Agilent). The OER process with respect to CO2 

reduction follows equations 7.1-7.3 

2CO2 + 2H2O → C2H4 + 3O2       (7.1) 

CO2 → CO + 
1

2
O2                    (7.2) 

H2O → H2 + 
1

2
O2                    (7.3) 

Electron spin resonance (ESR) measurements: DMPO (5,5-Dimethyl-1-pyrroline N-oxide) 

spin-trapping ESR spectra were recorded to directly study the •OH and •O2 radicals generated 

during photocatalysis. Specifically, 3 mg of catalyst and 10 μL of DMPO were mixed in 1 mL 

deionized water to test the hydroxyl radicals (DMPO-•OH). On the other hand, 3 mg of as-

prepared samples and 25 μL of DMPO were dispersed in 1 mL CH3OH to detect superoxide 

radicals (DMPO-•O2 
−). 

Photoelectrochemical measurements: The transient photocurrent measurements under dark 

and light were done in a three-electrode system using a CHI 760 potentiostat under the 

illumination of a solar simulator (Newport) with an ultraviolet (UV) (λ > 400 nm) cut-off filter. 

Ag/AgCl was reference electrode, and platinum as the counter electrode was used. All samples 

were spin coated on fluorine-doped tin oxide (FTO) which were used as working electrode. 0.5 

M Na2SO4 was taken as electrolyte. Photo-current was also measured in 0.1 M Na2SO4 

solution. The slurry was prepared by adding 10 mg of the sample, 200 μL of Nafion (5%), and 

1 mL of isopropyl alcohol to fabricated photoelectrodes. The obtained paste was spin-coated 

on FTO with 1 cm2 area and annealed at 100 °C for 1 h to get a homogenous film. Mott-

Schottky (MS) plots were recorded at a scan rate of 10 mV/s in Na2SO4 neutral solution in the 

light at a frequency of 50 kHz. The obtained values (w.r.t Ag/AgCl) was converted w.r.t NHE 

by adding 0.20 V.16 Photocurrent was obtained by 10s light on and 10s off experiment with 

same spin coated FTO electrodes.  

In-situ photocatalytic Fourier transform infrared spectroscopy (FT-IR): In-situ 

photochemical FT-IR spectroscopic studies were performed using a purged VERTEX FT-IR 
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spectrometer equipped with the A530/P accessory and a mid-band Mercury Cadmium Telluride 

(MCT) detector. Spectra was recorded after 100 scans with a resolution of 4 cm-1. A DRIFTS 

cell with a quartz window was used to perform catalytic experiment. Prior to catalytic testing, 

5 mg of the sample was placed in the DRIFTS cell and treated in flowing N2 for 30 min to 

remove impure gas mixtures. Then, CO2 and water vapor were injected through rubber septa 

and light was illuminated through the quartz window for 90 minutes. Just before the light 

exposure on the DRIFTS cell the zero-minute data was collected and after that, data was 

collected every 15 minutes for 75 minutes. 

7.3.  Computational details 

DFT calculations for these systems were done with Vienna ab initio simulation (VASP) 

package.17 The Electron-ion interactions were described using all-electron projector augmented 

wave pseudopotentials,18 and Perdew-Bruke-Ernzehof (PBE) generalized gradient 

approximation (GGA)19 were used to approximate the electronic exchange and correlations. 

The plane-wave kinetic energy cut off of 580 eV and 480 eV was used for optimization of bulk 

In2.77S4 and all other calculations, respectively. The Brillouin zone was sampled using 

11×11×11, 6×6×1, 4×4×1, 7×7×1 and 3×3×1 Monkhorst-Pack k-grid for bulk In2.77S4, unit cell 

of (400) surface of In2.77S4, √2 ×  √2 × 1  supercell of (400) surface of In2.77S4, POP and hetero 

up/hetero down structures, respectively. All the structures were relaxed using a conjugate 

gradient scheme until energies and each component of the forces converged to 10-7 eV and 

0.0001 eV Å-1 for bulk In2.77S4 and 10-5 eV and 0.01 eV Å-1 for unit cell and √2 × √2 × 1  

supercell of (400) surface of In2.77S4 and POP and 10-4 eV and 0.01 eV Å-1 for heterostructures, 

respectively. All calculations are spin polarized and a vacuum of 10 Å was added for the 

surfaces to ensure no interaction between two layers. For both the heterostructures, the POP 

was placed at a distance of 3 Å from the In2.77S4 surface. In2.77S4 surface with a net dipole 

moment, correction to the potential and forces was used. The dipole moment was calculated 

parallel to the third vector.  

Initially, bulk structure of In2.77S4 with 32 S atoms and 24 In atoms was optimized with 

lattice parameters a = b = c = 11.22 Å. (400)-oriented surface of In2.77S4 was then considered 

as shows maximum intensity in the experimental diagram. Further, √2 × √2 × 1 supercell 

with lattice parameters a = b = 15.87 Å was optimized to form the heterostructure with POP (a 

= 14.00 Å and b = 16.40 Å) having ~8% lattice mismatch. Free energy was calculated using 

below equation 
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∆G = ∆Eads + ∆ZPE -T∆S + ∆GU + ∆GpH 

Thermodynamic stability of intermediates and most probable mechanistic pathway for 

the CO2 reduction reaction that forms C2H4 as a major product was realized by the free energy 

calculations following equation 7.420 after calculating the adsorption energies from equation 

7.5-7.21).  

∆G = ∆Eads + ∆ZPE -T∆S + ∆GU + ∆GpH                                                                                       (7.4) 

Here, ∆ZPE and T∆S are the differences in zero-point energies of the species and entropies due 

to contribution from the vibrational motions only, respectively. ∆GU (∆GU = -eU; e is the 

number of electrons transferred) and ∆GpH (∆GpH = 2.303kBT × pH) represents the free-energy 

corrections due to electrode potentials and pH, respectively. The value of T and pH were taken 

to be 298 K and 0, respectively, in this study.  

Adsorption energy for intermediates was calculated as: 

∆Eads(CO2) = E(*CO2) – [E* + E(CO2)]     (7.5) 

∆Eads(OCOH) = E(*OCOH) – [E* + E(HCOOH) – 0.5E(H2)]  (7.6) 

∆Eads(CO) = E(*CO) – [E* + E(CO)]      (7.7) 

∆Eads(COH) = E(*COH) – [E* + E(CH3OH) – 1.5E(H2)]   (7.8) 

∆Eads(OCCOH) = E(*OCCOH) – [E* + E(OHCCH2OH-cis) – 1.5E(H2)] (7.9) 

∆Eads(C2O) = E(*C2O) – [E* + E(H3CCO)-1.5E(H2)]                         (7.10) 

∆Eads(OCCOH) = E(*OCCH) – [E* + E(OCCH2)-0.5E(H2)]                  (7.11) 

∆Eads(OCCH2) = E(*OCCH2) – [E* + E(OCCH2)]                             (7.12) 

∆Eads(HOCCH2) = E(*HOCCH2) – [E* + E(HOHCCH2)-E(H2)]               (7.13) 

∆Eads(CCH2) = E(*CCH2) – [E* + E(C2H4)-E(H2)]                              (7.14) 

∆Eads(HOCCOH) = E(*HOCCOH) – [E* + E(HOH2CCH3)-2E(H2)]           (7.15) 

∆Eads(HOCC) = E(*HOCC) – [E* + E(HOHCCH3)-2E(H2)]                    (7.16) 

∆Eads(HOCCH) = E(*HOCCH) – [E* + E(HOHCCH3)-1.5E(H2)]             (7.17) 

∆Eads(CCH) = E(*CCH) – [E* + E(C2H2)-0.5E(H2)]                                    (7.18) 

∆Eads(HCCH) = E(*HCCH) – [E* + E(C2H4)-E(H2)]                              (7.19) 
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∆Eads(HCCH2) = E(*HCCH2) – [E* + E(C2H4)-0.5E(H2)]                    (7.20) 

∆Eads(H2CCH2) = E(*H2CCH2) – [E* + E(C2H4)]                                  (7.21) 

7.4.  Calculations 

Apparent quantum yield (AQY%) calculation for CO2 reduction to C2H4: The 

wavelength dependent AQY of CO2 photo-reduction by In2.77S4(P6) were calculated using 

different monochromatic light source. Therefore, 6 (400±10 nm, 425±10 nm, 450±10 nm, 

475±10 nm, 500±10 nm, 550±10 nm) different bandpass filters obtained from light source 

manufacturer (Newport) were used to obtain the monochromatic wavelengths and Newport-

843-R power meter was used to measure the incident light intensity. After 6 hours of CO2 

reduction the AQY was estimated from the following equation: 

AQY(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑋 100% 

Number of reacted electrons were calculated from the yield of CO2 reduced products (here 

selectively methane was obtained). Because different number of electrons are required for the 

formation of different products, the total number of reacted electrons are  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = [ 12𝑛(𝐶2𝐻4)] 𝑋 2 𝑋 𝑁𝐴 

n(C2H4), is the yields of methane. NA is Avogadro’s number. Here 2 was multiplied because 

Z-scheme is the 2-step electron excitation process.21-22 

Number of incident photons are calculated from the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃𝑆𝜆𝑡

ℎ𝑐
 

where, P is the power density of the incident monochromatic light (W/m2), S (m2) is the 

irradiation area, t (s) is the duration of the incident light exposure and λ (m) is the wavelength 

of the incident monochromatic light. h (Js) and c (m/s) correspond to planks constant and speed 

of light respectively. 

Combining these two equations the AQY (%) for different monochromatic light was calculated. 

For example, the AQY (%) @400 nm is shown here- 

n(C2H4) =29 µmol/g, n(CO) =5.2 µmol/g, NA = 6.023*1023 mol-1, P= 51*10-3 W/cm2, 

S= 4.52 cm2, l= 400 nm, t=6h, h= 6.626*10-34 Joule second, c= 3*108 m/s 

AQY (%) @400 nm 
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 =
[(29×12)+(5.2×2)]10−6×2×6.02×1023

1
×

6.626×10−34×3×108

51×10−3×4.52×400×10−9×3600×6
× 100% 

 = 5.1%  

Similarly, AQY were calculated for 425 nm, 450 nm, 500 nm, 550 nm, 600 nm. 

7.5. Result and discussion 

Material synthesis and structural characterizations: In this study, we have picked a 

molecular template free cost-effective synthetic strategy using FeCl3 as a catalyst to develop 

two carbazole based porous organic polymers (POP-4: P4, and POP-6: P6) by Friedel-Crafts 

alkylation carbazole moieties and 1,3,5-Tris(bromomethyl)benzene (TBB) as linker in dry 

DCE under inert (N2) atmosphere (Scheme 7.1 and 7.2).23 Further, In2.77S4(P4) and 

In2.77S4(P6) porous photo-composites were synthesized by solvothermal method in a Teflon-

lined stainless-steel autoclave at 180 oC for 18 h using a well-dispersed mixture of P4 or P6, 

InCl3.4H2O and thioacetamide (C2H5NS) in ethylene glycol (30 ml). The overall synthetic 

strategy of the as-synthesized POPs and In2.77S4(P) porous photo composites are depicted in 

Figure 7.2a. The 13C CP MAS NMR analysis of P4 and P6 and their respective In2.77S4(P) 

composites have been conducted to understand the molecular connectivity and chemical 

environment of the polymeric framework (Figure 7.2b and 7.2c). A significant peak situated 

at ~39 ppm corresponds to the methylene carbon atom of TBB linker, whereas the resonance 

peak at ~109.8 ppm is attributed to the unsubstituted carbon nuclei of the polymeric skeleton. 

The appearance of two intense resonance peaks at ~125.7 and 139.8 ppm attributed to the C-

substituted and N-substituted carbon nuclei of BCB and/or TCB unit in the polymeric 

framework.  

Almost similar kind of resonance signal with minimal shifting appears for the two as-

synthesized porous photopolymers (In2.77S4(P4) and In2.77S4(P6)) indicating the intactness of 

structural integrity after the incorporation of In2.77S4. The formation of the polymeric network 

was also studied by FT-IR spectroscopy, where the peaks at around 1300 cm-1, 1459 cm-1 and 

1613 cm-1 contributed to the ‘C-N’ and ‘C=C’ aromatic ring vibration (Figures 7.2d and 7.2e). 

The broad peak around 3500 cm-1 has raised due to moisture and surface adsorbed OH species’ 

stretching band. The structural integrity of the POPs in In2.77S4(P) photo-catalyst was 

confirmed by the observed similar IR stretching frequencies even after the incorporation of 

In2.77S4. The C, H, N elemental analysis confirmed the presence of 50-55 wt% of carbon (C), 

5-6 wt% of hydrogen (H), 6-9 wt% of nitrogen (N) and 40-50 wt% of sulfur (S) in the as-
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synthesized In2.77S4(P) photo catalysts. Further, the amount of In metal in In2.77S4(P4) and 

In2.77S4(P6) was 35% and 37%, respectively, calculated by inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES) measurement. Porosity is one of the most important 

parameters in catalysis and here porous organic polymers are used to avail the luxury of higher 

surface area. Therefore, to have a better insight about the permanent porosity of the as-

synthesized POPs and the corresponding In2.77S4(P) photo-catalysts, N2 adsorption-desorption 

isotherm analysis at 77K was carried out. As seen from the Figure 7.3, the N2-sorption 

isotherm of all the materials could be assigned as a typical type-II isotherm by IUPAC 

classification without any significant hysteresis loop, indicating the existence of interparticle 

voids within the porous polymer-based materials. The calculated specific BET surface area of 

the P4 and P6 were found to be 909 m2/g and 804 m2/g, respectively. Whereas the 

In2S3(P4) and In2.77S4(P6) exhibited comparatively lower BET surface area 251 m2/g and 373 

m2/g, respectively after the In2.77S4 incorporation which exactly matches with the earlier 

reports. 

 

Figure 7.2. Catalyst synthesis and microscopy. (a) Synthesis of carbazole based P4; P6; 

In2.77S4(P4) and In2.77S4(P6) following Friedel-Crafts alkylation and solvothermal method. The 

composites were made via solvothermal reaction in Teflon autoclave. The 13C CP/MAS-NMR 

spectroscopic analysis of (b) P4, composite, and (c) P6, composite. The color code in P4, and 

P6 are the functional group indicated by NMR. (d) FT-IR analysis of pristine POPs, and (e) 

In2.77S4@POP composites along with the pristine In2.77S4, respectively. 
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Figure 7.3. Nitrogen adsorption and desorption isotherms for (a) P4, P6 and (b) In2.77S4(P4), 

In2.77S4(P6) measured at 77.3 K. Pore size distribution (PSD) of (c) P4, P6 and (d) In2.77S4(P4), 

In2.77S4(P6).  

Also, the corresponding pore-size distributions (PSD) of P4, P6, 

In2S3(P4) and In2.77S4(P6) were calculated by BJH method and found to be 1.21 nm, 0.90 nm, 

1.54 nm and 1.25 nm, respectively (Figure 7.3c and 7.3d).  

FE-SEM and HR-TEM analyses were conducted to understand the morphology of the 

as synthesized POPs and In2.77S4(P). FE-SEM and TEM images (Figure 7.4) of the parent POP 

reveal cloud-like surface morphology, resulting in a hyper-branched porous nature. On the 
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other hand, we obtained micro flower type nano nanostructures for the as-synthesized 

pristine In2.77S4 (Figure 7.5). The comparison between the TEM images of pristine In2.77S4 

and In2.77S4(P) catalysts (Figure 7.5a, 7.5c and 7.5e) also revealed similar type of hetero 

structure formation. As shown in a high-resolution TEM (HRTEM) image (Figure 7.5b) of 

pristine In2.77S4, the interplanar d-spacing between lattice fringes was 0.190 nm and 0.312 nm 

correspond to the (440) and (311) plane, respectively. Further, the selected area electron 

diffraction (SAED) pattern demonstrates the d-spacing corresponds to lattice fringes of pristine 

In2.77S4 (Figure 7.5a inset). Similar results were obtained with In2.77S4(P) catalysts (Figure 

7.5d & 7.5f) indicating the preservation of the In2.77S4 in the hereto structure. Pure In2.77S4 has 

adopted beautiful flower like morphology (Figure 7.5g). Similar trunked flower like 

morphology was seen in case of pure In2.77S4 in atomic force microscopy (AFM), where the 

height of petals is around 15 nm (Figure 7.5h). FE-SEM images of In2.77S4(P) revealed the 

In2.77S4 micro flowers were wrapped by the micro-porous polymer, forming a heterojunction 

between In2.77S4 and the POP through which the electron transfer was initiated. 

 

Figure 7.4. FE-SEM images of (a) P4, and (c) P6. TEM images (b) P4, and (d) P6 of 

respectively. Both P4, and P6 morphology resembles that they can adsorb higher amount of 

gas molecule as depicted from BET analysis.  
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Figure 7.5. TEM & HR-TEM images of (a, b) In2.77S4, (c, d) In2.77S4(P4), and (e, f) 

In2.77S4(P6) respectively. (g) FESEM images of pristine In2.77S4 shows nano flower like 

morphology. (h) AFM image of In2.77S4 nano -flowers. The nano flowers are destroyed upon 

drastic sonication, resulting fragmented part of nano flower in AFM. 

Moreover, High angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were used to determine the morphology of the as prepared In2.77S4(P) 

(Figure 7.6) catalysts. It revealed that the In2.77S4 nano flowers are well dispersed over the 

microporous polymer matrix, indicating polymer incorporation does not alter the In2.77S4 

hereto structure. Calculated interplanar d-spacing between the well-defined lattice fringes were 

examined at 0.190 and 0.316 nm, which can be indexed to (440) and (311) planes of In2.77S4 

crystal structure. The HAADF elemental mapping of the In2.77S4(P) catalysts (Figure 7.7) 
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showed the presence of different elements like C (blue), N (yellow), S (red) and In (green) 

throughout the catalyst surface. Although the distribution of C (blue) and N (yellow) were 

observed throughout the catalyst surface, but the In (green) and S (red) are mainly located at 

some particular positions wrapped by the polymer. 

CO2 to ethene under light irradiation: The photocatalytic CO2 reduction activity of 

In2.77S4 nanoflowers was evaluated in a batch reactor under simulated solar light irradiation 

(450 W Xe lamp with UV cut-off KG-2 filter). The CO2 saturated water has been used as the 

only reaction medium without any organic additives makes the process more green, cost 

effective and suitable for real application.24 Most interestingly, C2H4 was obtained as the major 

product along with small amount of CO. Here worth mentioning that CO2 to C2H4 formation 

is kinetically slow, but commercially valuable product compared to any other C2 products.25 

As shown in Figure 7.8a, the C2H4 production rates revealed that In2.77S4 is the key active 

species for CO2 hydrogenation, exhibiting 20.7 μmol g−1 h−1 C2H4 production rate. On the other 

hand, P6 and P4 did not show notable performance towards CO2 reduction (the result shown 

here falls in under the error limit). However, upon composite formation with POPs and In2.77S4 

an impressive increment of performance was observed.    

 

Figure 7.6. HAADF-STEM images of (a, c, d) In2.77S4(P4), and (b, e, f) In2.77S4(P6) 

respectively. 
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Figure 7.7. (a, c) STEM-EDX elemental mapping of In2.77S4(P4), and (b, d) In2.77S4(P6) 

exhibiting a uniform spatial distribution of C (blue), N (yellow), In (green) and S (red), 

respectively. 

In2.77S4(P6) produced highest ethylene formation rate of 65.75 μmol g−1 h−1, which is 

the highest among reported literatures (Table 7.1). In2.77S4(P4) also showed comparable 

ethylene formation rate of 54.9 μmol g−1 h−1.  Although lack of metal center in pristine POPs 

may restrict its CO2 reduction ability, the extended Π-conjugation in POPs put remarkable 

assistance in suppling adequate charges thereby increasing 3-fold increment of ethylene 

formation rate. Ethylene production from CO2 reduction is kinetically very difficult process 

because it involves consecutive 12 proton coupled electron transfer.26 An impressive Relectron 

value (involved electrons) was obtained in this process (Figure 7.8b). In one hand C2H4 

formation process required 12 electron and in other hand CO formation needs only 2 electrons. 
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Therefore, to normalize these parameters the selectivity was calculated in terms of Relectron and 

98.9% C2H4 selectivity was found in case of  In2.77S4(P6).27 Almost similar selectivity was 

obtained with In2.77S4(P4). However, a dramatic fall of selectivity was observed in the case of 

pristine In2.77S4. Insufficient electron doner in pristine In2.77S4 may hindered electron rich CO2 

to C2H4 formation process causing notable selectivity drop. Meanwhile isotope labelled 13CO2 

reduction under same reaction condition followed by product detection by GC-MS confirmed 

that the generated C2H4 (Figure 7.8c) and CO (Figure 7.8d) are unequivocal products from 

CO2. Liquid product analysis by 1H NMR confirmed no liquid product obtained after CO2 

reduction (Figure 7.9a). Further, few follow-up control experiments in absence of catalyst, 

CO2, water and light implicitly specifies that the detected gas molecules are solely coming from 

CO2 reduction and not from degradation of POP moiety as one may assume (Figure 7.9b). 

 

Figure 7.8. Photocatalytic performance in batch type reactor. (a) Overall photocatalytic CO2 

to product formation rate based on 10h reaction. (b) Based on the number of electrons 

involvement the activity (Rate) was normalized by a descriptor called Relectron and finally the 

selectivity of C2H4 was calculated on the basis of Relectron. Here instead of In2.77S4, In-S was 

used due to lack of space in the figure. GC-MS of products obtained upon CO2 and isotope 

labeled 13CO2 photoreduction with In2.77S4(P6) catalyst for conforming the formation of (c) 

C2H4, and (d) CO. Relectron = 12*nC2H4 + 2*nCO (nC2H4 and nCO means no. mole of C2H4 and 

CO produced per hour with per gram of catalyst respectively). Selectivity of C2H4 = 
12∗𝑛𝐶2𝐻4

2∗𝑛𝐶𝑂
*100%. 
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Photocatalytic activity was checked with spent catalyst for another 5 runs and the results 

remained unaltered, infaring the stability and cyclability of composite catalysts (Figure 7.9c). 

The powder XRD patterns, SEM and TEM analysis (Figure 7.10a-e) for the spent 

photocatalysts In2.77S4(P6) and In2.77S4(P4)) after 5 consecutive reactions demonstrate that 

oxidation states and morphology of nano flower photocatalyst were well maintained, validating 

their stability. Water oxidation to O2 is the counter reaction of CO2 reduction procedure which 

takes the hole away from the catalyst and suppress the recombination of photogenerated 

charges. In the course of this process a little amount of H2 has also formed from water splitting. 

The observed O2 amount is well corroborating according to the redox reaction (equation 7.1-

7.3). Slightly less amount of O2 was observed due to dissolution of evolved O2 in water 

medium. 

 

Figure 7.9. (a) Post reaction liquid product analysis. After 10h of reaction with In2.77S4(P6) 

the solution (here water was used as reaction medium) was analyzed. (b) Control experiments 

in absence of light, catalyst, CO2 and water. Each experiment was continued for 10h and no 

reportable production gas was detected. (c) Recyclability and stability of catalytic activity was 

checked with same catalyst (In2.77S4(P6)) for 5 constitutive runs. 
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Figure 7.10. Post catalytic characterization. (a) Post catalytic PXRD patterns of In2.77S4(P4) 

and In2.77S4(P6). SEM images taken after catalysis for (b) In2.77S4(P4), and (c) In2.77S4(P6). 

TEM images collected for (d) In2.77S4(P4), and (e) In2.77S4(P6) after photocatalysis, 

respectively. 

Structure activity relationship: The as-synthesized porous organic polymers (P4 and 

P6) and their composites (In2.77S4(P4) and In2.77S4(P6)) are highly porous in nature with 

extended cross-linking along with higher thermal and photophysical stability. Wide-angle 

powder XRD (PXRD) was performed to check the crystallinity of the as-synthesized POPs, 

which clearly indicates the amorphous nature of the as-synthesized POPs, due to the π-π 

stacking of the aromatic units in the polymeric framework (Figure 7.11a). 

 On the other hand, the phase of indium sulphide was also confirmed from PXRD. As 

seen from Figure 7.11b the major PXRD peaks related to (311), (400), and (440) planes are 

exactly matching with In3S4 Fd3̅m space group. Additionally, the as synthesized catalyst 

depicted an interesting feature of specific peak missing. Specifically, (511) plane 

corresponding to 2 degree of 43° is absent in the PXRD pattern of as synthesized catalyst. 

Spinal structure of In3S4 is composed of 2 In3+ and 1 In2+ (In2S3 + InS = In3S4). However, the 

tetrahedral pockets of In2+ have partial occupancy, leading to the formation of In2.67S4 structure 

with In2+ deficiency. Absence of (511) planes containing S atoms further increased the ratio of 

In and S from 2.67 to 2.77 and finally In2.77S4 was obtained. Similar structure formula was 

reported by Leqiang et al.28 The structural similarities among In2.77S4, In2.77S4(P4), and 

In2.77S4(P6) were understood from Figure 7.11c. 
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Figure 7.11. Powder X-ray diffraction (PXRD) patterns of (a) P4 & P6, (b) In2.77S4, and (c) 

In2.77S4(P4), In2.77S4(P6), respectively. 

The XPS survey spectra indicated the four characteristic binding energy peaks 

corresponds to the C 1s, N 1s, In 3d and S 2p. Further, the C 1s spectra (Figure 7.12a, and 

7.12b) can be deconvoluted into two different binding energies at ~286.9 and 286 eV 

corresponds to the C-N and aromatic C-C unit,29 whereas N1s spectra (Figure 7.12c, and 

7.12d) deconvoluted in to a single binding energy peak at ~401.5 eV attributed to ‘C-N’ bond 

of carbazole.30 

Slightly higher energy shift of In XPS peaks for In2.77S4(P) catalysts compare to the 

pristine In2.77S4 and small negative energy shift in C1s and N1s binding energy in In2.77S4(P) 

composites implicitly indicated that there has been some electronic interaction between POP 

and In2.77S4. Therefore, the inbuilt heterojunction can promote facile charge transfer between 

In and porous polymer which in turn helps in availing the synergistic effect of In2.77S4 and 

POPs for CO2 photoreduction.31 Slightly higher performance of In2.77S4(P6) compared to 

In2.77S4(P4) can be explained by better heterojunction formation between P6 and In2.77S4 as 

evident from higher C1s and N1s XPS peak shift (Figure 7.12a-d) because well-built 

heterojunction favors in facile movement of photo-excited charges. Furthermore, X-ray 

Photoelectron Spectroscopy (XPS) depicted the presence of In2+ (3d5/2: 444.9 eV, 3d3/2: 452.1 
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eV) and In3+ (3d5/2: 446 eV, 3d3/2: 454 eV) (Figure 7.13a).32 The quantification of these 2-

oxidation state from XPS revealed that it contains 87.5% In3+ and 12.5% In2+, which led to the 

chemical formula of In2.77S4. Similar In ratio has been maintained upon composite formation 

with POPs with ̴ 1-2% variation. Therefore, the indium sulphide phase is termed as In2.77S4, 

composites with P6 and P4 were termed as In2.77S4(P6) and In2.77S4(P4) respectively. 

 

Figure 7.12. X-ray Photoelectron spectra (XPS) of (a) P4, In2.77S4(P4), and (b) P6, 

In2.77S4(P6) in the core region of C 1s. XPS of (c) P4, In2.77S4(P4), and (d) P6, In2.77S4(P6) in 

the core region of N 1s, respectively. 

N1sN1s

a b

c d
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Figure 7.13. Characterization of polarized charge center of In. (a) In 3d XPS of pure In2.77S4. 

(b) In K-edge Fourier-transform EXAFS spectra of In2.77S4 considering In1-S1, In2-S1 paths 

to obtains the local environment of In1 (In3+) and In2 (In2+). (c) Crystal structure of In2.77S4 

showing octahedral (oh.) and tetrahedral (tet.) co-ordination environment of ‘In’ atoms. (d) X-

ray absorption near-edge structure (XANES) of In K-edge in In2.77S4 and the POP composites, 

and (e)Wavelet transforms for k2-weighted EXAFS data of In2.77S4. 

 Further, synchrotron radiation-based X-ray absorption spectroscopy (XAS) was 

employed to establish local structural environment of different In sites. The Fourier-

transformed In K-edge extended X-ray absorption fine structure (EXAFS) spectra in Figure 

7.13b are clearly represented a shoulder along with the main peak, representing 2 different In-

S bond distances. The shoulder representing In2+-S bond distance, and the main peak is 

corresponding to In3+-S bond distance which is further supporting the presence of significantly 

high amount of In3+ compared to In2+. The spectra were also fitted to understand the exact bond 

distance, co-ordination environment and key structural features of 2 distinct In (Table 7.1). A 

similar picture may be also inferred by having a look at the refined Debye-Waller factors 

(Table 7.1): the value of the octahedral In-S path, 0.01 Å, is relatively high if compared with 

a typical 0.003 Å at room temperature. Such fact may be reasoned considering that tetrahedral 

In may be replaced with a vacancy causing the neighboring octahedral In to be slightly distorted 

and thus letting the Debye-Waller factor to be refined at a higher value. Tetrahedral In-S paths 

are refined to a classical 0.003 Å as Debye-Waller factor and this can be due to the In2+ cations 

occupying only the tetrahedral sites, and not the octahedral ones because of the absence of 

distorted tetrahedral sites.  
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Table 7.1. Parameters obtained after fitting the XAS data of In2.77S4, In2.77S4(P4) and 

In2.77S4(P6). 

Parameter In2.77S4 In2.77S4(P4) In2.77S4(P6) 

R-factor 0.003 0.0027 0.0025 

Fitting range in k (Å-1) 2.58-15.491 2.58-15.491 2.58-15.491 

Fitting range in R (Å) 1.41-4 1.41-4 1.41-4 

Nind 21.08 21.08 21.08 

Npar 8 8 8 

S0
2 0.88(4) 0.87(3) 0.88(3) 

ΔE 4.9(3) 5.1(3) 5.0(3) 

RIn-S octahedral (Å) 2.570(6) 2.569(6) 2.568(6) 

σ2
 In-S octahedral (Å2) 0.010(1) 0.010(1) 0.011(1) 

RIn-S tetrahedral (Å) 2.495(10) 2.498(9) 2.498(9) 

σ2
 In-S tetrahedral (Å2) 0.0030(5) 0.0030(5) 0.0031(5) 

RIn-In octahedral (Å) 3.80(1) 3.81(1) 3.80(1) 

σ2
 In-In octahedral (Å2) 0.017(2) 0.017(2) 0.017(1) 

The In-In path, structurally bridging two octahedral In atoms, is refined with again a 

high Debye-Waller parameter as there is the chance that the absorber or the scatterer are close 

to a vacancy. Four coordinated In2+ with shorter bond distance (2.46 Å) compared to six 

coordinated In3+ with longer bond distance (2.6 Å) confirms that the In2+ holds tetrahedral void 

whereas In3+ occupies octahedral voids by creating normal spinel structure (Figure 7.13c). 

Wavelet transformation of these EXAFS data gives broad spot instead of concentrated single 

spot pattern (Figure 7.13e) meaning the presence 2 different kind of In-S bonds namely In-

S(oh.) and, In-S(tet.).33 The In K-edge X-ray absorption near-edge spectra (XANES) in Figure 

7.13d shows similarities among pristine In2.77S4 and the composites with P6 and P4. These 

resemblances are to be expected, given that In atoms in composites and pristine In2.77S4 

maintained similar co-ordination structural properties. However, increase of white line 

intensities in In2.77S4(P4) and In2.77S4(P6) compared to pristine In2.77S4 indicates less electron 

density over In centres in composites, meaning a charge transfer from In2.77S4 to POPs and due 

to which the heterostructure stabilized.25 

Furthermore, the charge transfer behavior was understood from DFT calculations. Two 

different types of heterostructures were made by considering the interaction of POP with two 

inequivalent surfaces of In2.77S4 (Figure 7.14a, and 7.14b). These are designated as “hetero 
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up” (HU) and “hetero down” (HD) where the POP interacts with the upper and below surface 

of In2.77S4, respectively (Figure 7.14e and 7.14f). Bader charge calculations for these 

heterostructures showed that the charge separation is higher in HU as compared to HD where 

the In2.77S4 surface donates electrons to POP for each case. This can be explained by the 

increased polarity of the In2.77S4 surface that interacts with the POP. In2.77S4 has only one type 

of unsaturated In atoms (2-coordinated) on the upper surface, whereas two types of unsaturated 

In atoms (2 and 3-coordinated) on the below surface increased its polarity than upper surface. 

This increases the van der Walls’ interaction of POP with the upper surface and 

correspondingly, the charge separation is higher in HD. 

 

Figure 7.14. Side view of (400) surface of (a) In2.77S4, and (b) top view of P6. Grey colored 

balls are ‘In’ and sky-colored balls are ‘S’. Theoretical model of In2.77S4/POP heterostructure 

considering the adsorption positions of POP on (c) upper side (Hetero up (HU)), and (d) down 

side (Hetero down (HD)) of In2.77S4 in the heterostructures where the grey, azure blue, black, 

pink, and blue balls represent the In, S, C, H, and N atoms respectively.   
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To evaluate the importance of charge separation in the considered heterostructures for 

CO2 reduction reaction, probable active sites were identified through DFT calculations for 

POP, In2.77S4 surface and heterostructures to check the stability of CO2 and CO molecules 

(Figure 7.15a-f). As the optimum binding energy of CO determines the probability of forming 

higher-carbon products. The optimized structure of CO2 and Co adsorbed over N-atom of POP 

is not stable because, upon optimization, POP structure planarity breaks completely.  

 

Figure 7.15. Side view of adsorbed CO2 over (a) HD, (b) HU1, and (c) HU2 and adsorbed CO 

over (d) HD, (e) HU1, and (f) HU2. (g) Comparison of adsorption energy of CO2 and CO on 

different considered adsorption positions. 
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This is in line with the experimental evidences, which show the pristine POPs are 

inactive. Moreover, the stability of considered molecules increases on the surface In2.77S4 

where the U2 position shows best adsorption ability, however still not satisfactory as the 

adsorption energies of CO2 and CO are high positive (Figure 7.15g). Interestingly, all the 

considered adsorption positions on the heterostructure show better activity than pristine In2.77S4 

surface and POP. This difference of activity between In2.77S4 surface and heterostructures can 

be attributed to the energy difference of their Fermi level with the lower unoccupied molecular 

orbital of gaseous CO and CO2. The Fermi level of In2.77S4 and In2.77S4(P6) are situated at -

4.62 eV and -3.89 eV, respectively (Scheme 7.3). Accordingly, the LUMO of CO and CO2 at 

-2.13 eV and -0.97 eV, respectively, are farther from Fermi level of In2.77S4, which transfer less 

electrons to the adsorbates than the heterostructures (Scheme 7. 3). This is because, the POP 

increases the overall electron density of In2.77S4/POP heterostructures. Increased acceptance 

of electrons by CO2 and CO also activates this adsorbed molecule for further proton-coupled 

electron transfer reaction on heterostructures as the LUMO of both CO2 and CO are 

antibonding in nature. Therefore, further discussions are based on understanding the different 

active sites of heterostructures. HD, HU1, and HU2 have Bader charges of 0.64, 0.62, and 0.6, 

respectively (Table 7.2). This increased positive Bader charge on HD as compared to HU2 is 

expected though both of them are 2-coordinated as the charge separation is higher in HD 

heterostructure. 

 

Scheme 7.3. Schematic representation of CO2 and CO LUMO position with respect to the fermi 

level of In2.77S4 and In2.77S4(P6), obtained from DFT calculation. 
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The stability of adsorbed CO2 and CO over these active sites also showed a similar 

trend as with increasing positive Bader charge on the active sites, the electron acceptance by 

CO2 and CO from the surface decreased and become less stable (Table 7.2 and Figure 7.15g). 

However, the discrepancy of Bader charge-stability over HD and HU1 is due to the decreased 

coordination number of HD in comparison with HU1 that facile the stability of the considered 

important adsorbates over the HD. Bader charge of adsorbed CO2 and CO over HU2 is -0.04, 

whereas the adsorption energies are 0.06 eV and -0.53 eV which indicates the slight activation 

of CO2 and optimum activation of CO. Therefore, HU2 was considered for realizing the 

feasibility of the whole reaction. Further, it can be inferred that the low adsorption energy of 

CO on HD favors the formation of CO gas as final yield and supports the experimental 

observation.  

Band structure and charge transfer properties: Suitable band alignment and band 

gap are basic criteria in CO2 hydrogenation reaction by solar energy because it involves photon-

absorption by visible light irradiation, electron-hole separation, and CO2 activation by excited 

electrons. The first 2 step mainly governed by intrinsic nature of the photocatalyst however can 

be engineered by heterojunction formation, while the 3rd is highly dependent on the gas-solid 

interface. UV-DRS spectra in Figure 7.16a clearly demonstrated that the photocatalysts under 

this study have excellent visible light harvesting properties. A step-like optical absorption tail 

in composite compared to pristine POPs can be attributed to In2.77S4 absorption-edge. 

Additionally, upon composite formation the absorption peak height has increased meaning 

better light harvesting ability of composites. A band gap 2.8 eV, 2.77 eV and 2 eV for P6, P4 

and In2.77S4, respectively, was calculated from Tauc plot.30 Furthermore, the band diagram was 

established from the understanding of suitable flat band potential (Vfb) obtained from Mott-

Schottky measurements (Figure 7.16b-d).34 CBM position was determined by adding -0.1 with 

Vfb and VBM position was obtained by adding the band-gap value (obtained from UV-DRS) 

with CBM potential.  

Table 7.2. Bader charges in different adsorption positions along with the bader charge transfer 

to the adsorbed CO2 or CO over those adsorption positions. 

Adsorption 

Position 

Bader 

charge 

Bader charge 

(*CO2) 

Bader charge 

(*CO) 

HD 0.64 -0.01 -0.01 

HU1 0.62 -0.03 -0.03 

HU2 0.6 -0.04 -0.04 



Light-Induced Charge Accumulation on Polarized Indium in In2.77S4 from Porous Organic 

Polymer Tailoring C-C Coupling to Produce Ethylene from CO2 Chapter 7 

 

249 

 

Figure 7.16. Electronic structure and charge transfer properties. (a) UV-Vis DRS of 

composites and individual components. Inset: corresponding Tauc plots made by using 

Kubelka-Munk parameter ((αհν)2) as a function versus energy of photon (eV). Mott-Schottky 

plots of (b) In2.77S4, (c) P4, and (d) P6 for understanding flat band potential. -0.1V was added 

with flat bad potential to get the CBM positions of these n-type semiconductor. The intercept 

at the x-axis is regarded as flat band potential. The impedance study was done in 0.5M Na2SO3 

electrolyte at an applied frequency of 50 kHz. (e) Schematic illustration of In2.77S4/POPs band 

structure allingment along with CO2 to ethylene formation thermodynamic potential. This 

scheme also illustrate the Z-scheme electron transfer process. 

As shown in Figure 7.16e, both the POPs are having inappropriate CBM because 

minimum -0.38 V and -0.54 V potential required for CO2 to C2H4 or CO formation, however, 

their CBM position lies at -0.34 V and -0.35 V. On the other hand, the CBM position of In2.77S4 

situated at -0.61 V, which is enough negative for CO production and obviously C2H4 formation. 

In this scenario after comprehensive consideration of synergistic effect of POPs and In2.77S4 in 

enhancing the overall CO2 photo-reduction performance and inappropriate band position of 

POPs, a direct Z-scheme pathway rather than type-II mechanism is proposed for the 

In2.77S4(P6) and In2.77S4(P4) heterostructures. The excited electron of POPs with weak 

reduction potential recombines with the photogenerated holes (weak oxidation potential) of 

In2.77S4. By the virtue of Z-scheme process the photoexcited electrons with more reduction 

potential in the CBM of In2.77S4 and holes with better oxidation ability in the VBM of POPs 

are stabilizing in the In2.77S4/POP heterostructure. Therefore, due to the increase of diffusion 

length, electrons and hole are getting separated and losing recombination tendency which in 

turn is beneficial for availing more excited electrons for CO2 reduction in CBM of In2.77S4 and 
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water to O2 formation by the holes in the VBM of POPs. Furthermore, strong evidence of Z-

scheme was found from ·O2
- (Figure 7.17a) and ·OH (Figure 7.17b) radical trapping 

experiment with 5,5-dimethyl-1-pyrroline N-oxide (DEMPO) via electron paramagnetic 

resonance (EPR) spectroscopy.35 As depicted in Figure 7.17a, signals attributing to DMPO-

·O2
- adduct is high instance for In2.77S4(P6) and In2.77S4(P4). Contextually, this signal intensity 

is very poor for pristine POPs and intermediate for In2.77S4 since the pristine POPs does not 

have enough negative overpotential to drive the ·O2
- formation reaction from O2. 

 

Figure 7.17. Establishment of Z-scheme electron transfer in In2.77S4/POPs via radical trapping. 

ESR spectra of  (a) DMPO-·O2- in methanol, and (b) DMPO-·OH in water in the presence of 

In2.77S4(P6), In2.77S4(P4), In2.77S4, P6 and P4. Energy band diagram and reaction mechanism 

of type-II and Z-scheme system for (c) In2.77S4(P6), and (d) In2.77S4(P4) heterojunctions. 
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On the other hand, In2.77S4 has enough negative overpotential but suffers from excessive 

charge recombination which was recovered by Z-scheme heterojunction formation with POPs 

where photogenerated holes of In2.77S4 were annihilated by the photoexcited electrons of POPs 

(Figure 7.17c, and 7.17d). Therefore, In2.77S4(P6) and In2.77S4(P4) again showed high instance 

DMPO-·OH signal compared to pristine POPs due to the stabilization of photo-excited holes 

in the valence band (VB) of POPs. Moreover, due to inappropriate VB position of In2.77S4 for 

·OH formation reaction, it has not given any signal related to DMPO-·OH adduct (Figure 

7.17b). Hence, it is rational to propose that the photoexcited electrons of POPs moves to VB 

of In2.77S4 and stabilizes the holes in POPs’ VB and electrons in the CB of In2.77S4 via Z-scheme 

process (Figure 7.17c, and 7.17d). Additionally, the higher signal intensity of In2.77S4(P6) 

compared to In2.77S4(P4) indicates more electron accumulation on CBM of In2.77S4 in 

In2.77S4(P6) compared to In2.77S4(P4), which is one of the reasons for better CO2 to C2H4 

activity of In2.77S4(P6) hybrid. Further analysis of charge transfer dynamics depicted the 

contribution of Z-scheme process in separating photo-excited charges. Figure 7.18a displays 

the steady-state photoluminescence (PL) emission spectra of the pristine POPs and their 

composites with In2.77S4. A significant PL intensity drop occurs on the In2.77S4/POP 

heterostructures relative to pristine POPs, meaning that the radiative recombination of 

photoexcited electrons and holes in both the POPs has been suppressed by the formation of the 

Z-scheme system, due to the facile charge transfer through the intimate interfaces. Furthermore, 

the time-dependent transient PL decay spectra in Figure 7.18b shows that the composite 

catalysts are having distinctly longer average life time (avg) of photogenerated charges than 

the pristine POPs, implying that there is significant charge separation due to facile interfacial 

charge transfer in the composites (Table 7.3). Relatively longer charge carrier life time of 

In2.77S4(P6) compared to In2.77S4(P4) can be due to better heterojunction formation with P6.21 

Apparent quantum yield (AQY%) was calculated for the best catalyst (In2.77S4(P6)) using 

different excitation wavelength and an excellent synergy between overall photocatalytic 

activity and Z-scheme mechanism was observed (Figure 7.18c).21 Up to 500 nm excitation the 

AQY% was following absorption spectra where both POPs and In2.77S4 has light absorption 

ability. After that the AQY% has fallen dramatically because POPs cannot harvest later part of 

solar spectra. Therefore, the photogenerated holes in In2.77S4 are not getting annihilated by the 

photogenerated electrons of POPs resulting electron-hole pair recombination. Hence confirmed 

that photocatalytic activity greatly depends on Z-scheme mechanism.  
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Table 7.3. Parameters of the TRPL decay. The data was fitted using the following equation. 

A+B1exp(-t/1 )+B2exp(-t/2 )+ B3exp(-t/3 )  where, B1, B2 and, B3 are the pre-exponential 

factor (amplitude) corresponding to decay lifetimes of 1, 2 and, 3  respectively. Here avg is 

the average life time calculated by avg= (B11
2+B22

2+B33
2)/(B11+B22+B33).

36 

Sample 1(ns) 2(ns) 3(ns) B1 B2 B3 avg(ns) 

P4 0.16 0.32 0.64 22.59 66.76 10.65 0.044 

P6 0.17 0.35 0.71 18.02 74.81 7.17 0.040 

In2.77S4(P6) 0.22 0.45 0.9 23.95 62.42 13.63 0.14 

In2.77S4(P4) 0.28 0.56 1.13 27.41 18.96 53.63 0.11 

 

Figure 7.18. (a) Static PL of  In2.77S4/POPs composites and other pristine individual catalysts. 

(b) Time-resolved photoluminescence (TRPL) decay spectra of In2.77S4/POPs composite and 

pristine catalysts. (c) AQY% calculation along with the absorption spectra of In2.77S4(P6) to 

understand the relationship between observed photocatalytic activity and Z-scheme charge 

transfer process. (d) Operando ESR spectroscopy with In2.77S4/POPs and pristine In2.77S4 in 

presence and absence of light illumination. (e) Light on-off experiment to understand cathodic 

photocurrent density of In2.77S4/POPs and its individual components at 0.1 V vs. Ag/AgCl. (f) 

EIS (Nyquist plot) shows the charge transfer resistance in the composites and pristine 

photocatalyst from bulk to surface respectively. 

mailto:In2.77S4@POPs
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Further evidence of charge carrier movements was understood from In-situ EPR 

experiment (Figure 7.18d). Encouragingly, the very sharp peak of In2.77S4(P6) and 

In2.77S4(P4) started diminishing upon light irradiation. Pure In2.77S4 has very weak signal. 

Therefore, the strong signals are mainly due to the presence of unpaired electrons in POPs 

which are annihilated by the holes of In2.77S4, resulting the decrease of EPR signal intensity 

after light illumination in operando condition. Given the fact that composites are generating 

more photoexcited charges, the light on-off transient photocurrent density was measured by 

coating all the catalyst on conduction electrode (FTO) (Figure 7.18e). The In2.77S4(P6) and 

In2.77S4(P4) generated better photocurrent than that of individual components and pure 

In2.77S4(P6) has better photocurrent generation ability than that of pristine POPs.37 Further 

evidence of charge transfer resistance was obtained upon electrochemical impedance 

spectroscopy (EIS, Nyquist plot) in Figure 7.18f. The In2.77S4(P6) and In2.77S4(P4) 

heterostructure catalysts exhibited much decreased charge transfer resistance (Rct) compared 

to pure POPs and In2.77S4,38 which is in accordance with the previous PL and TRPL study.39 

All these evidences firmly indicating the promoted charge transfer ability and positive 

contributions of POPs in composite systems enhance CO2 reduction ability under light 

irradiation. 

 Mechanistic study: It is worth mentioning that up to now, the full mechanism for CO2 

to ethylene formation by photocatalytic route was not reported as only a few works reported 

for CO2 to C2H4 formation via photocatalytic route. In our analysis we aimed to unwrap the 

complete mechanism for CO2 to ethylene conversion consisting of 12e- + 12H+ reduction 

process. Therefore, operando diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) was performed under light irradiation with In2.77S4(P6) catalyst (Figure 7.19).  

 

Figure 7.19. In-situ DRIFTS experiments of CO2 adsorption and reduction. In-situ DRIFTS 

for the adsorption of CO2 and H2O vapor in presence of 450 W Xe light illumination. 
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The peak attributed to mono and bidentate carbonates are observed at 1523 cm-1 and 

1402 cm-1.40 Evolution of IR peak at 1263 cm-1 corresponds to the C-O stretching vibration of 

*COOH which is regarded as the first and key intermediated of CO2 reduction process.41 

Interestingly, very small *CO stretching and vibration peak increment was observed at 2160 

cm-1 and 1747 cm-1 meaning the short life span of adsorbed *CO species.32 More importantly, 

the asymmetric stretching vibration peaks of *OCCHO at 937 cm-1 and for *C-C-O at 1009 

cm-1 were detected implying the coupling of 2 carbon species. The intermediate *OCCHO is 

regarded as the crucial one in producing multi carbon products, which was generated via 

selective protonation on *CO centre followed by C-C coupling.42 C-H and C=C stretching 

vibration peaks at 2960 cm-1 and 1645 cm-1 has appeared after around 30 minutes light 

irradiation and monotonously increased with light irradiation time directly infaring the 

formation of *CHOCH intermediate.43 This particular intermediate can further undergo proton 

coupled electron transfer process to produce C2H4. 

The broad OH stretching peak of water has appeared as a deep instead of peak, 

indicating the consumption of water molecule with the progress of rection. As discussed before 

the water oxidation reaction is multi fold higher than the C2H4 formation reaction, similar 

observation was found in operando DRIFTS where water consumption signal is much 

prominent than the CO2 reduction intermediate peaks. At around 3661 cm-1 one peak evolution 

was observed corresponding to OH group of adsorbed intermediates. Due to discrete position 

of these OH groups in intermediates, they don’t participate in H-bonding, not showing broad 

spectra.43 This information of intermediate can help in revealing the ethylene formation 

mechanism on In2.77S4(P6). In this context, DFT calculations were performed to identify other 

crucial intermediates in the course of ethylene formation reaction (Figure 7.20a-o) and can be 

divided into three major parts. prominent than the CO2 reduction intermediate peaks. At around 

3661 cm-1 one peak evolution was observed corresponding to OH group of adsorbed 

intermediates. Due to discrete position of these OH groups in intermediates, they don’t 

participate in H-bonding, not showing broad spectra.43 This information of intermediate can 

help in revealing the ethylene formation mechanism on In2.77S4(P6). Broadly, the formation of 

C-C coupled products *OCCO by 4e- + 4H+ or *OCCOH by 5e- + 5H+ processes (A) followed 

by the removal of oxygen (B) and formation of C2H4 from the C-C coupled intermediates (C). 

The reduction of CO2 to *CO through *OCOH intermediate is the common initiation for both 

*OCCO or *OCCOH. Proton coupled electron transfer (PCET) to slightly activated adsorbed 

CO2 over HU2 that yields *OCOH (2) is endothermic.  
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Figure 7.20. View of adsorbed intermediates (a) OCOH*, (b) COH* over HU2, and (c) 

OCCOH*, (d) C2O*, (e) OCCH*, (f) OCCH2*, (g) HOCCH2*, (h) HOCCOH*, (i) HOCC*, 

(j) HOCCH*, (k) CCH*, (l) HCCH*, (m) HCCH2*, (n) H2CCH2*, (o) CCH2* respectively. 

However, this endothermicity is compensated by high exothermic formation of CO (3) 

from *OCOH (2). Further, the less activated *CO (3) dimerized product *OCCO completely 
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breaks up to two *CO molecules upon optimization. Therefore, the slight endothermic 

formation (Figure 7.21a) of activated *COH (4) from *CO (3) was considered that favorably 

couple with the *CO, adsorbed over HU1 to form *OCCOH (5) which show its presence in 

experimental in-situ FTIR spectra. The intermediate *OCCOH (5) is stabilized by the intra-

molecular H-bonding in the cis form.   

 

Figure 7.21. (a) All possible pathways for the formation of C2H4 along with the corresponding 

free energy changes in between intermediates. CO2 to C2H4 formation was expressed in 3 

segments, A, B and C which are formation of *OCCOH, removal of O’ and formation of C2H4 

from carbide intermediate respectively. Each intermediate was named by numbers (1→16). (b) 

Free energy diagram for the most suitable pathway among all different possibilities of C2H4 

formation on In2.77S4(P) surface, respectively. 
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In the next part, removal of first oxygen from *OCCOH (5) can take place by either 

single protonation of -COH or subsequent protonation of -CO group followed by removal of 

H2O that produces *C2O (9) or *HOCC (7), respectively. Both *C2O (9) and *HOCC (7) are 

stabilized by extended conjugation, however, the formation of *HOCC (7) is more favorable 

than *C2O (9). This is because, the first protonation on -CO of *OCCOH (5) forms *OHCCOH 

(6) that is stabilized by the intra-molecular hydrogen binding as well as +R effect of trans OH 

group, hence shows better stability than C2O (9). For the second oxygen removal, further 

protonation of *C2O (9) or *HOCC (7) and subsequent oxygenate intermediates can occur on 

either C or O atom that finally form HOCCH (8) or HOCCH2 (12). Both the final oxygenate 

products are stabilized by the +R effect of -OH group. Hence, one step C-protonation of HOCC 

(7) favorably form HOCCH (8). On the other hand, during the formation of HOCCH2 (12) from 

C2O (9), by double C-protonation followed by O-protonation, the first C-protonation to form 

OCCH (10) is unfavorable due to the loss of extended conjugation stability of C2O (9). 

However, the subsequent C-protonation is favorable as the produced OCCH2 (11) is stabilized 

by tautomerization. Further, removal of OH from HOCCH2 (12) in the form H2O is more 

endothermic than in the case of HOCCH (8). This favors the formation of CCH (14) which 

participate in alternating proton acceptance mechanism that finally forms C2H4 (17).  

Considering all possible pathways, CO2 can yield C2H4 by 10 different mechanisms. Most 

favorable mechanism of these can be chosen on the basis of its least endothermic rate 

determining step (RDS). This is because the overpotential of a particular reaction mechanism 

depends on the potential of the RDS. The endothermicity is highest (0.86 eV) for the RDS of 

1st, 5th, 7th, and 9th of possible pathways and can be discarded (Figure 7.22, 7.25, 7.27, 7.29). 

For other mechanisms, this endothermicity decreases to 0.73 eV and hence, further refining is 

carried by considering the highest endothermicity of the steps other than RDS. Accordingly, 

4th and 8th mechanism show highest endothermicity of 0.64 eV and they are discarded further. 

(Figure 7.24, 7.28). In the remaining pathways endothermicity decrease to 0.57 eV (Figure 

7.21a, 7.23, 7.26, 7.30) and therefore, have highest probability to be followed for the actual 

reaction. Finally, due to the extra stabilization of *OHCCOH compared to *C2O the 2nd 

pathway (Figure 7.21b) has been selected as the suitable reaction mechanism of C2H4 

formation on charge polarized “In” centers. This mechanistic pathway rationalizes the 

synergistic endeavor of POPs and differentially charged coordinately unsaturated “In” centers 

for C-C coupling reaction. Moreover, the less selective CO formation by statistically less and 

isolated “In” centers are also validated by this unique approach. 
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Figure 7.22. Free energy diagram of 1st possible pathway. 

 

Figure 7.23. Free energy diagram of 3rd possible pathway. 2nd possibility as depicted in Figure 

7.21b. 

 

Figure 7.24. Free energy diagram of 4th possible pathway. 
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Figure 7.25. Free energy diagram of 5th possible pathway. 

 

Figure 7.26. Free energy diagram of 6th possible pathway. 

 

Figure 7.27. Free energy diagram of 7th possible pathway. 
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Figure 7.28. Free energy diagram of 8th possible pathway. 

 

Figure 7.29. Free energy diagram of 9th possible pathway. 

 

Figure 7.30. Free energy diagram of 10th possible pathway. 
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7.6.  Conclusion 

We have developed a photo-active In2.77S4 flower and POP based porous photo-

composite In2.77S4(POP), which upon illumination converts CO2 to ethylene (C2H4) 

selectively. To best of our knowledge in photocatalytic systems, this is the highest ever 

performance reported in the literature. XPS and XAS results showed the presence of In atoms 

with different charges in In2.77S4. The surface reaction sites of our newly developed porous 

photo-composite In2.77S4(POP) builds up with four coordinated In2+ and six coordinated In3+ 

sites which play a vital role in CO2 to multi-carbon (C2+) product formation. Moreover, the 

synergistic effect of POPs and In2.77S4 enhanced the overall CO2 photo-reduction performance 

via rarely observed Z-scheme pathway rather than type-II mechanism. Further, for the very 

first time we have identified key reaction intermediates, systematically investigated all the 

plausible mechanistic pathway, and established the structure activity relationship for light 

illuminated CO2 to C2H4 formation with the help of in-situ DRIFTS and DFT analysis. Our 

detailed analysis sheds light on the most favorable mechanistic pathway, which can yield 

mainly CO2 to C2H4. This work offers a new paradigm to accomplish CO2 to multi carbon (C2+) 

product formation under visible light illumination. 
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Chapter 8 

Summary and Future outlook 

Photocatalytic CO2 reduction is one of the emerging potential ways of cultivating 

renewable energy sources. It is considered as a green method as it uses abundant sunlight and 

water. Therefore, this particular area was chosen in this work for the production of high-energy 

dense fuels as alternatives to the existing energy sources. The initial chapters focused on the 

conversion of CO2 to high market demanded C1 fuels such as methene and methanol. Although 

the production of these chemicals from CO2 were highlighted in various platforms including 

publications and patents, this thesis introduces novel approaches to generate, rather discover 

novel catalysts to improve the efficiency and selectivity. While executing this research an 

important observation opens up an unwrap area of photocatalysis. The photolysis of organic 

additives under UV-visible light was seen. Unfortunately, these photolyze products are similar 

to CO2 reduced products. Hence, this provides guidelines about the judicious selection of 

solvents for PCR, which is discussed in Chapter 2.  

In the next chapter (Chapter 3), methane was synthesized from CO2. The introduction 

of second semiconductor provides extra room to the first semiconductor for strain relaxation 

when they form heterostructure. To the best of our knowledge, strain relaxation concept in PCR 

reporting for the first time, which helps in obtaining very high yield and more than 99% 

methane selectivity. The restrictions of carbide mechanism on oxide semiconductor catalysts 

were also demonstrated for the first time. Methanol was the next target (Chapter 4), because 

of its niche market in global standard and can be generated by stopping the reduction process 

just one step ahead of methane formation. Here, oxygen vacancies were introduced deliberately 

to activate CO2. On the other hand, Bi2MoO6 was added as electron donor. In the meantime, 

the concept of charge polarization has been efficiently exploited for C-C coupling reaction. 

Bi19S27Cl3 was chosen for this purpose because it has 3 different Bi centers. Interestingly, 

ethanol was obtained as the major product. Here, COCOH* intermediate was identified as first 

C-C coupling step. For further understanding, the investigation was done on Bi2S3 as well 

having only one type of Bi center. However, only C1 products were found. Since the ethanol 

formation efficiency found less in this work, we extended our focus to boost the activity of 

ethanol formation as discussed in Chapter 6. Low-cost red phosphorus was used as a catalyst 
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along with Bi2MoO6. Record high amount of ethanol was produced even under direct sunlight 

and in various weather conditions. From primary kinetic isotopic analysis, two OCH3 coupling 

process was proved. Thereafter in Chapter 7, a spinel compound having metal with two 

different oxidation states was employed for facilitating C-C coupling process. Spinel catalyst 

was wrapped by porous organic polymer for availing synergistic effect of better gas adsorption 

and light absorption. Very high amount of ethylene (highest as per the current literature survey) 

was generated by this strategy. Moreover, the ethylene formation mechanism was established 

for the first time from the DFT calculation in the field of PCR. This step wise progress of our 

work is given in Scheme 8.1. The motivation of these studies was obtained from previous 

pioneering studies which are discussed in brief in Chapter 1. We believe that our findings will 

provide some important scientific insight in the field of CO2 reduction, photocatalysis, 

heterogeneous catalysis, green or environmental chemistry and renewable energy. 

 The improvisation of science and technology requires several additional optimizations 

by using various advanced techniques. Since the mechanism involved in the conversion of CO2 

to chemicals and fuels are complex in nature, more deep advanced analysis by different 

methods in combination with theoretical calculations required. Our discovery motivates to 

explore some excusive ideas on halide perovskites, plasmonic and covalent organic framework 

based photocatalytic systems. Supramolecular photocatalysts, Mxenes, bioinspired catalysts 

etc are emerging materials, where several chemical concepts can be modulated. Photo-

electrocatalysis, photo-thermocatalysis, and plasmonic catalysis are the 3 major segments 

expected to have more avenues on testing PCR.  In this thesis work I have explored in-situ IR 

and in-situ EPR study, which are absolute jewels in PCR. However, PCR is still limited 

compared to thermo and electrochemical methods because of the feasibility issue. In-situ 

Raman spectroscopy can be explored, which can monitor surface modification during catalysis 

and complementary to IR or even beyond when IR is inactive. This thesis motivates to 

investigate this particular phenomenon and its effect on overall catalysis by in-situ XPS, 

EXAFS and TEM. Artificial intelligence has predicted several outcomes of rigorous 

experiments. However, its use not yet explored in PCR due to  thelack of adequate amount of 

data. Finally technoeconomic analysis and life cycle analysis can help to take the laboratory 

technology towards the commercialization.  



Design and Development of Metal Oxides and Chalcogenides for Solar Fuel Synthesis from Carbon Dioxide 

 

268 

 

Scheme 1. Systematic development of photocatalysts for producing solar fuels from CO2 

reduction, starting from C1 to multi-carbon products. 
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