CHAPTER 1
INTRODUCTION TO PHOTOELECTROCHEMICAL CELLS
1.1. Introduction
The term Photo electrochemical cell (PEC) as the name suggests combines electrochemical cell reactions facilitated by light and these devices therefore are capable of converting light energy into electricity or chemical energy.  They can be used in a variety of ways, including:
(1) Generating Electricity: Some PECs generate electricity directly from light, similar to dye-sensitized solar cells and hence they are denoted as photovoltaics.
(2) Producing Hydrogen: PECs can produce hydrogen from water through a process similar to electrolysis. This process uses specialized materials called photo-electrodes which are capable of absorbing photons to convert solar energy into hydrogen gas (fuel)
(3)  As Sensors: Detecting metal ions: PECs are used as analytical tools to detect metal and monitor ions in a sample.        
(4) Biochemical Applications: Controlling cellular processes: PECs can be used in research studies to control cellular processes. 
(5) PECs are being utilized in the production of value added chemicals from carbon dioxide and dinitrogen.
(6)  Challenges:  While PECs hold promise for sustainable fuel generation, challenges like efficiency, stability, and cost need addressing. Current  research focuses on finding new materials and configurations to enhance PEC performance. However improving the efficiency of the process is one of the goals of ongoing research activity.
(7) Integration with Solar Energy Systems: As PECs develop; they can be integrated with traditional solar energy systems to create hybrid solutions that produce both electricity and chemical fuels from sunlight.   There can be other applications like in the synthesis of value added chemicals, converting waste materials into useful energetic materials and others and the list is left to the imagination of the reader.
 PECs work by activating a semiconductor or photosensitizer component with light. The activated component then generates electricity or drives chemical reactions.  PECs have the potential to contribute to a clean energy future by generating power and clean fuel, and by reducing CO2 and removing waste. However, the production of PECs and their infrastructure can consume significant amounts of energy, water, and other resources.
1,2, Configuration of Photo Electrochemical cells (PEC)
Let us consider the configuration of a photo electrochemical cell. An electrochemical cell consists of ionic conductor that is the electrolyte and electronic conductor are the electrodes. In essence, in electrochemical cell, the ion transport takes place in the electrolyte medium and the electron transport takes place in the external circuit so that we can use a load in the external circuit. .Photo electrochemical cell configuration is also similar to electrochemical cell, but a semiconductor replaces the conductor so that photon absorption can take place corresponding to the band gap of the semiconductor.so that electron hole pair (or an exciton) is generated by excitation of an electron from the valence band to the conduction band of the semiconductor. These charge carriers when participates in a chemical reaction in the electrolyte the electrochemical reaction takes place. Generally, the ion transport takes place within the cell and electron transport takes place in the external circuit where a load can be introduced to utilize the electricity. A schematic diagram of a PEC cell is shown in Fig.1. Wherein the semiconducting electrode is exposed to light radiation and the reactions taking place at the two electrodes are shown.
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Fig.1. The configuration of a pec cell and the reduction and oxidation taking place are shown by the participation of electron and hole generated by light irradiation.

It is seen that PEC is essentially a Three-Component System: A typical PEC consists of a photo-anode, a counter-electrode (or cathode), and an electrolyte. The photo-anode absorbs sunlight, initiating mainly the reduction reaction by the electrons like in water splitting reaction.  In the evolving landscape of renewable energy technologies, Photo electrochemical Cells represent a bridge between solar energy conversion and chemical energy storage, potentially unlocking new sustainable pathways for energy generation and storage.
The development of efficient Phot-electrochemical Cells could revolutionize the renewable energy sector by offering a sustainable method to produce hydrogen directly from sunlight and water. In essence, the storable form of energy.  In a way, PEC can be considered manmade artificial Photosynthesis.
In short, the ladder to achieve the desired goals by exploiting PEC for energy conversion process involves many critical steps.   The first step is to identify appropriate materials (availability, non-toxic,), this step is followed by preparing them in the form so that light absorption takes place in a facile manner. This efficiently increased use of the light absorption capacity of the material, suitable photo-sensitizers (some typical materials are metallic-porphyrins, phthalocyanines, and ruthenium polypyridyl complexes or inorganic absorbing materials like  cadmium sulfide (CdS) and cadmium selenide (CdSe)  or quantum dots of copper indium sulphide (CuInS2) ) can be coupled with the chosen photo-absorbing materials. The materials so chosen should be such that charge separation and charge transfer (facilitated by electron mediators like cobalt or copper bipyridine or cobalt/copper pthalocyanin complexes), takes place at the appropriate centres (with suitable catalysts) in the material.   All these steps are at present the challenges one faces and suitable strategies have to be evolved for each step, and all the available opportunities have to be explored. This concept is pictorially shown in  Fig.2. 
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.
Fig.2. Pictorial representation of the scope of activities in achieving or making the PEC as a viable tool for the energy conversion process.
1.3. Why do we study Photo electrochemical cells?
It is necessary to understand why the entire scientific community is focusing on renewable form of energy sources?   The available solar radiation is around 3 X 1024 J/year and the annual requirement for the world is around 5.5 X 1020j/year.  The energy stored by photosynthesis (we are harnessing energy in the form of carbohydrates) is 3 X 1021J/year and it is seen that we need only about 0.02 % of solar energy to fulfill the needs of the entire world.   This means if we know how to harness solar energy effectively then there is no question of shortage of energy sources for the earth.
There is yet another reason to focus our attention on this topic.   There are many interfaces and this branch of science deals with the interface semiconductor/electrolyte interface and this interface have interesting science content and hence it deserves a separate treatment and attention.
As we know, there are essentially, two forms of solar cells.  One that converts light energy directly into electricity and they are termed as photovoltaic devices. Whereas the other form namely  photo electrochemical cells in which the light energy is stored in the form of chemical energy (fuels). The photovoltaic devices are essentially a solid-state device, while photo electrochemical cells involves a solid solution interface and in a sense, it is similar to electrochemical cells.  Another form of photovoltaic cells are the so-called Dye Sensitized Solar cells (DSSC) .These type of cells are fast developing and a separate consideration is required for this topic. DSSC can be considered one another version of photo electrochemical cells in the sense the charge separation and transfer process are more or less similar to what is taking place in Photo electrochemical cells. 
The scientific events taking place in these devices are microscopic in nature, the action or process is controlled in the nanometer scale of the interface. The consequences of the field effects (both light and electric fields) are mainly in this region and it is necessary that one clearly understands these aspects effectively...
1.4. Challenges in increasing the efficiency of photo electrochemical cells (PEC). 
There are various aspects of Photo electrochemical Cells that have not reached the desired levels or optimum conditions. The correct choice of material that can absorb light radiation optimally and also in the energy range (mostly visible range) has not yet been identified.   There are a number of elemental and compound semiconducting materials with a variety of ways of sensitization ( doping, phase identity, coupling, and many other configurations like Z or S-scheme configurations) have been examined but still the levels of efficiency is still lacking behind the efficiency of silicon based solar cells. This has been a frustrating experience for the developers. The recombination of electrons and holes after they are formed by light radiation has to be reduced.   The recombination centres have to be eliminated or reduced. This has been another intense area of development.  
Plasmonic enhancement is another strategy for improving the light-harvesting efficiency of photochemical cells. Plasmonic nanoparticles, such as gold and silver, can concentrate and scatter light, leading to enhanced absorption by photosensitizers [. Several studies have demonstrated the benefits of incorporating plasmonic nanoparticles into photochemical cells, resulting in increased power conversion efficiencies.
The performance of photo electrochemical cells can also be improved by optimizing the interfaces between various materials in the system. Proper interface engineering can enhance charge separation and transport rates, reduce recombination losses, and, ultimately, increase overall efficiency. 
1.5. Remarks
It is clear that many of the aspects of Photo electrochemical cells are still under development .Proper understanding of the interface science is essential for achieving the desired levls of success in these devices. .Photo-electrochemical cells in a sense are a mimic of natural photosynthesis process and the phenomenon of photosynthesis is a ladder like process where the potential of the species are automatically so adjusted for efficient transfer and this must be replicated in the laboratory redox systems. Nature always holds the key and it is up to us to make use of it to unlock the mystery. 
Though our understanding of natural photosynthesis appears to be good, we have yet to learn how to mimic the same in the laboratory. Natural photosynthesis consists of two components called photo system I and II and these systems together harness solar energy efficiently to convert carbon dioxide into carbohydrate. This process involves many intermediate agents, which facilitate the electron transfer process smoothly. This is where the human made artificial photo-synthetics appears to be struggling since natural agents have appropriate redox values for the smooth transfer while in the laboratory one has only specified redox chemicals. The adjustment of redox values is also not so smooth as in natural process [8]. Photo-electrochemical splitting of water may also have such limitations and hence could not achieve the desired levels of efficiency.
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Chapter
Photo-electrochemical Cells (PECs) for Organic Synthesis and Transformations

Introduction
The utilization of solar energy for organic transformations is also another way of exploiting the inexpensive, abundant non-polluting and renewable source of energy.2 Scientists have found that the potential of PECs was not limited to the hydrogen production from water, and other applications of PECs can be advantageous. The applications of PEC thus expanded to the fields of fuel production, conversion of carbon dioxide, reduction of dinitrogen and pollutant degradation.   These aspects have been already considered... However, the application of PEC in organic synthesis and transformations was limited.  Various oxidizing photoanodes, such as BiVO4 and WO3, have been employed to realize organic redox reactions. Different reaction types, such as the oxidation of simple substrates, C–H functionalization and R1-H/R2-H cross coupling reactions, have been successfully achieved in PEC cell systems this aspect is pictorially shown in Fig.1... This organic transfer system in PEC cells has become a powerful strategy for the construction of high value-added chemicals, which has emerged as an atom-economical, environmentally friendly, and energy saving method in organic chemistry.
The obvious advantage of chemical reactions in PECs is the reduction of external bias, thereby saving electricity. Notably, organic system reactions in PECs mostly work under metal-free and chemical oxidant-free conditions... With the use of a photoanode as the electrode material, the use of external power can be avoided and the applied voltage can be restricted... At present, PEC cells have no obvious advantage regarding the control of reactivity and selectivity. Organic transformation in PECs may avoid excessive oxidation and reduce side reactions to obtain better chemical selectivity due to lower external bias. 

Simple Oxidation Reactions in PECs
In this section, let us consider some typical organic oxidation reactions that have been already realized, 5-Hydroxymethylfurfural (HMF) is a key intermediate in biomass conversion, and 2, 5-furandicarboxylic acid (FDCA) is an important monomer for the production of numerous polymer materials.  effort has been made to achieve the conversion of HMF into FDCA. Although the methods are efficient, the requirements for transition-like metal catalysts, high-pressure O2 or air (3–20 bar), an alkaline aqueous solution (pH ≥ 13), and elevated temperatures (30–130 °C) are general drawbacks of the conventional process.8 Thus, it is attractive to find a mild, efficient synthetic strategy to carry out this valuable transformation.
 TEMPO-mediated electrooxidative reaction of HMF for the synthesis of FDCA in a photoelectrochemical cell was reported in 2015. The schematic versions and the chemical transformations taking place in the conversion of HMF are shown in Fig.2.9 Employing an n-type BiVO4 material as the oxidation photoanode and a platinum plate as the reduction cathode in the presence of TEMPO as a mediator, HMF can convert into FDCA with a near-quantitative yield and 100% faradaic efficiency at ambient conditions without the use of precious-metal catalysts.. The study suggests that PECs can be used in producing high value-added chemicals from simple organic substrates by photoanode oxidation processes and this process can be carried out at much lower applied potential by proper choice of photo anode. In this case, the material used is BiVO4.
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Fig.1. Schematic representation of substrate transformations in a PE Cell.
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Fig.2. the reactions involved in HMF oxidation is shown in (a) and the PEC and conventional electrochemical process for this conversion is shown in b and c respectively.
Eince the PEC route avoids the use of expensive and toxic chemicals, this methodology appears to be promising... In 2017, photoelectrochemical alcohol oxidation and C–H functionalization in PEC cells were reported.. Employing a BiVO4 electrode as the photoanode, MeCN as the solvent, and NHPI as the electron transfer reagent, benzyl alcohol, cyclohexene and 1,2,3,4-tetrahydronaphthalene could furnish the corresponding ketones in moderate to good yields . The processes considered are pictorially shown in Fig.3. Compared with traditional chemical oxidation conditions, the PEC  method avoids the use of other additives, such as metal catalysts and strong oxidants, which may cause pollution problems. Moreover, this photoelectrochemical oxidative reaction was accomplished by using sunlight as the single energy source, which can reduce the applied voltage of an EC oxidation process by 1 V.. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s3_hi-res.gif] 
Fig.3. PEC cells for oxidation of organic substrates in organic media.
Thus similar  photoelectrochemical oxidation of benzylic alcohol derivatives on BiVO4/WO3 under visible light irradiation has also been reported. This study is shown in Fig.4. A BiVO4/WO3 composite photo electrode in aprotic organic media was used and the oxidation reaction proceeded and generated the corresponding ketones in up to 97% yield. The recyclability of this electrode material was also known. It was noted that the TON of products to BiVO4 was approximately 1200. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s4_hi-res.gif]
Fig.4.  The photo-assisted electrochemical oxidation of benzylic alcohol derivatives.
The transformation of n-butanol to 2-ethylhexenal by tandem enzymatic oxidation and aldol condensation in a PEC system by employing BiVO4 as the anode material was also reported. Direct C–H activation reactions was reported. This process attracted attention in organic synthesis because this reaction can often improve the atom- economy. Over the past decades, many methods have been developed, including transition-metal-catalyzed C–H activation and electrochemical C–H activation.  In order to achieve specific reactivity for C–H activation under mild conditions, a novel photo-electrochemical C–H bond activation reaction of cyclohexane using a WO3 photoanode and visible light in air at room temperature and atmospheric pressure .This process is shown in Fig.5. The oxidation ability of h+ at the valence band potential of WO3 is almost identical to that of TiO2 (+3.1 V vs. RHE), and the conduction band potential of WO3 is +0.5 V vs. RHE. In this strategy, excellent partial oxidation selectivity up to 99% and apparent faradaic efficiency (76%) could be obtained and the IPCE at 365 and 420 nm were 57% and 24%, respectively. The possible mechanistic aspect has also been suggested...
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Fig.5. PEC cells for C–H bond activation of cyclohexane.
.
A selective photoelectrochemical dimethoxylation reaction between furan and MeOH by using a composite n-type semiconductor BiVO4/WO3 photoanode and Br+/Br− as a mediator, with excellent faradaic efficiency up to 99% was reported. This process is shown schematically in Fig.6 The utilization of photoelectrochemistry instead of an electrochemical method under dark conditions tactfully addressed the challenge of avoiding side reactions, such as the oxidation of MeOH and the methoxylated product. In addition, the applied potential in this system could be decreased by using solar energy as proved that in photoelectrolysis the applied potential decreased from 1.2 V  in dark to O under irradiation.  The bromide ion plays an important role in the transformation process; only a trace amount of product was detected in the absence of Et4NBr as a Br− source. The addition of Et4NBF4 as a co-supporting electrolyte also improved the efficiency of the dimethoxylation.
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Fig.6. Plausible mechanism for photoelectrochemical dimethoxylation of furan with Br+/Br− as a mediator.

C–H functionalization and R1-H/R2-H cross coupling in PEC cells
Recently,  a novel photoelectrocatalytic C–H amination of arenes and pyrazoles  has been realized. This process is shown in Fig.7. In this reaction, a haematite photoanode was used as the electrode due to its low cost, high stability and suitable bandgap of 2.1 eV for strong visible light absorption; compared to organic photoredox catalysts, such as acridinium, haematite (2.3 V versus the standard hydrogen electrode).. Using LiClO4 as the supporting electrolyte, HFPI/MeOH (4 : 1) as the co-solvent, and blue LED as the light source, various arenes could be converted to the corresponding substituted N-heterocycle products in up to 89% yield.
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Fig.7. PEC cells mode  for C–H amination reaction  of arenes.
Organophosphorus compounds, especially α-amino phosphonates, are a valuable skeleton widely present in materials chemistry, agrochemicals, and biochemistry. Most of the reported methods for their synthesis suffer from various disadvantages such as the need for metal catalysts, stoichiometric oxidants or directing groups. PEC cells, as a valuable electrochemical synthetic tool to save energy in organic synthesis, can solve these problems. An energy saving electrochemical synthesis method in PEC cells to achieve P–H/C–H cross coupling with a hydrogen evolution strategy between amines and P(O)H compounds has been realized. These typical reactions are shown in Fig.8. By using BiVO4 as a photoanode and NHPI as a mediator, a series of organophosphorus compounds were produced in good to excellent yields with hydrogen evolution. In addition, this approach showed good functional-group tolerance and broad substrate scope. Importantly, nearly 90% external bias input was saved to achieve this conversion by the use of PEC cells as the reactor (0.1 V vs. 0.5 V for the BiVO4 PEC system and glassy carbon EC system). Generally, chemists are considering using PEC cells to achieve organic reactions because this method can avoid energy waste. In this transformation, they successfully proved that PEC systems can considerably decrease the applied voltage for C–P bond construction, and serve as viable methods to realize selective redox transformations under efficient and energy saving conditions through electron transfer on the electrode surface.
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Fig.8.  PEC cells for phosphorylation of C–H bond.
Dye-Sensitized Solar cells (DSSC) are another version of the solar cell configurationfor the conversion of light energy into electric and chemical energy. Recently,  visible-light-induced α-oxyamination between 1,3-dicarbonyls and TEMPO via a photo(electro)catalytic process using visible light as the energy source was reported. This process is shown in Fig.9. By using a DSSC anode or a DSSC system, the cross-coupling of 1,3-dicarbonyls and TEMPO occurred smoothly, leading to a series of α-oxyaminated carbonyl compounds in good to excellent yields (32–97%). These process has the advantages such as easy separation, environmental protection, low energy consumption, and sustainability. The repeatability of the use of the DSSC anode  was also established. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s11_hi-res.gif]
Fig. 9. PEC cells for α-oxyamination of 1,3-dicarbonyls.
Conclusion
The successful development of photoanode oxidation has been converted into as a powerful tool in organic synthesis, a wide range of oxidative C–H/X–H (X = N, O, P, etc.) cross-coupling reactions have already been reported. In this section a few typical examples are given. A wide range of efficient and green methods for directly forming C–N, C–O, and C–P bonds have been developed. Generally, PEC cell photoelectrochemical systems use the oxidizing power of photoanodes, such as BiVO4 and WO3, for this transformation under metal- and chemical oxidant-free conditions. Compared with conventional electrochemical systems, PEC systems probably operate at lesser potential bias and thus save  energy. However, there are some limitations of the utilization of photoelectrochemical cells for organic synthesis, such as a more complex set-up, which is a major hurdle for reaction scale-up. Although various photoelectrochemical organic reactions have been studied in recent years for the construction of carbon–heteroatom bonds, there are still some challenges: Some of them are: Methods for constructing carbon–carbon, other carbon–heteroatom and heteroatom–heteroatom bonds in PEC systems are relatively limited.        Single electrode type and narrow substrate scope.   Low chemical- and region-selectivity in this transformation.  Hopefully, future extensive studies of photoelectrochemical methods in PEC cells can enrich complicated reaction types by utilizing new electrode materials and/or the addition of transition metal catalysts or organic small molecule catalysts. The photoelectrochemical oxidative reactions with hydrogen evolution have thus great scope.
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CHAPTER
DYE SENSITIZED SOLAR CELLS


Sensitization on our energy needs on earth is an important area one has to focus. Human beings normally are sensitized on many other counts and reasons, but their concern for the essential need namely energy seems to be not to the proportion it deserves.   This may be due to the fact that nature for centuries have provided the essential resources but the human kind has been over utilizing these natural resources and hence this alarming situation has come to threaten to human life on earth.    Considering, sensible population growth and power generation possibility, the projection for the power demand worldwide in 2050 is around 28 terawatt (TW).  Solar power has the necessary potential to fulfil the requirement of renewable power sources in the near future globally. A helpful Earth-bound global worldwide solar power prospective is estimated at about 600 TW through the 1.7 × 105 TW solar energy that strikes the surface of our planet. Therefore, making use of 10% productive ranches that are sunlight-based, about 60 TW of energy could possibly be provided. With this aim, various attempts have been made in the last two or three decades to develop solar cells which are economically viable and with acceptable efficiency. 
 The photoconversion efficiency chart of several types of solar cells, including DSSC, based on NREL data base(USA) year-by-year analysis from 1980  is given in Fig,1, 
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Fig 1.  Year-wise  status of the efficiencies of different PV technologies. Reproduced with permission from National Renewable Energy Laboratory, Golden, CO.
. It is to be noted that  over the past two decades, no material has yet been found to increase the efficiency of DSSCs, though  photovoltaic technologies have been improving in a relatively short time of just one decade. Most of the research on DSSC have been directed at creating DSSCs that are affordable, ecofriendly, stable, and effective.. On exposure to light, dye molecules generate photoexcited electrons, and are thus, regarded as the most crucial part of DSSCs. Organometallic dyes based  on ruthenium are the most effective dyes for DSSCs (N3, N719, N749, etc.).
Though material selection has many limitations in terms of availability in the form required, their processing method and cost and other manufacturing challenges, we will first focus on realizing the required   efficiency of the DSSCs. A simple schematic outline of a DSSC is shown In Fig.2.
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Fig.2. A Schematic Diagram of a  DSSC. {Figure from ref. 1.}
It is seen that a DSSC framework consists of four fundamental parts. They are:
1.  Photoanode fabricated from usually a mesoporous oxide layer (most often, titanium dioxide) kept on a transparent conductive glass substrate.
2.  The dye monolayer covalently attached to the surface of the photoanode  (commonly titanium dioxide layer) for light harvesting and produces electrons that are  energized.by photons
3. In an organic solvent, the electrolyte having the I−/I3− as the redox couple together with the electron at the counter electrode and the recovery or regeneration of the effecting sensitizer.
4.  Conductive glass substrate fully covered by platinum, which made the counter electrode.
This, it is seen that DSSC is one of the simple device to harness sun’s energy and convert the same into electricity. Though conceptually to design it is simple, DSSC has limitations on the choice of materials as mentioned. This aspect requires careful consideration.
The architecture of DSSCs consists of two essential  parts or electrodes , one of which is platinum-deposited on graphite-sheet which is the working electrode, and the other of which is a thin film crystalline semiconductor with a sufficient band gap (for example titanium dioxide) sensitized with a complex dye. An electrolyte solution covers the distance between two electrodes and thus forms the contact medium.. . The dye will absorb photons and thus give rise to electron hole in two energy states.(namelyoccupied and unoccupied states). Which are activated by the photon energy absorbed. when exposed to sunshine. The ingested sensitizer particles shall infuse electrons into the titanium dioxide working electrode and, in this way,the dye is  oxidized. Partition of charge attain over the interface of semiconductor, where in titanium dioxide an electron is located, and a hole is retained in the oxidized dye particle. The electrons will then pass through the titanium dioxide permeable system and eventually reach the working electrode's back contact, where the accumulation and extraction of charge will occur. The removed charge can perform electrical work in the outer circuit in this manner and finally come back to the counter cathode, where a decrease in the redox mediator happens. The oxidized dye can regenerate by the liquid redox electrolyte.   This is the simple description of the working principle of a DSSC.
The light harvesting capacity of the dye sensitizer in the DSSC, depends on certain features. In addition, the dye sensitizer should not affect the charge transfer at the interface.. The chemical composition and structure of the chosen dye can also  affect and drive electron infusion forward into the conduction band of the semiconductor. The important components of dye-sensitized photovoltaic cells (DSSCs), must meet a few basic requirements. They are:
(1) The photosensitizer's absorption band must encompass the full visible spectrum, as well as a portion of the adjacent infrared spectrum (NIR). Of the solar radiation.
(2) Anchoring units (–COOH, –H2PO3, –SO3H, etc.) should be included in the photosensitizer to keep the dye firmly attached to the surface of the semiconductor and are not leachied out during operation..
(3) The photosensitizer's energized phase dimension must be greater in energy than the n-type semiconductor's conduction band edge (n-type DSSCs) for a productive electron transfer activity between the energized dye and the semiconductor's conduction band (CB). In p-type DSCs, the photosensitizer's HOMO level should be at a higher positive potential than the p-type acceptor level of the semiconductor valence band (VB).
(4) For sensitizer recovery, the photosensitizer's oxidized form ought to be greater than the redox electrolyte capability.
(5) Adverse dye accumulation on the surface of the semiconductor should be avoided by improving the dye's subatomic structure or by expanding the co-adsorbent that inhibits agglomeration..
(6) The photosensitizer must be photostable, and it must  be electrochemically and thermally secure. A wide range of photosensitizers, including metal-free, natural dyes,29 porphyrins, and phthalo cyanines, have been constructed and connected to DSSCs in recent decades in response to these requirements.
(7) Research is currently being done to enhance dye designs that can  provide high power conversion efficiency.. 

Selection of Materials for DSSC

The selection of materials for DSSC applications is an important component of this technology. There have been consistent developments in this area. In this section,  only the recent developments in this area will be considered.
Selection of Substrate:
Fine conductive glass is commonly used as a substrate because of their low cost, availability, and better optical transparency in the spectral region of the electromagnetic radiation.. Conductive covering (layer or film), as fine transparent conductive oxide, is saved on one side of the substrate. This film is  essential since it permits sunlight to enter the cell as the directing electron bearers to the external circuit. Transparent conductive oxide materials, such as indium-doped tin oxide or fluorine-doped, are normally employed.  On the conducting side, the nanostructure wide band gap oxide or other semiconductor (electron acceptor) is deposited, linked, fabricated, or produced.

Photo-electrode                                                                                                                                     

    The nanostructure material of semiconductors is connected to a translucent leading substrate to form the photo or working electrode in a DSSC. Titanium dioxide has been the extensively used  semiconductor material (anatase band gap 3.2 eV). Titanium dioxide is a cheap, harmless, and abundant substance. TiO2 nanoparticles usually comprise of 15–30 nm particle size and thickness of 10–15 μm. Screen printing and specialty blading are the most common deposition procedures for film readiness. Prior to the sintering procedure, colloidal titanium dioxide viscous glue is deposited on a substrate in one of the two approaches. Sintering is usually done around 773 K.. The rise in temperature causes electrical contact between the nanoparticles, resulting in the permeable nanostructure electrode being formed. The electrode is dye sensitized by immersing it in a dye solution for a set time...
The utilization of a mesoporous titanium dioxide electrode with a good inner surface area to help a sensitizer monolayer was the way to achieve the successful DSSCs in 1991. Although titanium dioxide36 still has the highest efficiency, many metal oxide frameworks, such as zinc oxide, SnO2, and Nb2O5, have also been explored. In contrast to these fundamental oxides, ternary oxides such as SrTiO3 and Zn2, SnO4 have also been studied, as well as center shell structures such as zinc oxide-covered SnO2. Huge efforts have also been made in recent years to streamline the nanostructured terminal shape, also with a huge series of nanostructures have also been tried, ranging from irregular clusters of nanoparticles to sort out arrays of nanotubes and single-crystalline nanorods.  The dye sensitized solar cell inner resistance affects the fill factor, conversion efficiency, and conductivity of substrates. 

Sensitizers
Very many efforts have been undertaken to develop various sensitizers, which can be classified into the following categories: (1) natural dyes, (2) perovskite-based sensitizer, (3) QD sensitizer, (4) metal-free organic dyes, (5) mordant dyes, and (6) Ru-complex dyes. 
Based on their structure, the dyes used in DSSC are divided into two main types: organic dyes and inorganic dyes. Organic dyes include both natural and synthetic dyes, whereas inorganic dyes include metal complexes such as polypyridyl complexes of ruthenium and osmium, metal porphyrin, phthalocyanine, and inorganic quantum dots. It was started with nano-crystalline TiO2 1991. The first efficient DSSC has been based on Ru(II)-polypyridyl dyes, and in subsequent years, the DSSCs have been based on Ru(II)-polypyridyl dyes. However, as time went on, various concerns emerged, such as the poor absorption coefficient. To effectively catch the entire  light, devices must be developed with TiO2 films thicker than 8 mm. In this approach, modifying dye sensitizer light absorbing qualities and controlling  electron exchange process through basic structure design of the dye sensitizer is an important avenue for improving the DSSC efficiency. 
In DSSC, sunlight capture is handled by the sensitizing dye. The sensitizer absorbs solar energy and thereby improves the cell's conductivity. A sensitizer should contain carboxyl and hydroxyl groups, which are necessary for good semiconductor binding and indicate the highest absorbance from visible to near infrared solar radiations that does not diminish quickly. Because the sensitizing dye plays such an important part in DSCC, a lot of effort has been invested into combining and testing new dyes. The ideal sensitizer should be consistent and capable of connecting to the side of the electron-directing substance.
They would be capable of retaining light at all wavelengths (λ) less than 923 nm, allowing them to cover the entire spectrum of light that reaches the Earth's surface while also increasing the efficacy. Because dyes are an essential component of DSSCs, there is no doubt they have captured the major interest of researchers. The three types of sensitizers are metal-complex sensitizers. In nature, metal complex sensitizers are costly, scarce, and harmful. Metal-free natural sensitizers have shown to be less effective, and the dyes' basic difficulties are their convoluted synthetic process. Natural dyes are in the form of carotenoids, anthocyanins, betalains, and chlorophyll pigments taken from blooms, natural products, plants, leaves, and roots. Natural dyes sensitized solar cells (NDSSC) have lower efficiency than metal-complex and metal-free natural sensitizers, but they use a simple extraction technique and are more environment friendly, which leads to the most recent study in the field of DSSCs.
For efficient light harvesting, anchoring groups accomplished covalently bonding to –OH groups on the TIO2 surface and optimal absorption overlaps with that of the solar spectrum. The LUMO and HOMO energy levels must be aligned with the TiO2, conduction band and the iodide triiodide redox electrolyte to ensure capable electron injection and dye regeneration..

Electrolyte
Electrolyte is a critical component in the DSSC as the electrolyte enhances the charge transport between the counter electrode and the photo-electrode. The I−/I3−redox pair has been studied extensively as an electrolyte for DSSCs. For solid-state DSSC applications, I−/I3− incorporated into a polyaniline/thiourea matrix is commonly employed. . Due to this optimization, the short-circuit current density and open-circuit voltage have increased, which significantly increased the performance of PCE. The basic function of the electrolyte is to regenerate the dye. The electrolyte should be light, with a low vapor weight, high boiling point, and good dielectric properties.  Low viscosity, low vapor pressure, high boiling point, and outstanding dielectric properties characterize the perfect electrolyte solvent. Industrial factors such as robustness, natural regeneracy, and ease of preparation are also essential. The most often utilized electrolytes are I−/I3− inorganic solvents, inorganic ionic fluids, and solid electrolytes. The best redox mediator currently employed in DSSC is a liquid electrolyte that holds the redox pair. Ionic liquids containing iodide/triiodide have qualities such as substance stability and exceptional ionic conductivity, making them a possible alternative electrolyte. . When an inorganic ionic electrolyte is present, the efficiency of the system degrades over time. The leakage-free property of the strong electrolyte sets it apart from all other electrolytes. The best p-type strong material with a large band gap that is simultaneously transparent and affordable is copper iodide, although it has many shortcomings and problems to be resolved.
Electrolytes for DSSCs are classified into three types: liquid electrolytes, solid state electrolytes, and quasi solid-state electrolytes.
Liquid electrolytes
Liquid electrolytes are basically classified into two types: organic solvent-based electrolytes and room temperature ionic liquid electrolytes (RTIL) based on the solvent used
Ionic liquids as an electrolyte
Ionic liquids (ILs) are new DSSC solvents, liquid parts, and quasi solid electrolytes.  The key advantages of ILs over organic solvents are their decreased instability (owing to low vapor pressure), strong ionic conductivity, and thermal soundness.. Devices with liquid electrolytes will generally decay faster than cells with ILs in terms of performance. Electrochemical dependability is usually desired when ILs are employed instead of liquid electrolytes. However, due to their high viscosity and issues with mass-transport, these have not produced good efficiency.  It is interesting to note that improved IL concentrations, such as imidazolium iodides, can also help to effectively reduce the dye molecule, which improves the DSSC performance.  Very outstanding (>10%) efficiency under full sun illumination has been successfully demonstrated by mixing organic solvents with optimum concentrations of ILs.  Ionic liquids (ILs) maintain high melting points and high viscosities. The key benefit of an IL-based electrolyte is the absence of the risk of leakage from the cell channel, which compromises the DSSCs' long-term operational stability. The first stable DSSC was demonstrated using an IL-based electrolyte that contained methylhexyl-imidazolium iodide (MHImI), and it did not exhibit any performance decline.
ILs are further classified as follows.
RTILs (room temperature ionic liquids) maintain low viscosity and a lower melting point (<100). They are a class of organic salts made up of anions from the halide or pseudohalide family and captions such as pyridinium and imidazolium.
Solid-state electrolyte
The liquid electrolyte that has been used in DSSCs has several drawbacks, including poor long-term constancy due to fluid combustibility, spillage, dye breakdown, and leakage, can significantly reduce the solar cells' long-term stability. Solid state electrolytes have been developed to improve the performance and stability. They substitute a p-type semiconductor for the liquid electrolyte. Because they have ionic flexibility required for effective connections between segments inside the solar cell, polymer-based gel electrolytes can be used as a solution. Although several quasi solid-polymer electrolytes have been used in DSSCs, the transformation efficiencies obtained are often low when associated to those obtained with liquid electrolytes.  CuI thin films deposited on glass substrates were studied for surface morphology and electrical properties. The results revealed that the precursor concentration has a significant impact on the CuI thin film characteristics. This suggests that fog atomization could eventually replace the current hole transport material deposition innovation in the commercial manufacturing of solid-state DSSC. With inorganic nanofillers (TiO2, SiO2, Al2O3) and polyethylene glycol, efficient composite electrolytes (PEG) has been developed.. According to morphological and physical analysis, the crystallinity of the Al2O3–PEG composite electrolyte was lower than TiO2–PEG, SiO2–PEG electrolyte, and PEG.
Counter electrode

A DSSC's counter electrode is another essential component. The decrease in triiodide is the primary motive for the counter electrode. The lower reaction rate at the cathode is crucial because triiodide is reduced to iodide, which is then used to recover the oxidized dye particle at the anodic side of the cell. An achievable cell requires a modest response on the anodic side and a rapid response on the cathodic side, which is the counter electrode.. The counter terminal is near to the redox couple's equilibrium capacity, but the anodic side is a long way from the equilibrium potential. This phenomenon causes a voltage contrast in the DSSC, resulting in a drop in the triiodide levels. Although a variety of materials such as carbon, platinum, conductive polymers, and graphite are used as counter electrode, platinum still remains the preferred catalyst. For the iodide/triiodide redox pair, platinum is a superior catalyst. Furthermore, the light reflection coefficient of platinum is larger than that of carbon, causing all the light to enter the cell. The electrolyte is responsible for the recovery of the dye by the counter cathode. Platinum is probably the best available material as a counter cathode, resulting in great cell productivity even though it is an expensive. Carbon, on the other hand, is a less expensive and adequate reactant.  Carbon in various forms like multiwalled carbon nanotubes (MWCNT) and graphene nanoparticles (GNP) have also been employed as counter electrode.  The counter anode's life and effectiveness have to be  improved further.. Platinum dispersion technology may be introduced to reduce the excessive useofthis costly material. . . DSSCs with nanoparticulate structures can improve the photon-to-current transformation efficiency, power conversion efficiency, and short-circuit current. It is clear that there can be considerable improvement in the design and fabrication of the counter electrode. .

Remarks

The level development of DSSC has been encouraging , however there is still scope to improve the quality, performance and long term stability of all the components. It is necessary that rapid and timely progress is made in this important area so as to dampen the anxiety on the energy front. It is known that organic dye sensitizers are inexpensive, easily extracted, abundant, and environmentally beneficial. Ruthenium dyes are considered as the best dye for the generation of productive DSSC having proficiency in the range of 10–11%. To get much less expensive dye for DSSC, metal-free organic photosensitizes are needed.. Thus, natural dye separated from various effectively accessible bloom and natural products are reasonable options for conceivable application as sensitizers to inorganic dyes in DSSCs.  The sensitizer is the dye in DSSCs.  They should not deteriorate rapidly, so that the cell’s life time will be acceptable.. The cumulative effect of the continual improvements can significantly enhance the DSSC's overall power conversion efficiency. DSSC is currently at its early stage, requiring a significant amount of work to achieve excellent effectiveness. DSSCs have a maximum electrical conversion efficiency of 25%, which is still poor in comparison to traditional silicon-based solar cells. In addition, the DSSC's life is a constraint on its growth; hence, real research would be necessary to improve the DSSC's efficiency and life.
This technology has been threatening to be feasible for the past several decades but it must be realized that developments and improvements on all the four components of the cell are necessary to make it a viable option for energy conversion for the society. It is true that this is yet another technology for energy conversion, this may not exclusive technology for energy conversion.  The future of this technology may be considered to be promising.. 
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CHAPTER

PHOTOELECTROCHEMICAL Conversion OF CARBON DIOXIDE

1. Introduction

Today society’s need is to make use of all available resources effectively and in an efficient way.   There is nothing as waste or non-usable materials in this world, one such source is the accumulation of carbon dioxide in the atmosphere. This source if properly harnessed and converted, then many of the issues of the society can find a solution.  One of the criteria for raw material resource is that it could be converted in multiple ways to produce many other and exotic chemicals and fuels [1] thus converting so called waste into wealth. Even though, there are many resource materials for conversion process to make many of the fine chemicals and fuels, small molecule sources like carbon monoxide (already exploited in the process under the name FT synthesis) and carbon dioxide may turn out to be choices for this industry. Among the various aspects of this choice, the conversion of small molecules may have some advantages especially with respect to selectivity of the products [2]. However, there are other reasons,  usually stated  for the  conversion of carbon dioxide including the climate aberrations [3]. 
The life on earth revolves round certain cycles, one such important cycle is carbon cycle. This cycle found some distortions ever since humanity started exploiting this cycle for fuel source, thus offsetting the use of this resource for production of fine chemicals and pharmaceuticals. It is time that humanity explores the available carbon sources for production of health chemicals and fuel sources.   The accumulation or increase in carbon dioxide level in the atmosphere is mainly due to the fact that the direct reduction of carbon dioxide is difficult with the redox potential value -1.9 V.  This implies that direct reduction of carbon dioxide is not economically feasible and these attempts must be coupled with additional reduction source like simultaneous presence of proton source.  However, the reduction potential values for products like methane, methanol, or formaldehyde or formic acid are close to each other and hence selective reduction appears to require precise control of applied potential.   It is clear that electrochemical reduction of carbon dioxide is one of the methods to convert to value added chemicals,  but appears to be energy intensive process like dinitrogen reduction to ammonia. Secondly, the electrochemical methods using gaseous substrates may not always lead to commercial process and hence this method of activating substrate has limited scope where multi-electron, multi-proton processes are concerned.
In view of these limitations, one has to resort to multiple probe activation of substrates, but one must make sure that multiple probes should work in tandem manner so that the net result can be cumulative and not depletive.   Since in the reduction of carbon dioxide, the charge transfer process is mostly controlling, the activating the transferring medium becomes available as yet another variable.  The top of valence band and bottom of the conduction band of a semiconductor represents the oxidation and reduction potentials respectively Thus it  is yet another way to selectively carryout these process using photons as input probe by choosing suitable semiconductor to carry out photo-assisted process,   This photo-assisted method enables one to carry out the oxidation/reduction reactions  at precise potential values differently from the conventional redox reagents.
The possibility of producing chemicals and fuels from carbon dioxide has been attempted for several decades now [4], but none of them are yet economically viable till now. The stability of carbon dioxide has also been associated with the band angle of 180 which has to be reduced to tetrahedral angle of around 1090 and this type of activation possibly requires a geometrically designed active sites on catalyst surface [1]. Carbon dioxide activation can be effected in a variety of ways using multiple probes including thermal, electrochemical, photochemical, biochemical, and combinations from all these probes but none of these probes could be employed to convert carbon dioxide to chemicals to the extent of manufacturing scale.
Photoelectrochemical reduction of carbon dioxide, also known as photoelectrolysis of carbon dioxide, is a chemical process whereby carbon dioxide is reduced to carbon monoxide or other hydrocarbons by the energy of incident light irradiation.. There are various obvious reasons for this process to be important in the context of human life on earth.   Most often, carbon dioxide is considered to be a green-house gas and is mostly responsible for the climate change the earth is facing.  Secondly, the use of fossil fuels for energy results in the emission of carbon dioxide and if it can be converted back into the fuel then it will be desirable and simultaneously, close the cycle.   Additionally, nature stores energy in the form of carbohydrates by the reduction of carbon dioxide commonly known as photosynthesis. It is expected that the carbon dioxide level in the universe will be reaching  500 ppm level around 2100 and it will cause an overall increase in the atmospheric temperature by 1.9 0C.

Though it is desirable to promote this reaction, there are considerable hurdles to overcome. Carbon  dioxide is a linear molecule with the C--O bond dissociation energy is over750 kJ/mol  and thus it is thermodynamically an uphill process requiring enormous energy input. In natural photosynthesis, energy is obtained from sunlight by the photosensitizers (e.g., chlorophyll) to perform the endothermic reactions. In the case of PEC CO2 conversion, the endothermic reactions are driven by both electricity and light irradiation. For feasible CO2 conversion, the energy level of photogenerated electrons and holes should be higher than the overpotential of H2O/O2 (0.82 V vs NHE at pH 7) and lower than the overpotential of CO2/HCOOH (−0.61 V vs NHE at pH 7), respectively. Photocatalysts with wide-band-gap energy of at least 2.88 eV are essential to perform redox reactions such as water oxidation and CO2 reduction.. The product yield of CO2 conversion is governed by the choice of electrode materials and electrolytes. The conceived schematic picture of PEC CO2 conversion using inexhaustible and available solar energy is shown in Figure 1. 

 [image: https://pubs.acs.org/cms/10.1021/acsenergylett.9b02585/asset/images/medium/nz9b02585_0001.gif]  

Figure 1. Schematic of the PEC CO2 conversion into fuels and value-added products under solar light irradiation.


There are a variety of  techniques  like Photoelectrochemical (PEC), Photocatalysis, electrocatalysis, thermocatalysis radiolysis and biochemical techniques  or combination of them have been utilized for the carbon dioxide conversion.. Among them, PEC is identified as the ideal method to convert CO2 into selective gaseous (e.g., methane, ethane, etc.) and liquid products (e.g., formate, methanol, ethanol, etc.) under solar light irradiation, especially for liquid products at ambient temperature and pressure.  This technology is called artificial photosynthesis because it mimics nature’s energy cycle.  PEC has some key benefits such as economic feasibility, control of product selectivity, and environmental compatibility along with the use of renewable solar energy.


Before considering the photoelectrochemical reduction of carbon dioxide, let us consider the molecular orbital scheme of this molecule and the modes of adsorption of this molecule on catalyst surfaces.

The molecular orbital scheme for carbon dioxide is shown in Fig.2. It is seen that the highest occupied orbital {HOMO} is mainly contributed by the oxygen atoms and the lowest unoccupied orbital (LUMO) has the orbital contribution from carbon centre. For reduction reaction, the electron should occupy the LUMO orbital, which has 2p orbital character contributed mainly by the carbon atom. The possible adsorption modes of carbon dioxide is shown in Fig.3.

It is seen that out of the five possible modes adsorption, only one form alone is conductive to undergo carbon centre activation and this mode alone may be undergo reduction reaction. All other modes of adsorption are mainly activating the oxygen centre of the molecule.

[image: https://www.researchgate.net/publication/377584832/figure/fig3/AS:11431281222748615@1707408577664/Molecular-orbital-diagram-of-CO-2-The-highest-occupied-molecular-orbital-HOMO-of-1p-g_W640.jpg]
Fig.2. The Molecular orbital scheme for carbon dioxide
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Fig.3. The possible modes of adsorption of carbon dioxide on catalyst surfaces.


Table 1. The formal electrochemical redox potentials (E0) relative to reversible hydrogen electrode (RHE) for some relevant reactions of CO2 reduction  More detailed compilation are available in literature. 
	Product                                                        Reaction
	E0[V RHE]

	H2                                                       2 H+ + 2e- → H2(g)
	0

	Carbon dioxide anion                      CO2(g) + e- → *CO2-
	− 1.436

	Carbon monoxide                 CO2(g) + 2 H+ + 2e- → CO(g) + H2O(l)
	− 0.107

	Formic acid                                CO2(g) + 2 H+ + 2e- → HCOOH(g)
	− 0.171

	Formaldehyde                    CO2(g) + 4 H+ + 4e- → HCHO(l) + H2O(l)
	− 0.071

	Methanol                          CO2(g) + 6 H+ + 6e- → CH3OH(g) + H2O(1)
	+ 0.016

	Methane                             CO2(g) + 8 H+ + 8e- → CH4(g) + 2 H2O(1)
	+ 0.169

	Ethylene                        2CO2(g) + 8 H2O(1) + 12e- → C2H4(g) + 12OH
	+ 0.085

	Ethanol                     2CO2(g) + 9 H2O(1) + 12e- → C2H5OH(1) + 12OH-
	+ 0.084

	Propanol               3CO2(g) + 13 H2O(1) + 18e- → C3H7OH(1) + 18OH-
	+ 0.095




 In PEC mode of conversion of carbon dioxide is governed by the general principles of Photo-chemical process at a semiconductor surface. There are essentially three steps namely electron hole pair generation by absorption of radiation, the migration of charges on to the surface of the semiconductor and transfer of these charge carriers to the adsorbed species. In general, better PEC reduction of CO2 will take place when the level of the conduction band (CB) if semiconductor is used  needs to be more negative than that of the reduction potential of CO2, and the valence band (VB) has to be more positive than the oxidation potential of water in the electrochemical energy scale.
Among the various materials available for the conversion of carbon dioxide, the selective formation of specific product is sought after. In Table 1 , a simple compilation of the materials that favour selective formation of specific products by the photo-electrochemical reduction of carbon dioxide is given.
Table 1.. Summary of the data on the choice of materials for specific products from photo-electrochemical (PEC) reduction of carbon dioxide 
	Selective Product
	Choice of materials

	H2   
CO
HCOOH
CH3OH
CH4
CH3COOH
C2H4(g)
CH3CH2OH  
	Pt,  Ni, Si 
Au, Ag, Pt/TiO2ZnO, ZnTe, AgP2, CUAu3 
Sn, Bi, In, CuS,CuFeO2Co3O4 =
TiO2 o-doped CdS 
GaN/cu, GaN/CuFe, Cu-Ag 
CuFeO2 
Cu,Ag/Cu2O,in AcCN
Carbon/Cu2O composite, O-doped CdS,g-C3N4 



The PEC activity and product formation are depend on the lifetime of charge carriers and light absorption capability of the chosen electrode material. The time scale of surface reactions (picoseconds to microseconds) for CO2 conversion is higher as compared to the lifetime (femtoseconds to picoseconds) of charge carriers.  The kinetic barriers for proton coupled electron transfer reactions could be overwhelmed with the help of suitable photo-electrode materials and co-catalysts that are capable of breaking a C–O bond and favor C–H bond formation.  The fabrication of electrodes with required surface features and band edge positions is crucial to improve the CO2 conversion efficiency. PEC efficiency of semiconductors could also be improved by band gap engineering (e.g., doping) or incorporating a co-catalyst (e.g., plasmonic metals (Au, Cu), noble metals (Pt, Pd), non-noble metals (Cu, Sn, and Fe), or nonmetals (conductive polymers, organic molecular complex with ammonium and pyridinium ions). It was also reported that the PEC efficiency can be improved using biological systems (enzymes), changing structural features/morphology, construction of a Schottky junction, solid electrolytes, and deposition of an electron transport layer (e.g., molecular catalysts). The poor solubility of CO2 (0.33 mol/L at 25 °C and 1 atm pressure) is the main kinetic barrier for the mass transfer limitations toward product selectivity.  The efficiency of this technique could also be influenced by the concentration and characteristics of co-catalysts. The light absorption process could be maximized by controlling the morphology, and plasmonic effect of the co-catalyst.  .
Solubility of CO2 is one of the important parameters.  The solubility of CO2 in aqueous medium at atmospheric pressure is 35 mM, while the solubility in non-aqueous solvents like methanol or acetonitrile is around 210 mM. Hence one has to choose the right medium to promote this reaction in appropriate solvent so that necessary protons source is available for the reduction reaction especially when the product selectivity is towards higher number carbon containing fuels..
Activation of Carbon dioxide on Solid Surfaces
Depending on the nature of the surface, carbon dioxide may be present in various configurations as shown in Fig. 3 through the oxygen or carbon centre of the molecule. It is known that on oxide surfaces the adsorbed carbon dioxide will be similar to the carbonate type species. For the reduction of carbon dixide the electron photo-excited in the semiconductor has to be transferred to the LUMO level of carbon dioxide. This transfer will be feasible if the acceptor level in carbon dioxide is less negative to that of the excited electron energy level. In general, schemes the LUMO level of free carbon dioxide is considered to decide the system will be useful for effecting this reaction. However, it may be realized that thee energy levels of adsorbed carbon dioxide will be perturbed and hence the changes that occur in the molecular energy levels of the adsorbate has to be taken into account. Normally, as a result of adsorption, the energy levels may be stabilized and hence it is presumed that considering the LUMO level of the free molecule can be to a good approximation valid. 
Another point to be noted is that the reduction potential values for many of the products from carbon dioxide are of similar magnitude and hence selective formation of a particular product may be a difficult proposition though not impossible.
The electrochemical (EC) reduction potential values (E°) are associated with the standard hydrogen electrode (SHE) at pH 7. The reactions shown in Table 1  show that both protons and electrons are involved in chemical reactions to form various products from the CO2•– intermediate. This is termed proton coupled electron transfer reactions. In the PEC process, CO2 could be converted into carbon monoxide (CO), formaldehyde (HCHO), formic acid (HCOOH), methanol (CH3OH), ethanol (CH3CH2OH), isopropanol (CH3CH(OH)CH3), methane (CH4),  and others.by  the proton coupled electron transfer pathways. The product selectivity is controlled by the kinetics of the process and the number of electrons and protons involved. It is general to expect to be favourable where the number of electrons and protons involved is small like in the formation of Co or fomate. In any way, the adsorption mode of carbon dioxide holds the key for all these transformations.
It has been postulated that carbon dioxide have to be activated on a stepped surface so that the reduction reaction is feasible.   However, no experimental support for this postulate so far has been recorded in literature. Whatever is the mode of adsorption of carbon dioxide, it is clear that carbon ccentre has to be simultaneously activated so that the reduction reaction occurs smoothly.
Basic principles of catalytic CO2 reduction
[bookmark: bfig1]The  common CO2 conversion method is photosynthesis in natural world, which means that green plants or photosynthetic bacteria convert carbon dioxide2 in the air into oxygen and/or energy materials necessary for growth under light conditions. Photocatalytic (PC) reduction of CO2 is similar to plant photosynthesis.The electrons and holes on surface of photocatalyst respectively reduce CO2 and oxidized water to produce oxygen under light irradiation. When the incident light energy is larger than the band gap (Eg), the electrons would be excited to conduction band (CB) while holes will be generated in valence band (VB).. On the one hand, the photogenerated electrons and holes would recombine (volume recombination and surface recombination)is the alternate pathway.. On the other hand, the photo-generated electrons react with CO2 adsorbed on the surface to generate CO, CH4 and CH3OH, and other hydrocarbons etc., while photo-generated holes oxidize water to H+ and O2.  Over the years, researchers have developed and designed many types of photocatalysts, including metal oxides, metal chalcogenides, metal nitrides, metal phosphides, layered double hydroxides (LDHs) and non-metal semiconductors. In spite of these variety of materials, the efficiency for carbon dioxide reduction is not to the desired level and modification of these materials have been attempted in a variety of ways Some of them are morphology and size control, crystal face control, doping], noble metal deposition  semiconductor recombination, dye sensitization, and defect construction and so on. To some extent, these modification attempts could improve the efficiency of light utilization and career separation, but still the desired efficiency is still a long way to go. Though, one can learn some basic aspects of this photocatalytic process from the counter part of electro-catalytic sequence, still, the effect of surface structure, reaction and process conditions together with designing of the electrode materials have to be optimized to produce a selective product by the reduction of carbon dioxide.  The design of a cell is  simple for photo-electrochemical reduction of carbon dioxide,  A typical  model system is shown in Fig.4 It is still a question on the optimization of selective product formation. 

Thermodynamic and Kinetic Limitations of the Reduction of carbon dioxide

Based on the relationship of the Gibbs free energy change (ΔG°) to the standard redox potential (E°), ΔG°=−nFE°, it is apparent that CO2 reduction is thermodynamically favored, but, in practice, extra energy should be given to the electrode to overcome kinetic barriers. Specialized catalysts can propagate the reaction pathways by lowering the activation energy, but semiconductors may go a step further than other electro-catalysts in lowering the excess energy because of the photovoltaic effect. The low overpotential is not the result of one factor. Other than band bending at the interface, it has relationship with CO2 adsorption and activation, intermediate stabilization, and other factors involved in charge transfer. CO2 reduction is known to consist of complicated multistep and multi-electron transfer reactions.  It is known that CO2 is first reduced to the CO2.− radical anion at approximately −1.90 V versus NHE, which holds back subsequent reactions with large kinetic barriers. Then CO2.− proceeds to react in different manner,because of the activation at the surface according to the inherent characteristics of the catalyst to form reduced products like CO or HCOO−. However, the subsequent reactions were more likely to occur at a more positive potential than that of the CO2/CO2.−redox potential. The typical reactions that are possible in the carbon dioxide conversion reactions are listed with the necessary potentials.   It is seen that in all the set of reactions one step requires highest potential. 
Carbon monoxide
CO2(g) + H2(g) −−→ CO(g) + 2H2O(l) E◦ = −0.51V
2H+ (aq) + 2 e− −−→ H2(g) E◦ = −0.41V
CO2 (g) + 2H+ (aq) + 2 e− −−→ CO(g) + 2H2O(l) E◦ = −0.92V
 Formic acid
CO2(g) + H2(g) −−→ HCOOH(l) + H2O(l) E◦ = −0.58V
2H+ (aq) + 2 e− −−→ H2(g) E◦ = −0.41V
CO2 (g) + 2H+ (aq) + 2 e− −−→ HCOOH(l) + H2O(l) E◦ = −0.99V
Formaldehyde
CO2(g) + 2H2(g) −−→ HCHO(g) + H2O(l) E◦ = −0.55V
4H+ (aq) + 4 e− −−→ 2H2(g) E◦ = −0.41V
CO2 (g) + 4H+ (aq) + 4 e− −−→ HCHO(g) + H2O(l) E◦ = −0.96V
Methanol
CO2(g) + 3H2(g) −−→ CH3OH(l) + H2O(l) E◦ = −0.39V
6H+ (aq) + 6 e− −−→ 3H2(g) E◦ = −0.41V
CO2 (g) + 6H+ (aq) + 6 e− −−→ CH3OH(l) + H2O(l) E◦ = −0.80V

Acetic Acid
2CO2(g) + 4H2(g) −−→ CH3COOH(l) + 2H2O(l) E◦ = −0.31V
8H+ (aq) + 8 e− −−→ 4H2(g) E◦ = −0.41V
2CO2 (g) + 8H+ (aq) + 8 e− −−→ CH3COOH(l) + 2H2O(l) E◦ = −0.72V
Methane
CO2(g) + 4H2(g) −−→ CH4(g) + 2H2O(l) E◦ = −0.24V
8H+ (aq) + 8 e− −−→ 4H2(g) E◦ = −0.41V
CO2 (g) + 8H+ (aq) + 8 e− −−→ CH4(g) + 2H2O(l) E◦ = −0.65V

[image: ]   Fig.4. A model system design for photo-electrochemical reduction of carbondioxide. Note that a number of reduced products are formed on the photocathode since the reduction potential values for various reduction products fall within a small range of potentials.


[image: ] Fig 5 Selected non-oxide semiconductor materials with favorable conduction band position for CO2 reduction with respect to the vacuum level and the normal hydrogen electrode( NHE) at pH 0.

Acetaldehyde
2CO2(g) + 5H2(g) −−→ CH3CHO(g) + 3H2O(l) E◦ = −0.36V
10H+ (aq) + 10 e− −−→ 5H2(g) E◦ = −0.41V
CO2 (g) + 10H+ (aq) + 10 e− −−→ CH3CHO(g) + 3H2O(l) E◦ = −0.77V
Ethanol
2CO2(g) + 6H2(g) −−→ CH3CH2OH(g) + 3H2O(l) E◦ = −0.33V
12H+ (aq) + 12 e− −−→ 6H2(g) E◦ = −0.41V
2CO2 (g) + 12H+ (aq) + 12 e− −−→ CH3CH2OH(g) + 3H2O(l) E◦ = −0.74V
Ethane
2CO2(g) + 7H2(g) −−→ CH3CH3(g) + 4H2O(l) E◦ = −0.27V
14H+ (aq) + 14 e− −−→ 7H2(g) E◦ = −0.41V
2CO2 (g) + 14H+ (aq) + 14 e− −−→ CH3CH3(g) + 4H2O(l) E◦ = −0.68V
Propanal
3CO2(g) + 8H2(g) −−→ CH3CH2CHO(g) + 5H2O(l) E◦ = −0.32V
16H+ (aq) + 16 e− −−→ 8H2(g) E◦ = −0.41V
3CO2 (g) + 16H+ (aq) + 16 e− −−→ CH3CH2CHO(g) + 5H2O(l) E◦ = −0.73V 
Acetone
3CO2(g) + 8H2(g) −−→ CH3COCH3(g) + 5H2O(l) E◦ = −0.31V
16H+ (aq) + 16 e− −−→ 8H2(g) E◦ = −0.41V
3CO2 (g) + 16H+ (aq) + 16 e− −−→ CH3COCH3(g) + 5H2O(l) E◦ = −0.72V
Ha(NCCR) En
Photo-synthesis: 6CO2 + 6H2O light  −−→ C6H12O6 + 6O2
Respiration: C6H12O6 + 6O2 −−→ 6CO2 + 6H2O + Energy

All possible types of reactions in the conversion of carbon dioxide are considered. In spite of thefact that the science behind this process is understood, one has to recognize the reasons why this process cannot be exploited. There are many areas of this process, which are still grey. Let us list them:  .(1) The initial reduction or initial addition of electron to carbon dioxide is an uphill reaction requiring nearly - 1.9 V. (2) The mode of activation of carbon dioxide on the surfaces is complex and the required mode for the reduction reaction and its surface concentration can be still very low. (3) Carbon dioxide being a gas under normal conditions, its concentration at the electrode or catalyst surface depends on the medium (aqueous or non –aqueous). It is known,  that the solubility of carbon dioxide in water is around 1.449g/l while in methanol and glycerol, the solubility is several times higher than that in water. (4) The reduction of carbon dioxide involves multiple electron and proton transfer steps, it is always low probable event  .(5) Though, electrocatalytic and photoelectrochemical reduction processes are in general similar, the inclusion of photons can  significantly  affect the concentration and mode of activation of carbon dioxide at the electrode/electrolyte interface.  (6) There are other interfacial redox process is governed by the charge transfer in the electrical double layer and it has limitations specific to the interfacial electrochemistry.  These aspects deserve a separate consideration.. 
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[image: Band structures of some semiconductors with respect to CO 2 ...]
Fig. 6. Band positions for oxide semiconductors and the reduction potential of CO2 for various products

All these processes are taking place simultaneously and hence to resolve them is difficult. In spite of the complex nature, some understanding have been evolving in these aspects.  We shall consider them in some detail, with the aim of making the selection process parameters can be more systematic and will lead ultimately to the commercialization of the process. Interfacial electrochemistry aspects will not be considered and interested readers are referred to standard Electrochemistry source books.

Figure 7. Thermodynamic energy level diagram of PEC CO2 conversion and water splitting in the presence and absence of catalyst. Reproduced with permission from Pawar, A. U.; Kim, C. W.; Nguyen-Le, M.-T.; Kang, Y. S. General Review on the Components and Parameters of Photoelectrochemical System for CO2 Reduction with in Situ Analysis. ACS Sustainable Chem. Eng. 2019, 7 (8), 7431– 7455,  DOI: 10.1021/acssuschemeng.8b06303 Copyright (2019), American Chemical Society.[image: https://pubs.acs.org/cms/10.1021/acsenergylett.9b02585/asset/images/large/nz9b02585_0012.jpeg]


Electrolytes:
The choice of electrolyte is  important in PEC CO2 conversion, and it could directly or indirectly affect the product selectivity.
The long-term stability of electrolytes is governed by pH, ionic strength, and concentration.  CO2 gas-saturated aqueous solutions of NaHCO3  or potassium bicarbonate (KHCO3)  are most commonly utilized as the electrolyte for the PEC CO2 conversion experiments. A higher concentration of bicarbonate could screen the electric field and support the H2 evolution reaction compared to CO2 conversion.  Consequently, the aqueous solution of bicarbonate with a concentration range of 0.1–0.5 M is commonly preferred. Organic solvents (e.g., dimethyl sulfoxide,  dimethylformamide,  acetonitrile,  etc.), ionic liquids (e.g., 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium salts,  etc.),  and solid oxide (e.g., BaCeO0.5Zr0.3Y0.16Zn0.04O3−δ) are also employed as electrolytes in some  studies to improve the solubility of CO2.  Organic solvent electrolytes are employed to suppress the H2 evolution reaction and improve the CO2 conversion efficiency. However, CO is the main product from CO2 conversion as aprotic organic solvents are used as the electrolyte. Organic solvents require a small concentration of proton source (e.g., water) to form products such as CH4, CH3OH, etc.  The effect of water content on the product selectivity of the Cu electrode was evaluated in acetonitrile solvent with supporting electrolytes (tetraethylammonium tetrafluoroborate, tetraethylammonium trifluoromethanesulfonate, and sodium trifluoromethanesulfonate).  In situ Fourier transform infrared spectroscopy (FTIR) and surface-enhanced Raman spectroscopy were used to analyze the products and reaction intermediates. The results showed that the mechanism of the CO2 conversion reaction in acetonitrile was highly influenced by the water content. Acetonitrile was decomposed into acetamide in the presence of water. Moreover, bicarbonates were formed as the product in addition to CO. This was ascribed to the reaction between CO2 and electro-generated hydroxyl groups. In a similar study, the electro-catalytic CO2 conversion efficiency of TiO2 was tested in the presence of acetonitrile solvent and tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. At −1.8 V, CH3OH was detected as the main product with 60% FE in the presence of 0.1 M acetonitrile/TBAP and 0.5 M water. The onset cathodic current of TiO2 electrodes was shifted to negative potential in the presence of water. This was ascribed to the establishment of equilibrium between CO2 and water. Like organic solvents, ionic liquids are one of the promising electrolytes for PEC CO2 conversion. Ionic liquids could create unique coordination with CO2 molecules, and it could promote the CO2 conversion by reducing the energy barrier to produce a CO2•– intermediate.  
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CHAPTER
PHOTO ELECTROCHEMICAL DECOMPOSITIONOF WATER

INTRODUCTION

Photo electrochemical decomposition of water perhaps is the most promising method for producing hydrogen and oxygen. However, several limitations and challenges, such as photo-corrosion, recombination, catalyst instability, and low (Solar to hydrogen) efficiency, limit its scope and industrial scale applications [1].  The literature is flooded with new reports, it has become very difficult to comprehend and assimilate the current situation in a realistic manner. 
The global energy demand is anticipated to increase from 15 TW to 30 TW by 2050. Energy production from clean and renewable sunlight irradiation has recently received increasing attention among researchers and industrial stakeholders. Considering the 120,000 TW of radiation (on average) delivered to the Earth's surface, sunlight irradiation could provide nearly 10,000 times the current global energy needs [2]. This aspect has already been indicated. The use of sunlight irradiation as a primary energy source calls for further developments in viable and effective energy capture and storage devices that can be implemented on a large scale. Even though, much emphasis is placed, on this conversion process especially for the generation of hydrogen (an attractive fuel) from the renewable source of water (carbon free), this process has not yet fulfilled the anticipated expectation. This aspect will be one of the focus of this chapter. The basis of this process is pictorially shown in Fig.1.
[image: ]
Fig.1. Typical reactions taking place in PEC water splitting (a) and also in a typical photoreforming reaction (b).{reproduced from ref.2.).

In terms of energy consideration, water splittting reaction is endergonic reaction with a change in free energy of 238 kJ/mole which in terms of electrical units of 1.23 eV (applied voltage of 1.23 V). This implies that to trigger water decomposition one must apply at least 1.23 V.  In order to make the system absorb photons effectively, the photo electrodes have to be semiconductors or insulators. However, the available solar radiation, (IR, Visible and UV), it is preferred to make use of semiconductors. In PEC application for water splitting, normally photo-anode is a semiconductor with band gap energy value in the range 1.6 to 2.5 eV (remember the decomposition potential of water is 1.23V) and over voltage (various types like ohmic, concentration and others) component has to be added in order the desired reaction becomes possible. For hydrogen evolution from water splitting, the H+/H2  (potential in electrochemical scale is assigned a value of 0 V), the bottom of the conduction band  should be more negative with respect to this value of )V.   For oxygen evolution (OER) the top of the valence band should more positive with respect to the oxygen evolution potential of +1.23 V.. These situations are pictorially shown in Fig.2.For comparison the potentials of some organic transformations are also shown.
[image: ]
Fig.2.Energy levels of various redox groups and electronic bandgap of a typical chosen semiconductor, TiO2 (Anatase phase).[in this picture the electrochemical potential scale and also the energy scale with respect to vacuum level are shown separately.].

The overall reaction in water decomposition is evolution of hydrogen (HER) and oxygen (OER) molecules. The hydrogen half-reaction involves the transfer of only two electrons, whereas the half-reaction of oxygen production requires the transfer of four electrons and the formation of O-O bonds. Therefore, the generation of hydrogen is thermodynamically favorable, and the oxygenation reaction is the bottleneck of the whole reaction process if one takes into account the slowest process that determines the overall rate.

Generally, the PEC cell is composed of a photoelectrode, counter electrode, reference electrode, and electrolyte solution. The photoelectrode, used as the working electrode, is mainly composed of a conductive substrate and a semiconductor film material. N- and p-type semiconductors are generally used as photoanodes for PEC oxygen production and photocathodes for PEC hydrogen evolution, respectively.

Materials with good charge collection performance and low reaction overpotential, such as platinum counter electrodes, are usually selected to fulfil the role of the counter electrode. .
The electrolyte solution is responsible for mass transfer in the PEC cell. Therefore,  the electrolyte solution should have a high conductivity. Salt substances such as Na2 SO4  and K22SO4 are commonly used in neutral electrolyte solution, while acidic and alkaline solutions, as well as buffer solution, are employed for specific experimental conditions.

PEC cells can be divided into PEC photo-anode cells, PEC photocathode cells, and PEC tandem cells, depending on the way that the semiconductor photo-electrodes are arranged.  The PEC photo-anode cell generally takes a n-type semiconductor as the working electrode and a platinum electrode as the counter electrode. The PEC photocathode cell often uses a p-type semiconductor as the working electrode and a platinum electrode as the counter electrode. The configuration of the PEC tandem cell is  where a n-type and a p-type semiconductor are used as a photo-anode and photocathode, respectively. The first two kinds of cells, using a single semiconductor as a working electrode, frequently require an external bias to promote the decomposition of water. Fortunately, in a PEC tandem cell, the combination of a photo-anode and photocathode is highly possible to ensure the complete photo-splitting of water under sunlight without bias. Photo-anode and photocathode materials with different light absorption ranges can broaden the spectral range in the PEC tandem cell. The configuration of the PEC tandem cell is helpful for increasing photocurrent density and improving the efficiency of solar water splitting 

2. Thermodynamic considerations of PEC of water decomposition

The development of photo-electrochemical hydrogen generation technology is crucial to meet the increasing need for energy sources and minimizing environmental impact. An understanding of the thermodynamics aspect of  PEC water splitting is fundamental to achieving efficient and sustainable hydrogen generation. The thermodynamic aspects involve consideration of the energy demands and overall workability of the water splitting reaction. This is one of the essential knowledge for the design of PEC devices and improve their efficiency.   PEC water splitting decomposes water into hydrogen and oxygen using a thin semiconductor film that generates excited electron-hole pairs when irradiated with light of appropriate energy. The photo-generated charge carriers promote the reaction at the semiconductor-electrolyte interface. Thermodynamically, PEC water splitting involves 285.8 kJ mol−1 energy, which is equal to the amount of energy released when the combustion of hydrogen to liquid water takes place (see equation 1). The energy is supplied by the Gibbs free energy (237.2 kJ mol−1, the maximum energy that can be extracted from the reaction) and the heat released (48.6 kJ mol−1) by the reaction. Combustion is a redox reaction involving fuel (H2) and an oxidant (O2) as reactants, resulting in an exothermic reaction producing water vapor. However, considering the reverse reaction (see equation . 2), a certain amount of energy equivalent to Gibb’s free energy (237.2 kJ mol−1) can be supplied to a system containing H2O(l), which can be thermodynamically converted into H2(g and O2g.
H2(g)+12O2(g)→H2O(l)+237.2kJmol−1+48.6kJmol−1(heat) (Equation.1.)
H2O(l)+237.2kJmol−1+48.6kJmol−1→H2(g)+12O2(g) (equation.2.)
The Gibb’s free energy (237.2 kJ mol−1) corresponds to 1.23 eV per electron suggesting that the potential overall thermodynamic barrier for a water-splitting reaction is 1.23 V. However, to drive the reaction at a practical rate, the excess heat generated by the reaction has  to be considered. When the total energy (285.8 kJ mol−1) is converted to potential, (1.48 V),.. Conventionally, free energy, i.e., 237.2 kJ mol−1 or 1.23 V, is the energy required to dissociate water into H2g and O2g. The theoretical maximum photo-voltage that a semiconductor can produce is ~400 mV less than the bandgap under ideal conditions. The photo-voltage generated by the photo-electrode (Vph) must be >1.23 V to dissociate the water. Semiconductors with bandgaps >1.6 eV are ideal candidates for PEC applications.
 Semiconductor-electrolyte Interface
The semiconductor-electrolyte interface in a PEC cell can be recognized as  the semiconductor-liquid junction.. This junction creates an electrical double-layer (conventionally known as electrode-electrolyte junction in electrochemistry) . Due to the difference between the Fermi energy (EF)  of the semiconductor and the redox potential (Eredox) of the electrolyte, It results  in electron transfer occurring between the semiconductor and electrolyte.   In addition, the coordination changes that may also take place at the interface.  This situation may lead  to band bending altering the energy levels.. Due to band bending, a space charge layer is formed on the semiconductor surface that is in contact with the electrolyte, and the semiconductor is electrically neutral beyond the space charge layer34. The width of the space charge layer can be in the range of 0.1–1 μm . This is  given by: WSC = (2ΔΦSCεε0/qND)1/2/ where WSc is the width of the space charge layer at the interface, ε is the relative permittivity of the space and ΔΦSC is the difference between the Fermi level of the semiconductor in a vacuum and the electrochemical potential of the electrolyte. Q is the charge of the electron and ND is the donor density.
 The separation and transmission of photogenerated electrons and holes are aided by band bending. The band bending is upward (depletion layer, i.e., EF > Eredox) in n-type semiconductors and downward (accumulation layer, i.e., EF < Eredox) in p-type semiconductors. Taking a closer look, the minority charge carriers over the surface of the photo-electrodes typically participate in the reaction. For instance, holes (minority charge carriers) can oxidize water at the photo-anode for the OER, and electrons (minority charge carriers) can reduce water at the photocathode for the HER. The electrical double-layer formed at the junction consists of the Helmholtz layer (OHP and IHP) and the Gouy layer The space charge layer contributes a potential drop across the semiconductor/electrolyte interface, followed by the Helmholtz and Gouy layers. If we consider n-type semiconductors, electrons move to the electrolyte side when the semiconductor comes in contact with the electrolyte, and the space charge layer becomes positively charged. In contrast, the Helmholtz layer contains electrons in trapped states, solvated ions, and adsorbed ions. The transfer of electrons from the semiconductor to the electrolyte side leads to a shift in E(F,Eq) (equilibrium Fermi redox potential) toward a downward position, and the lowest unoccupied molecular orbital of the electrolyte remains at a position until equilibrium is established . Since the space charge layer becomes depleted as the electron concentration and excess holes accumulate near the surface, this region is termed the depletion region, and the bands bend in the upward direction. On the other hand, for p-type semiconductors (Ef < Eredox), electrons are transferred from the highest occupied molecular orbital of the electrolyte to the semiconductor, and the concentration of electrons increases in the space charge layer, which is termed as the accumulation layer. E(F,Eq) begins to rise upward due to the accumulation of electrons near the surface, causing band bending downward. In upward band bending, the semiconductor can switch to a p-type semiconductor if the electrons are depleted to below the intrinsic level. This condition of the space charge region is known as the inversion layer.
In spite of the concerted attempts to carry out the photo-electrochemical decomposition of water, the efficiency even at the laboratory level remained around 25%.   There have been many attempts to increase this to nearly 33% or above so that this technology can be competitive to normal and at present in practice technology, namely fossil fuel combustion.  One of the reasons is that oxygen evolution reaction (OER) is more sluggish as compared to Hydrogen evolution reaction (HER) and this aspect has to be carefully considered. 
Another aspect that has been addressed is the choice of the semiconductor material. Various materials (active in visible or UV region) and all possible modifications and sensitizations have been examined.   However, the selection of the appropriate material has yet to be made.The various aspects on which attention has to be focused can be listed as follows:
1. The necessary thermodynamic potential has been accurately known.   But the over voltage required for each material and how to optimize this value for the each selected material has to be rationalized.
2. The kinetics of both anodic and cathodic reactions have to be improved and the stoichiometry of these two reactions taking place has to be ensured. 
 




3. Semiconductor Materials for PECs

Following the report on TiO2 single crystal surfaces under illumination decomposed water by Fujishima and Honda in 1972, [5] a variety of oxide, sulfide, carbon materials and a variety of elemental and compound semiconductors have been examined as materials for this reaction.  Only selected types of semiconducting materials that are extensively used in PEC applications are considered. The structures of a host of oxidic materials have been considered [6]] and it is deduced among many others that layered type of materials have shown promising results in PEC applications especially for Photo-chemical splitting of water. There have been many other postulates like the percentage ionicity of the metal-oxygen bond [7], d electron (especially d0, d5. and d10) configuration of the cation and most of them have been shown to have only limited scope..  These aspects deserve a separate treatment.

3.1. Oxide materials

Metal oxide semiconductors are considered for their advantages in terms of photochemical stability, their low cost, and their suitability for large-scale preparation. Among the various oxide materials, TiO2 has been widely studied due to its excellent photocatalytic activity, stability, safety, non-toxicity, rich content, and ease of preparation. However, TiO2 has a wide bandgap of 3.2 eV can only be activated by UV light with a wavelength below 387 nm. Thus, many efforts have been taken to improve the PEC efficiency of TiO2. For example, the visible light activity of TiO2 can be enhanced by modification. In particular, researchers devoted their efforts to developing second-generation TiO2 that could absorb both UV (290–400 nm) and visible (400 –700 nm) light and thereby enhance the overall efficiency.  In addition, various other oxide materials including ternary oxides are employed for this application. As a typical case,  the efforts on TiO2 materials alone will be considered. However, its band gap is around 3.2 eV thus requiring UV radiation. There have been attempts to improve its activityin the visible range. Modification by suitable doping Ti4+ and also oxide ions have been reported. Even W6+  hass been used to substitute for titanium ions and these systems have shown improved activity.  
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