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Preface

It is necessary to project on the question why this monograph is conceived?   Nearly, even after more than 50 years, the fuel conversion   and pollution degradation process still occupy a prominent position among the investigators after the report on photochemical conversion of water to generate hydrogen, one of the projected clean fuels.   Energy conversion processes have many limitations but their environmental concerns predominate and photocatalytic methodology seems to be the answer to this issue. Secondly, main Photocatalytic processes deal with simple yet important chemical molecules like dinitrogen, carbon dioxide and water in addition to other (organic) pollutant species. The fact that this process deals with these abundantly available sources ensures energy security and possibly safety.
It is therefore, necessary a periodic evaluation of these processes is made available so that their commercialization can be smoothly integrated into the society and also the improvements that take place in the laboratory are incorporated in vogue. With this objective in mind, only a few selected photocatalytic processes are considered in this exercise on the basis of their importance to human beings. In scope, this is a self-imposed restriction. 
The text is meant to be used as reading material for a course on these topics and others if they benefit from this exercise it is an additional bonus. While thanking all those who have in some form contributed to this exercise, it will be gratefully acknowledged if any short-comings are pointed out. 
Thanks to all those who have directly or indirectly contributed to this endeavour.
July 2025                                                                        B. Viswanathan
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CHAPTER ONE 
INTRODUCTION

1. Photocatalysis – Outline
Photocatalysis deals with the acceleration of a surface chemical reaction on a solid surface which absorbs photons and creates  excitons (excited electrons and holes) which participate in the reduction and oxidation of the substrate.  Though the concept in a crude form known before 1900 [1] its brief history in the 20th century is as follows; In 1911,German Scientist Alexander Eibner studied the bleaching of blue pigment Prussian blue  by illumination of ZnO [2,3].   At the same time, Bruner and Kozak reported the deterioration of oxalic acid in the presence of Uranyl salts under the influence of illumination [[4]. In 1913, Landau first explained the phenomenon of photocatalysis and introduced actinometric measurements for determining photon flux [5]’ In 192, Baly et al., explored ferric hydroxide and colloidal uranium salts as catalysts for the generation of formaldehyde under visible light [6]. In 1934, Doodeve and Kitchener reported that TiO2 in the presence of oxygen could act as photo-sensitizer for  bleaching dyes under the influence of visible light[7].
In 1964, V.N. Filimonov studied the oxidation of isopropanol on ZnO and TiO2 [8]. In 1965, Kato and Mashio, Doerffler and Hauffe, l[9.10,11] examined the photooxidation of carbon dioxide and organic solvents on ZnO by irradiation .In 1970,  Formenti et al. and Tanaka and Blyholde observed the oxidation different alkenes and photocatalyzed decay of N2O1 [12].Subsequently in 1972, Fujishima and Honda [13] revolutionized by reporting the decomposition of water to generate fuel, hydrogen on TiO2 electrode. Thus, photon assisted catalysis is an additional topic  to the existing science of  catalysis. Namely heterogenous catalysis, electro-catalysis and other forms in this domain.  
Thus, in the history of scientific pursuit, the report by Fujishima and Honda in the year (1972) [13] has a unique place, since it gave rise to many new concepts and devices like Photo-electrochemical cells (PEC), photocatalysts (PC), and Solar Fuels, though the concept might have been already known.[14]. Even though, much attention has been focused on this technology to generate solar fuels, the success in this direction appears to be limited over the last nearly 5 decades [15]. However, at the same time competing technologies have been developing, the prominent one is high performance and low cost photovoltaic (PV) devices based on halide perovskites, which are reaching impressive stability under encapsulation [16]. However, PEC systems can offer benefits over PV like heat integration and catalytic selectivity, and while PEC systems can do more than just water splitting and CO2 reduction and other many opportunities.
The photocatalytic technology is an eco-friendly and sustainable route to overcome environmental and energy concerns. The successful construction of a photocatalyst depends on four key elements, namely  light absorption ability, the density of active sites, redox capacity, and photoinduced electron-hole recombination rate. Since most of  semiconductor used as  photocatalysts cannot meet all these requirements, they are often modified to improve their photocatalytic properties. Many strategies have been adopted to design novel and efficient photocatalysts for various applications. 117]
Photon assisted catalysis can become one of the exploitable technologies in the near future for energy conversion and chemical transformations among other possibilities. In these systems, the simplicity and scalability of colloidal or “sheet”-supported semiconductor particles offer a compelling path to low-cost, large-area solar fuel production.[18] The design of efficient and stable particulate. photocatalysts still relies heavily on the fundamental under-standing  concepts developed through PEC systems. A photocatalyst can be grossly defined as any  system that can perform catalytic reaction after absorption of radiation.
Generally, the steps of photocatalysis are conceived as (1) absorption or irradiation, (20 separation of charge carriers ( electrons and holes), (3) the transport of charge carriers and (40 charge transfer at the interface [18].   In between, these four steps, the charge carriers can mostly recombine at various stages of the reaction process. These steps appear to be simple but each step has its own limitations and special preferences. For example, photon absorption is controlled by the value of the band gap and the extent of appropriate photon absorption is governed by absorption coefficient] and  the surface characteristics (example surface smoothness) dictate the scattering or reflection of the photons over the absorption. Thus, each of these steps are governed by many factors and the net result is the product of each step and hence optimization of the desired product efficiency in photochemical reactions is important and possibly controlled and limited by various parameters. In photocatalysis, the photons are utilized only in the generation of charge carriers and may not be involved in exciting the substrate molecule.  In simple photochemical reactions the photons are absorbed by the substate while in photocatalysis, the photons are absorbed by the photocatalyst (usually semiconductors). The normal photocatalysts are usually semiconductors (usually oxides or sulphides) since charge carrier separation can take place in separated valence and conduction band positions and the excited electron with suitable energy facilitate the reduction reaction and hole is utilized to promote the oxidation reaction in general [19.20].
In metals the occupied and unoccupied states overlap and hence excited electron hole pair is not separated in energy to carry out the oxidation and reduction reactions simultaneously and insulators require high energy source while semiconductors require 1-4 eV photons that are available from solar radiation and other artificial photon sources[9]. See the pictorial representation in Fig.1.                       
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Fig,1, Pictorial Representation of photocatalysis on a semiconductor.[17]
Direct and indirect band gap semiconductors are two fundamental types of band gaps in semiconductor physics:
1. Direct Band Gap semiconductors:  These are materials where the momentum of the minimum energy level at the conduction band aligns with the maximum energy level of the valence band.  These systems show efficient absorption and emission of irradiation. These materials are mainly employed in optoelectronic devices like LEDs and laser diodes.
2. 2. Indirect Gap semiconductors: In  these systems,  the maximum energy of the valence band occurs at a different momentum as compared to the minimum of the conduction band. This means a phonon ( a quantum of vibrational energy) is required for electron transitions so these systems are less efficient in light emission.    However, these systems find applications in solar cells.
A variety of semiconductor substances (elemental like Si, Se GaAs, oxides like TiO2,. ZnO, sulphides like CdS, nitrides, nonmetals likeC3N4 and other types) have been tried as photocatalyst and different types of modifications have been carried out on each of them. In addition to various synthetic methodologies, semiconductors (metal oxide, metal sulfide, metal nitride, metal-free semiconductors) are modified by doping with appropriate (ions)dopants so that increased type of semi-conductivity behaviour (n or p type) will manifest.  The choice of dopant should be on the basis of valence state (of ions) and size and amount of the dopant species incorporated.      Metal free semiconductors (like C3 N4 or Si, or others) can be modified by incorporation of neutral species.  The flow chart shown in Fig.2. shows the possible methods that are normally used to alter/modify the semiconductors for photocatalytic activity. A compilation of the typical (selected) oxide and sulphide semiconductors and their corresponding band gap values are available in ref.14.
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In addition, surfaces can be modified or functionalized and thus generate new photocatalytic systems.   Further the addition of metals like Ag, Au or cu to semiconductors can function by a process known as Surface plasmon excitation.
Briefly, the various modifications to semiconductors that make them as more efficient photocatalysts are as following:

2. Spatial separation of excitons
[bookmark: bbb0070][bookmark: bbb0075]The photocatalytic efficiency greatly depends on the separation rate of e−/h+ pairs. When incident photon flux energy excites the photocatalyst, the photoinduced charge carriers reach their corresponding bands (excited electron in the conduction band and holes  in the valence band) within femtoseconds (fs) to pico-seconds (ps) and subsequently transferred to the surface of the photocatalyst within nano-seconds (ns) to micro-seconds (μs) to participate in the redox reactions [22]. However, there is a high probability of e−/h+ recombination with the bulk during their transit or at the surface of the catalyst with the release of heat. On a time scale, the recombination  rate of e−/h+ pairs occurs within pico- or  nano- seconds, which identifies that the recombination rate for excitons is  faster in contrast to their transfer rate to the surface of the catalyst to participate oxidation ( holes) and reduction reactions (the electrons) [23].Due to this, there have been attempts to prolong the life time of the excitons by suitable modifications of the photocatalyst.
2.1.Addition of co-catalyst .
The selection of co-catalyst should be such that (with high electron affinity species like Pt, Ag, Rh and other noble metals or dichalcogenides) they could extract  and act as a sink for the excited electrons and thus, prevent in the recombination reaction. The co-catalyst in close contact with the parent semiconductor can form  either a Schottky junction (which facilitates the charge separation and also restrict backflow of electrons to the conduction band of the semiconductor) or form a heterojunction with co-catalyst with narrow band gaps accepts the electrons thus facilitating the charge separation. This methodology has been successfully demonstrated for photocatalytic hydrogen generation on catalyst systems like Pt/g-C3N4, Rh on Cu-doped TiO2,Nio with g-C3N4 [24-27]. The co-catalyst should be dispersed and also contribute to increase of surface area and active sites of the photocatalysts.
2.2. Doping
Another procedure to enhance the separation of e−/h+ pairs is to modify photocatalysts by introducing elements as extrinsic defects into their crystal lattice.. These doping of elements generates impurity states within the optical band gap, which reduces the recombination of charges. However, these centres can also function recombination centres for excitons. Thus, lowering the photocatalytic activity.. The ways to  introduce doping elements to modify the photocatalysts are: (i) the simultaneous presence of precursors of dopant  and photocatalyst during the synthetic process;                                                                                                                                        (ii) the doped photocatalyst is prepared through annealing the pristine catalyst in the presence of the  vapor phase  of the added dopant species;                                                                                                          (iii) ion-implantation route that permits the quantitative control of the dopant content. 
[bookmark: bbb0120][bookmark: bbb0125][bookmark: bbb0130][bookmark: bbb0135][bookmark: bbb0145][bookmark: bbb0175][bookmark: bbb0180][bookmark: bbb0185]In literature,  non-metals like carbon C [28],oxygen [29],nitrogen N [30], boron B [31],sulfur S [32], and fluorine F [33] can be doped in semiconducting systems which introduce localized states above the VB of the photocatalyst. It manifests in altered electrical conductivity, optical harvesting, and separation of e−/h+ pairs The doping by these species have been shown to facilitate creation of defect centres, decrease charge carrier recombination,  alter the light absorption capacity and surface area, and all these effects manifest in the observed photocatalytic activity. Various metal ions like Ag+2 [34], Cu+2 [35], Au+2 [36],and  Fe+3 [37], . have also been  used in the lattice of photocatalysts to tune their electronic properties and promote the photocatalytic activity for photocatalytic applications.  
[bookmark: bbb0215]Co-doping has been explored as a  strategy to improve the photocatalytic performance.  Co-doping can contain elements of the same kind (two or more elements of metals or non-metals) [38] or elements of dissimilar kinds (one metal and other non-metal elements) []. Introducing multiple elements into the lattice of photocatalysts is advantageous to overcome the different inherent limitations.  The role of co-doped elements can be visualized as follows; (i) one element acts to alter/modify the band structure  of the semiconductor while the other promotes the compensates the charge mismatch during the aliovalent doping; (ii) both elements can contribute in altering the band structure of the host [40]. Usually, elements with larger ionic radius (like P, Na, Cl, .) occupy the interstitial sites while doping of P, Fe, Ni, S, C, . serve to produce mid-gap impurity levels, which consequently may act as recombination centers to enhance the recombination of excitons. Co-doping in general, alter the surface area, light absorption range, generates defect sites to act as trap centres and possibly alter the optical band gap and all these effects have profound effect on the observed photoactivity.

2.3. The Role of Vacancies
Normally, most of the catalyst are in the nano-state and it is natural to expect them to possess vacancies at any temperature above absolute zero. These vacancies can alter the electronic property of the material (to tune the band gap) and thus may      participate in altering the recombination of charge carriers.   Vacancies in synthesized photocatalysts involve anion (non-metal) vacancies, cation (metal) vacancies (high generation of energy and hence fewer in number) , and a combination of both these (anion and cation) vacancies. 
2.3.1.Anion vacancies
[bookmark: bbb0260][bookmark: bbb0265][bookmark: bbb0270]Due to their low formation energy among anion vacancies, oxygen vacancies in oxide semiconductors have been heavily used to support photocatalytic performances.   These oxygen vacancies tune the electronic properties and modifying the inherent physiochemical features.  These can be inherent or due to substitution of other valent metal species. These vacancies have shown to enhance the photocatalytic activity for degradation of pollutants or in reactions like decomposition of water. Sulphur vacancies may improve the recombination of charge carriers and the systems are less stable as compared to oxide semiconductors. 
 The formation of nitrogen vacancies significantly enhanced the light absorption capacity and interfacial transfer of charge carriers to assist the photocatalytic process. The generated nitrogen vacancies can promote photocatalytic efficiency by tuning the electronic features and providing trap centers to enhance photocatalytic performance. 
2.3.2. Cationic vacancies
The studies on the role of Cationic vacancies on photocatalytic activity is limited because of their strong hopping barriers, but still they have a similar role as the anion vacancies.  These effects have been demonstrated in increased photoactivity in p-type Ti deficient photocatalyst and Zn deficient ZnO photocatalyst. 
2.3.3. Co-vacancies/multi-vacancies
The multi-vacancies is known to be useful in enhancing the photocatalytic efficiency of various photocatalytic reactions. However, the photocatalytic results showed that doping non-metal elements did not enhance the photocatalytic activity. Therefore, the photocatalytic efficiency of  photocatalysts can be improved by introducing both metal and non-metal elements. Oxygen-deficient ZnO and Zn-deficient ZnO thus constructed a p-n junction promoted the separation and transfer of charges in contrast to pristine ZnO.   Similar studies are also reported on TiO2.ly, These defects have been introduced by hydrothermal and heat treatment routes. The improved performance of the prepared photocatalyst was assigned to prolonged separation and rapid transfer of charges.
2.4.Crystal Facet Engineering
 The photocatalytic efficiency is affected by the separation of photoinduced e− and h+ and their subsequent transfer to the surface because the time interval required for excitons recombination (1 ns) is smaller in contrast to the reaction process time (1 ns to 10 ns). Therefore, the excitons transit and separation capacity effectively depend on the structure of exposed facets. The population of surface catalytic sites and photocatalytic efficiency can be tuned by controlling the facets because photoinduced electrons and holes tend to travel to the particular facets to strengthen their separation spatially. Several semiconductor photocatalysts (TiO2, ZnO, CeO2, BiVO4, etc.) have exhibited this phenomenon.
The exposed facets not only control the photocatalytic efficiency, they also facilitate electron/hole migration and transfer to the substrate at the surface. The photo-deposition of co-catalysts are also facet dependent.  Moreover, the different electronic structures of various facets can result in the internal electric field, which consequently provides the driving force for the transfer of excitons to the different areas and induces the spatial separation of excitons.
Therefore, the preferred transfer of electrons  and holes along certain facets, respectively greatly reduced the recombination probability of excitons and the promotion of photocatalytic efficiency  The possibility of heterojunction formation between two facets helps in charge separation and enhances the photocatalytic activity.
2.5. Phase Engineering
The physio-chemical features of different photocatalysts  depend on the phases of the semiconductors. Therefore, several attempts have been made to enhance photocatalytic efficiency by  the charge  separation and their migration.. In pristine photocatalysts, charge transfer occurs through random channels. So photoinduced excitons have a great possibility of recombining to give no fruitful photocatalytic results. Therefore, the photocatalytic efficiency can be highly improved by promoting charge migration and preventing their recombination. Usually, the electronic structures of photocatalysts create a difference in the transfer of charges and significantly lower the recombination of charges. The smaller effective mass of the charge carriers (holes and electrons) has a role in the transfer, whereas bulk defects serve as recombination centres,  while surface defects can facilitate charge separation. The formation of the Schottky junction pulled the minority carriers and pushed the majority carriers to induce the separation of charge carriers to generate an electric field. Instead of recombination centers, forming back-to-back potential along twin boundaries can trap the photoinduced electrons or holes to promote the separation of charges.
3.1.6. Heterojunction
The single-component photocatalyst often suffers from the rapid recombination  of e−/h+ pairs. Therefore, heterojunction design is a alternate approach to increasing the interfacial transfer of charge carriers due to the driving force induced by the electrostatic electric field. Besides the effective separation of e−/h+ pairs, the design of heterojunction can also boost the light-harvesting capability. There are three kinds:
(i) type I heterojunction; 
(ii) type II heterojunction; and 
(iii) type III heterojunction. 
[bookmark: bbb0355]Among these heterojunction systems, the design of photocatalysts through type I heterojunction results in relatively rapid recombination of charge carriers and thereby yields moderate photocatalytic efficiency. In type I heterojunction system, the CB minimum and VB maximum of the photocatalyst-A are higher and lower in energy as compared to the CB minimum and VB maximum of photocatalyst-B, respectively.  This situation is pictorially shown in Fig.3..


[image: Fig. 7]
Fig. 3. Illustration of band alignment (a) Type-I (b) Type-II and (c) Type-III [41].
Therefore, both photo-generated electrons and holes will flow and accumulate on the same semiconductor owing to the distinct band alignment of the type I heterojunction system.   Type II heterojunction system is an efficient strategy compared to type I to promote the separation of photoinduced charge carriers in the heterojunction system. Due to the higher CB and VB potentials of photocatalyst-B compared to that of photocatalyst-A, the driving force induced by the formation of an internal electric field owing to heterojunction alignment will cause electrons to flow from the conduction band of photocatalyst-B to the conduction band of photocatalyst-A to participate in the reduction reaction. Meanwhile, photoinduced holes will migrate from the VB of photocatalyst-A towards the photocatalyst-B to initiate the oxidation reaction and thereby induces a strong separation of photoinduced electrons and holes. Conversely, coupling the narrow band gap component as a second photocatalyst can result in a simultaneous improvement in the light-capturing capacity and separation ability of charge carriers. Similarly, loadings of a narrow band gap photocatalyst with a wide band gap photocatalyst were also reported to demonstrate improved light absorption and carrier separation capacity due to the formation of type II heterojunction. 
 The Z-scheme heterojunction system has also been greatly investigated to improve the efficiency of photocatalysts. Generally, the photocatalytic efficiency obtained via the Z-scheme heterojunction system is superior compared to that obtained via the type II heterojunction system due to the occurrence of redox reactions at the relatively lower potential in the case of type II heterojunction to hamper its photocatalytic activity. Further, the transportation of photoinduced electrons from the CB of photocatalyst-A to the CB of photocatalyst-B and migration of holes from the VB of photocatalyst-B to the VB of photocatalyst-A experiences electrostatic repulsion, which ultimately restricts the flow of charge carriers from one photocatalyst to another photocatalyst. Furthermore, although energy band alignment in both type II and Z-scheme heterojunction systems is quite similar, both heterojunction systems differ in respect of the charge transfer mechanism. The comparison of Type Ii and z scheme is shown in Fig.4.  
                              [image: ]
Fig.4. Comparison of Type II and Z and S-schemes and the respective charge transfer routes are shown. 
[bookmark: bbb0370][bookmark: bbb0375]Therefore, both photo-generated electrons and holes will flow and accumulate on the same semiconductor owing to the distinct band alignment of the type I heterojunction system.. . Type II heterojunction system is a efficient strategy as compared to type I to promote the separation of photoinduced charge carriers in the heterojunction system. In a type II heterojunction system, one photocatalyst is always a wide band gap semiconductor while the optical band gap of the second component manages the phenomena of charge separation or the light absorption range of the designed heterojunction system. For instance, when a second photocatalyst with a wide band gap is coupled, the resulting type II heterojunction can only delay annihilation and advance the separation of charge carriers. Conversely, coupling the narrow band gap component as a second photocatalyst can result in a simultaneous improvement in the light-capturing capacity and separation ability of charge carriers.  
[bookmark: bbb0385][bookmark: bf0040]Besides the above-mentioned kinds of heterojunction systems, the Z-scheme heterojunction system has also been greatly investigated to improve the efficiency of photocatalysts. Generally, the photocatalytic efficiency obtained via the Z-scheme heterojunction system is superior compared to that obtained via the type II heterojunction system due to the occurrence of redox reactions at the relatively lower potential in the case of type II heterojunction to hamper its photocatalytic activity. Further, the transportation of photoinduced electrons from the CB of photocatalyst-A to the CB of photocatalyst-B and migration of holes from the VB of photocatalyst-B to the VB of photocatalyst-A experiences electrostatic repulsion, which ultimately restricts the flow of charge carriers from one photocatalyst to another photocatalyst [77]. Furthermore, although energy band alignment in both type II and Z-scheme heterojunction systems is quite similar, both heterojunction systems differ in respect of the charge transfer mechanism, as shown in Fig.4.
The Z-scheme heterojunction system demonstrates the strong separation of electrons and holes and preserves the inherent photo-redox potential for redox reactions. The formation of the Z-scheme between two component photocatalysts strongly increased the separation of photoinduced charge carriers and thereby photocatalytic activity. Therefore, forming a heterojunction system is an effective strategy to tune the photocatalytic system with prevented recombination rate and improved formation of excitons, which could be the promising pathway of obtaining highly efficient photocatalysts. S-scheme heterojunction has been introduced as the  appropriate heterojunction for diverse photocatalytic applications. Both n- and p-type semiconductors can be used to form S-scheme heterojunctions.
The above four kinds of S-scheme, n-p S-scheme heterojunction has already been verified experimentally. Herein, we elaborate on p-n S-scheme heterojunction, in which photocatalyst-B is an n-type semiconductor and photocatalyst-A is a p-type semiconductor. After integrating two semiconductors, the photoinduced electrons at the interface flow from photocatalyst-B towards photocatalyst-A. The redistribution of interfacial charges generates band bending, formation of space charge zone, and development of charge void and accumulation layers. After reaching the equilibrium Fermi level, an accumulation layer and depletion layer with downward and upward bending are formed in p-type and n-type semiconductors, respectively. Simultaneously, an inherent electric field directing from photocatalyst-B towards photocatalyst-A is generated, which consequently induces electrons to flow from photocatalyst-A to photocatalyst-B. Under light irradiation, photoinduced electrons in the CB of photocatalyst-A combine with holes in the VB of photocatalyst-A and perish each other, leaving unutilized electrons in the CB of photocatalyst-B and holes in the VB of photocatalyst-A, thereby preventing the recombination of photoinduced charge carriers.   Compared with type II and Z-scheme systems, S-scheme heterojunction provides strong channels for the transport of charge carriers to promote their separation. 
In type II heterojunction, the photoelectrons migrate from the CB of photocatalyst-A with a high reduction ability towards the CB of photocatalyst-B with a smaller reduction ability. In contrast, holes migrate in opposite directions, from the VB of photocatalyst-B with stronger Oxidation potential towards the VB of photocatalyst-A with lower oxidation potential due to the potential difference. For the conventional Z-scheme, the presence of a redox mediator accepts photoelectrons from the CB of photocatalyst-A due to its higher redox potential contrasted to the CB of photocatalyst-B. Similarly, holes with higher oxidation capacity flow from the VB of photocatalyst-B to be accepted by the donor because of the same reason, which consequently preserves photocarriers with low reduction potentials in the CB of photocatalyst-B and holes in the VB of photocatalyst-A. Besides, all-solid-state Z-scheme heterojunction consisting of electron mediator instead of shuttle redox produces. Due to their larger reduction potential compared to those at the CB of photocatalyst-B, the photoelectrons at the CB of photocatalyst-A preferentially travel towards the mediator rather than the other way around.  The same reason is valid for the VB holes with higher oxidation potential, which ultimately accumulates at the mediator owing to the higher driving force. Consequently, photoelectrons at the CB of photocatalyst-A possess higher reducibility to perish with the VB holes of photocatalyst-B with higher oxidizability via a mediator, thereby following the charge transfer process similar to conventional Z-scheme. Overall, all three types (type II, conventional Z-scheme, and all-solid-state Z-scheme) suffer from identical limitations: photocarriers with low redox potentials are preserved to contribute to redox reactions. The charge transfer mechanism over direct Z-scheme has not been understood clearly because of problematic in its previous two categories i.e., conventional Z-scheme and all-solid-state Z-scheme heterojunctions.
[bookmark: bt0005]In contrast, the S-scheme heterojunction is produced due to the integration of two semiconductors with different Fermi levels with no involvement of shuttle redox or electron mediator between them. After integration, the electric field directed from the photocatalyst with a positively charged interface towards the photocatalyst with a negatively charged interface is produced due to the flow of electrons from the photocatalyst with a higher Fermi level towards one having a lower Fermi level. Under light irradiation, the photoelectrons at the CB of one photocatalyst with a small reduction potential meet with the VB holes having smaller oxidation potential at the other photocatalyst because of electrostatic attraction, thereby preserving photoelectrons and holes with stronger redox potentials. The relatively smaller potential difference between the CB of one photocatalyst with low reducibility and the VB of the other photocatalyst with low oxidizability causes the recombination of their photoelectrons and holes to support the S-scheme charge transfer process. The photocatalyst with a greater Fermi level exhibits upward band bending, while the photocatalyst with a lower Fermi level exhibits downward band bending. The band bending decides the fate of heterojunction to be type II or S-scheme. Furthermore, we have compared the main characteristics of frequently used type II, three Z-schemes, and novel S-scheme heterojunctions, as illustrated in Table.
Table Characters of different heterojunctions
	Name of Heterojunction
	Characters
	disadvantages

	Type II
	Better charge  separation and redox capacity compared to type I
	(i)photocarriers transfer route
(ii) Separation of photocarriers takes place reducing  redox capacity.
(iii) Restricted light harvesting

	Traditional Z-Scheme
	Stronger redox capacity compared to type II heterojunction
	(i) mostly applicable to water splitting.
(ii) Backward reaction of the redox mediator limits the redox capacity.
(iii) Lower light harvesting by shielding effect

	All solid-state Z-scheme
	The issues of backward reaction, stability, and light 
(ii)the transport distance is reduced..
(iii)Suitable for pollutants degradation
	(i) Expensive use of electron mediator so not suitable to large-scale application
(ii)  Electron mediator and catalyst are competing for light harvesting. 

	Direct
Z-scheme
	competitive absorption from the electron mediator is limited

	The photocarriers transfer mechanism is controversial and uncertain

	S-scheme
	i)suitable for diverse photocatalytic applications.
(ii) Overcomes the limitations of type II heterojunction.
(iii) photocarriers transfer mechanism and vivid designation is possible.
(iv) The availability of photocarriers with strong redox potentials and strong separation and transfer of photocarriers.
	(i) Broadly applicable to powder  materials.
(ii) Advanced characterization techniques are required to  understand the photocarriers transfer mechanism.
(iii) Mostly, n-type semiconductors can be used in   S-scheme heterojunction


 
3.1.7. Other Modifications
There are other various techniques that have been employed for effective photocatalyst. The generation of active sites and their optimization through basal engineering and quantum confinement effect. Surface treatment is another method to modify conventional photocatalysts and inclusion of single atom catalyst configuration, increase optical absorption by substitution (doping) surface remodeling like hydrogenation, loading certain metals like Au, Ag and Cu which gives rise to surface plasmon effect {SPR. The final structural design of the catalyst like core shell configuration has also been proposed to enhance the photocatalytic activity.
.3.1.8. Photoreactor design
 The design of a photoreactor is an emerging attempt that is being pursued.  The degree of the optical absorption and adsorption of reactants on the catalyst surface are two main parameters on which the efficiency of a photocatalytic reaction  depends. Therefore, it is essential to improve the design of photoreactors, including the selection and distribution of light nature, configuration of the reactor, and reflectors. Ideally, homogenous distribution irradiation of the light on the whole photoreactor are required to obtain optimal photocatalytic results. Among different photoreactors, monolith reactors, containing equivalent straight channels, have been extensively researched in photocatalysts owing to their high potential to harvest more photon flux, higher light absorption surface area and superior photocatalytic results.  The high surface area per unit volume was the apparent reason for this increased photocatalytic performance.
3.1.7. Measurement of Photon Flux 
An actinometer [14] is a chemical system or physical device which determines the number of photons in a beam integrally or per unit time. This name is commonly applied to devices used in the ultraviolet and visible wavelength ranges. For example, solutions of iron (III) oxalate  can be used as a chemical actinometer, while bolometers, thermopile and photodiodes are physical devices giving a reading that can be correlated to the number of photons detected.
Potassium ferrioxalate is commonly used, as it is simple to use and sensitive over a wide range of relevant wavelengths (254 nm to 500 nm). Other actinometers include malachite green, and monochloroacetic acid  all of these actinometers undergo dark reactions, that is, they react in the absence of light. This is undesirable since it will have to be corrected for. Organic actinometers.. Other actinometers are more specific in terms of the range of wavelengths at which quantum yields have been determined. Uranyl oxalate has been used  but is very toxic and cumbersome to analyze. Meso-diphenylhelianthrene can be used for chemical actinometry in the visible range (400–700 nm).[42}
4. Conclusion and perspectives
The  significant modifications of photocatalysts for increasing their photocatalytic activity is outlined.. Still improvements are required in improving electron mobility  and enhanced photon absorption by the chosen photocatalysts.  Even though doping and the formation of defects have contributed significantly to modulating the electronic and optical features, the overall visible light-activated photocatalytic efficiency is still not up to the mark... Another challenge is to prevent photo-corrosion in the photocatalysts used. It is also imperative that our knowledge on the role and design in terms of distribution should be improved  to achieve and harness the positive aspects of defects.  
There is a need to design and fabricate reactors  with superior absorption of irradiation of sunlight and incorporate stability to the reactor for many cycles. The method for the determination of apparent quantum efficiency (AQE) should be made more meaningful and should become  a routine measurement parameter.
The introduction of nano state has some role in the photocatalytic activity in especially 2D systems.   In this, new and innovative synthesis methodologies have to be developed. The layered configuration of the photocatalysts may be suitable for creating multiple junctions among semiconductors which facilitate the vectorial transfer of charge carriers.
The photocatalytic process is quite complex, including optical harvesting, e−/h+ creation, separation and unification, surface kinetics, and reaction. More attention should be given to other efficiency enhancement ways rather than applying costly and short-lived metal co-catalysts, hence, to make certain the applicability of semiconductors photocatalysts at a large scale. 
The scope of this exercise is to examine the possibility of photocatalytic process  like hydrogen production from the photodecomposition of water, photocatalytic reduction of carbon dioxide to generate valuable chemicals and ammonia production by the photoreduction of dinitrogen and degradation of pollutants can be achieved to commercial scale in the near future.   This may be a tall claim.
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CHAPTER TWO
PHOTOCATALYTIC WATER SPLITTING
 1.Introduction
For the past five decades or so, photoelectrochemical decomposition of water to generate fuel Hydrogen, has been the subject of intensive research. The research area picked up with the publication of Fujishima and Honda who reported the generation of hydrogen from water on semiconductor surfaces by light radiation [1]. Ever since 1972, there have been many  attempts to make this process more economically viable and higher efficiency , but however, the search is still continuing.   In between, there have been many attempts to assess the progress in this field by many eminent scientists as revealed from the publications only limited references are given [2].  The multi-various attempts so far made can come under one or other topics namely, the band gap engineering, sensitization by doping, coupling of semiconductors, sensitization by dyes and other photoactive materials. all these attempts have been aimed to make the process economically viable and to maximize the solar radiation absorption by the semiconductor. All these attempts have been pains-taking and considerable progress have been achieved though still the ultimate goal has not yet reached. This has given rise to the concept of hydrogen economy and many of us started to consider that hydrogen is the future fuel source [3].   There are many comprehensive compilations on this topic [4]
It has been considered that Overall, the society could significantly benefit from the implementation of PEC in a sustainable system, contributing to the achievement of self-cleaning processes and driving the transformation of the world toward a greener society. 	In between, the debate on hydrogen as the alternate fuel choice has picked up for various reasons and the debate has not yet confirmed if  this concept is acceptable or not.   From many stand points like cost of production, equi-distribution possibility, safety point view and other issues are brought forth and the conclusion is still to evolve. Though, it is appropriate at this time scale to discuss this topic, this aspect is not covered in this presentation. Interested readers can look at the recent debates typical reference is given [5].
	
	There are some areas where some clarity has to evolve. Some of them are mentioned.
2.Semiconducting Materials
This is one area where a number of publications devoted to introduce new materials for the application of photoelectrochemical decomposition of water. The main objective of this exercise is to utilize the maximum portion of solar radiation and if possible the visible component of solar radiation. This research goes under the title Band gap engineering.   However, there are views that even utilizing about UV component of solar radiation (~5 %) is enough to provide energy source for this universe.   However, the anxiety to introduce low band gap semiconductors has not subsided.   The thermodynamic decomposition potential for water is 1.229 V and if one were to add all the over voltage components, then the semiconductors which can be expected to photo-decompose water should have at least a band gap value of 2eV..
 1.Bandgap and interfacial engineering are deployed to improve light absorption, charge separation and surface reaction for enhanced hydrogen evolution. It is essential to develop stable photocatalysts suitable for visible and infrared light harvesting.		
 2. Further mechanistic studies should be conducted to reveal the active sites on the catalyst surfaces using advanced techniques.		  
3. Earth-abundant and environmental-friendly materials are favorable for cost-effective and pollution-free photocatalysts.		 
There must be clarity on each of these issues normally raised in the photoelectrochemical decomposition of water for hydrogen generation.		 
 There are other aspects of this reaction, namely using heterojunction systems, carrying out this reaction in combination with decontamination of water and also use of sensitizers and these aspects also require careful attention.		                   
In literature, there are various methodologies employed which can be in general stated sensitization.  This includes introducing dopants, employing   sensitizers, coupling of semiconductors in various configurations (types and z-scheme) and so on.   The general criterion normally imposed is that the energy of the conduction band bottom should be more negative as compared to the value of hydrogen evolution potential. If one wishes to utilize both the components of exciton (e and h+) then the energy value of the top of the valence band should be such  that the     oxidation reaction becomes feasible.					
The energy positions of the top and bottom of the valence band and conduction band  controls the feasibility of the reaction., but still the charge transfer rate is controlled by other inherent properties of the solid surface. The charge transfer has to take place between the lowest unoccupied state of the acceptor state (in this case H+ and the surface state wave functions of the solid semiconductor.. The energy, symmetry    and contour of the surface state wave function should overlap with the wave function of the lowest unoccupied state of the acceptor species. The symmetry and shape of the surface state wave function is dependent on a number of properties of the semiconductor and also its (wave function) alterations caused by the adsorption from the  surrounding medium.   Additionally,  the magnitude of the charge transfer barrier is subject to the band bending that occurs at the semiconductor/electrolyte interface.   These effects are in situ generated and is not easily amenable for manipulation.  These aspects of photoelectrochemical decomposition of water requires careful consideration.		
Material selection appears to be another issue in the photoelectrochemical decomposition of water.  As stated. there are various ways of screening  materials in terms of band gap, availability, and many other physico-chemical properties of materials,   Inherent property based on bonding characteristics have not been taken into consideration. When the percent ionicity in a  semiconductor increases, then the band gap also increases so low band gap semiconductors must not be purely ionic and the bonding between the cation and anion should have some covalent character also.  However, this concept did not receive attention.		
Let us turn our attention to the type semiconductors that have been examined. .It is not the type of semiconductor that is necessary but their characteristics are important.   However, the value of the band gap need not be the sole criterion for choosing a semiconductor for this application but the value of the band gap has to be around ~2 eV. The material selected should not undergo photo-corrosion.  Materials like ZnO and low band gap materials are susceptible for photo-corrosion and hence are not suitable for this application.
		
			
The thermodynamic criterion for the feasibility of the  process is controlled by the positions of the bottom and top of the conduction and valence band of the semiconductor respectively.   This condition can be ascertained fairly well in the all the semiconductor materials that have been so far examined.   But the difficulty is in the overall kinetics of hydrogen and oxygen evolution reactions. As stated, the kinetics of transfer of charge depends on the nature and contour of the wave functions and alterations in this parameter is difficult to realize   In the case of hydrogen evolution reaction, bare proton wave function is fixed and this cannot be symmetry modulated, but the wave function of the donor state of the semiconductor has to be altered for facile charge transfer. This means that in order to make this process viable, one has to modify the semiconductor and its  electronic energy levels. Conventionally, this has been attempted by the process doping, or inclusion of defects and coupling of semiconductors The answer to this situation is using other substrates where the wave function can be altered but this is not possible since the source for hydrogen is protons and altering its wave function is not an easy task.  Therefore, in the present situation, enhancing the kinetics of hydrogen  evolution reaction in the photoelectrochemical decomposition of water appears to be not simple.   .The use of other substrates has not yielded any progress.		
3. Photon Absorption Cross Section Maximization
It is essential to maximize the photons utilization for   the excitation of electron hole pairs..   Recombination centres have to be minimized. Defects are often considered  as the adsorption  cemtres for the substrate molecules. In addition, defect centres can give rise to surface states which can facilitate the charge transfer reactions in photoelectrochemical process. Therefore, it is necessary to make use of these additional wavefunctions in the forbidden gap of the semiconductor in the photochemical reaction. These addition electron energy states may facilitate the charge transfer in addition to acting as recombination centres. These surface states also     facilitate in reducing the photon energy  required to create exciton. The maximization of the photon absorption by semiconductors has the following components.
The photon absorption cross section of the semiconductor ( the percentage of photon absorption) should be maximum, which means the surface scattering of photons should be minimum.   This is reflected in the extent of roughness of the surface.
The number of excitons undergoing recombination has to be minimized and  the recombination centres on the surface ( like defect sites and others) should be minimized.
 There are a variety of other recombination centres not only defect centres and hence, these centres also must be minimized.
Other losses like reflection. scattering, which arise due to the morphology of the material should also be minimized.
4. Reactor Design
Various types of reactors have been designed in literature [6]. Transforming a laboratory experiment to industrial scale involves several barriers, since the extrapolation  has to be made on parameters that are suitable for operation.   In this process many things may go wrong. Simple linear extrapolation methods may not be always suitable.  The design, construction, and scale-up of photocatalytic reactor for large-scale industrial applications is still an open problem. Considering the technologic point of view, intensive efforts of research and development have been invested to help overcome different problems in bulk reactors such as photon transfer limitation, mass transfer limitation, oxygen deficiency, and lack of reaction pathway control. The approaches developed so far are limited. For this reason, it is necessary to explore alternative methodologies for designing novel photocatalytic reactors. In addition to focus the beam on the semiconductor, but it must be ascertained that all the photons are absorbed and generates excitons.
Conventionally, the doping and dissolution of other ions are resorted to increase the optical region of absorption to visible region of semiconductors like TiO2. For example,  nitrogen and Gd-modified TiO2 has been examined for this reaction.  The production of oxygen vacancies and Gd ions defects in the crystal lattice of host TiO2 reduced the energy transportation, promoted the optical absorption in the visible region, and increased the redox capacity. The optical band gap of co-doped TiO2 was lowered due to the formation of impurity levels  below and above the CB and VB, respectively.
5. Some Attempts
In these times,  several authors have attempted different strategies to promote the photocatalytic performance for Hydrogen evolution. For example, nitrogen incorporated TiO2,  Ti+3/N-TiO2 (TNT) and CdS nanorods to prepare TNT/CdS composite with different loading loadings of CdS. The optimal   photocatalyst with 10 wt% CdS generated the highest amount of H2 (1118.5 μmol) compared to 71.6 μmol of pure CdS. [6].  This belongs to  type-II heterostructure which accelerates the transmission and separation of charge carriers.    The design of photocatalysts through the S-scheme heterojunction process possesses strong redox potentials and efficient separation of charge carriers, which ultimately support the photocatalytic H2 evolution. For example, nitrogen-doped molybdenum sulfide and sulfur-doped g-C3N4 are coupled in a heterojunction mode for evaluating the photocatalytic ability for hydrogen production [7]. The most favorable sample with 19.3 wt%. S-g-C3N4demonstrated the maximum H2generation rate of 658.5 μmol/g/h in contrast to the H2 evolution rate of 28.8 μmol/g/h and 17.4 μmol/g/h for S-doped g-C3N4 and N doped MoS2, respectively. The improved H2 evolution performance was considered due to the red shift in the optical response and increased separation and transfer of charges through S-scheme.
	Photocatalytic system
	Scheme
	Activity

	CeO2-ZnO
La2Ti2O7-In2S3
CdS/CoSx
BP/Bi2WO6
CdS-g-C3N4-graphene

	Type II
Type II
z-scheme
Z-scheme
s-scheme
	1.7 μmol cm−2 h−1
158.89 μmolg−1 h−1
9.47 mmol g−1 h−1
21042 μmolg−1 h−1
86.38 μmolg−1 h−1


6. Perspectives
Even though the thermodynamic criterion can be managed by proper choice of the semiconductor with the bottom of the conduction band to be more negative to hydrogen evolution potential of water. the kinetic control of the reaction needs to be carefully addressed. This aspect appears to depend on the electric field distribution in the semiconductor, which means we need a proper geometry for the catalyst system chosen. It is now apparent that the three-dimensional geometry of the catalyst system so far tried is limiting the kinetics  of hydrogen evolution reaction. This could be due to non-uniform distribution of the electric field, which controls the electron emission rate.
When the electric field strength is of the order of 0.1 V /cm then electron emission may set in metals and  the field strength can be of this order for smooth transfer of charge. This kind of field distribution is achievable in 1D/2D materials and it means that the semiconducting catalysts used in photo-electro-chemical decomposition of water may have 1D/2D geometry.  If this postulate were to be true, then it means that the semiconducting catalysts have to be in one (two) dimensional architecture even if they were to be in nano state. such a field distribution cam ne achieved by the application of a bias voltage or internal field caused by the electrical double layer with addition of electrolyte the so-called internal bias.   However, it is to be noted that all these require a particular geometry of the semiconducting catalyst. .This geometry should be capable of absorbing the photons also effectively.
The wave function of the conduction band of the semiconductor will be mostly of 's' character (for oxides) and hence it will  effectively overlap with the 1s wave function of hydrogen and hence charge transfer may be feasible.
Another way to increase the charge transfer kinetics is to increase the life time of the exciton.   This implies that the wave function where the excited electron occupies should be deep and hence the electron resides there longer time as compared to recombination time. However,  there are not amenable for alteration and hence the life time of the exciton is mostly dependent on the material characteristics of the semiconductor chosen.
It appears that inherent energy alteration is not the solution to increase the kinetics of water decomposition.  The application of bias voltage possibly reduces  the potential barrier..
Almost all possible semiconductors have been evaluated for this reaction.  Still the efficiency of the process has not reached  the desired levels. There are four steps involved in the generation of charge carriers.   They are (1) photon absorption ( this is governed by the nature of the semiconductor, direct or indirect semiconductor  (2) the smoothness or roughness of the semiconductor surface and other optical properties of the semiconductor (30 the charge carriers have to migrate to the surface. Charge carrier transportation can be improved if the recombination is restricted.(4) the charge carrier transfer to the substrate. The thermodynamic barrier depends on the energy value of the conduction band minimum (it should be moved to more negative potential value) and the maximum of the valence band (itt has to be moved to more positive value of the potential)  This depends on the orbital energy of the unoccupied orbital of the cation and also completely filled band of the anion of the semiconductor. In this sense, ternary systems like titanates, tantalates and others may be suitable.. However, this will only satisfy the thermodynamic criterion and still the kinetics of this process has to be optimized. This can be modulated by the built-in electric field or applying bias voltage. This has also been probably attempted but still the success appears to elude us.
Heterojunction as already mentioned have also been examined. Even though some improvements have been achieved, the levels of success are not adequate for commercial exploitation.   On the shole, the success in fuel production from the photo-decomposition of water seems to depend on the choice of material and their configuration  in order to modulate and improve to orders of magnitude  the kinetics of the process.
Similar to photosynthesis, a ladder of redox species has to be coupled to heterojunction photo-systems which will facilitate the photon absorption( in the range of wavelength required and can be effective in recombination reduction, so that effective( kinetically feasible) charge transfer takes place to generate the clean fuel hydrogen. 
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CHAPTER THREE
PHOTOCATALYTIC REDUCTION OF CARBON DIOXIDE
1. Introduction
Carbon dioxide mainly (mostly) formed from the combustion of fossil fuels have been considered as a greenhouse gas and hence its release has become a topic of concern for environmental issues. For over a decade now, there are concerted attempts to either limit the emission of carbon dioxide or converting atmospheric carbon dioxide into useful products. This is evident from the number of publications dealing with carbon dioxide conversion to useful products of hydrocarbons.[1-8] It is obvious that this field is most fertile and intense research is being pursued all over the world. It is therefore, necessary a periodical review of the field is available. Photo-catalytic reduction of carbon dioxide can be carried out either in homogeneous phase or in heterogeneous conditions and the heterogeneous photo-catalytic aspects are considered in view of the fact that this process has the chance of commercialization. In essence, photo-catalytic reduction of carbon dioxide is carried out mostly on semiconductor surfaces involving the steps of adsorption of substrate photon absorption by the semiconductor, electron hole separation and migration and utilization in the chemical transformation and the desorption of the products.
Under this title there are a number of publications [9-12]. The debate in scientific circle is                  intense on  this topic. This aspect was raised by us under the title ”Carbon dioxide: Matter of Pollution or Profit? in the year 2007 itself.[13].
The field of conversion of carbon dioxide is nascent and fertile. The main issues are to get selective reduction products and establishing conditions for optimum catalytic activity. Second issue is selection of appropriate activation mode, like thermal, photo-catalytic mode, Electro-chemical mode or others. In all these aspects, there is intense research is going on but making the process commercially viable is another challenging issue.
The motivation for compiling this article is to bring the attention of practicing scientist to the issues involved in converting the waste carbon dioxide into a wealth. In order to make this exercise more meaningful, we would like to list out the issues involved in this exercise, and also to attempt to point out the challenges involved. 
Various methods of carbon dioxide removal (CDR) are being pursued in response to the climate crisis, but they are mostly not proven at scale. Climate experts are divided over whether CDR is a necessary requirement or a dangerous distraction from limiting emissions.[14]. In spite of these controversies, the efforts to value add to this so-called waste product is going on. However, the limited success, leads to frustrations and doubts on achieving success in this endeavour. One of the conversion technologies for the carbon dioxide into worthwhile chemicals through photo-catalysis has been a matter of attraction for the last four decades among the scientific community. However, the conversion rate has not yet been achieved to the desired efficiency due to the inevitable barriers associated with the process making it as a Holy Grail. Major problem associated is finding the appropriate material, hence efficient material should be engineered to overcome the high energy barrier associated with the reduction process. Product analysis as well as efficiency determination are highly susceptible to errors. Because of these serious limitations, these efforts have been looked upon suspicion and the initial enthusiasm is slowly fading away.[15].
2. Adsorption Modes of carbon dioxide
The molecule has two centres namely C and O atoms in the molecule. The adsorption can take place either in one of these atoms in the molecule or both. Even on metallic surfaces the surface adsorbed oxygen is known to function as the adsorption center for carbon dioxide. In short the possible adsorption modes can be generalized and are shown in Fig,1, There can be many other possible modes other than these but however, these can be grouped in these models. The common modes of adsorption modes are shown in Fig.1. 
[image: ]
Figure 1: Adsorption modes of carbon dioxide on surfaces
In addition, there can be other modes of adsorption of carbon dioxide on oxide surfaces. Some of the possible modes of adsorption of carbon dioxide on oxide surfaces are shown in Fig.2. The schematic representations shown in Fig.1 and 2 are models and the actual state of adsorption and their energetics may be variable and hence the reactivity of adsorbed carbon dioxide can be varying depending on the nature of adsorption site and also the orientation of adsorbed carbon dioxide. 
                         [image: ]
Figure 2: Adsorption modes of carbon dioxide on oxide surfaces
Depending on the mode of adsorption of carbon dioxide and the centers involved, the subsequent reduction of the molecule will take place. Essentially, the CO vs O and CO vs H+ binding states govern the reduction product obtained. In the gas phase, the main products are methane, methanol and also Fischer Tropsch process products while in aqueous phase, the main products CO, HCOOH and other variety of products. There are three phases these reactions can take place namely in gas phase (methane, FT and methanol),in  aprotic phase (CO, oxalate) and in aqueous phase (H2, HCOOH, CO).
It is necessary to list the product pattern that has been reported by the photo-catalytic reduction of carbon dioxide. Typical data assembled from literature are given in Table 1. The values of reduction potentials and the main uses of each of the products are also included in this Tabulation. The reactions shown are only typical ones and the list is not complete but only indicative.
Let us consider the mode of adsorption of carbon dioxide.   If all the three centres were to be involved in the process of adsorption, then two sites have to be with less charge density so that adsorption through electronegative oxygen species and one site has to have more charge density  so that adsorption through carbon atom will take place..   These two kinds of sites are conventional acid base sites but they have to be recognized with average charge density on them. If three center bonding has to take place then the adsorption site has to have a particular geometry.   This site has to be in the form of step site so that the necessary band angle reduction can take place in the adsorbed carbon dioxide. This model of adsorption has been proposed already in literature [17].   Two-point adsorption similarly,  requires an acid base combination site in a geometrical requirement. The particular geometry of the adsorption site is a necessary condition for the band angle reduction in carbon dioxide and only then the molecule will undergo reduction.  It appears that the activation of carbon dioxide on catalyst surface is a demanding situation both the geometry and charge density at the adsorption site. It is essential to design catalyst surfaces so that the required bond angle reduction takes place in the adsorption mode.
Another aspect that requires attention in photocatalytic reduction of carbon dioxide is the selectivity of the product obtained. There are a variety of products that can be obtained by the photocatalytic reduction of carbon dioxide and one has to be concerned about the value addition that can be achieved in this process. Mostly one carbon containing products like CO, HCHO, HCOOH, CH3OH and CH4 are obtained in the photocatalytic reduction of carbon dioxide.  However, the conversion levels achieved is low and hence one has to be careful enough to accurately analyze the product yield.
In other mode of adsorption, CO may be the major product then the reaction has to proceed through hydrogenation of adsorbed CO and it may follow the Fischer Tropsch or methanol route.   The selectivity observed in the photocatalytic reduction of carbon dioxide therefore depends on the adsorption mode of CO2and the nature of the activating site on the catalyst surface.   The selected results reported in literature are assembled in Table.1.
Table 1 Common Products of photo-catalytic CO2  Reduction [18]
	Product
	Half reaction of CO2

	Redox Potential (V)
	Main Use
	 Photocatalyst

	CO
	CO2 + 2e + 2H+ → CO + H2
	-0.52
	Fischer Tropsch synthesis,
Carbonylation of alkanes
	Zn/g-C3N4.
TiO2-BiVO4 
Ni-doped ZnCo2O4. Ga2O3

	HCOO-
	CO2 + 2e + 2H+ → HCOO
	-0.41
	Preservative and antibacterial agent
leather and textile industry in livestock feed
	g-C3N4/(Cu/TiO2)
ZnO

	HCHO
	CO2 + 4r +H+ → HCHO + H2 O
	--0.48
	Production of resins
and polyfunctional alcohols
	

	CH3OH
	CO2 + 6e + 6H+→
CH3 OH + H2 O
	-0.38
	gasoline additive, fuel,  production of HCHO, acetic acid
and methyl tert-butyl ester
	O-doped g-C3N4, CeO3/ZnIn2S4. 
BiVO4, WO3

	CH4
	CO2 + 8e +6H+→ 
CH4 + 2H2 O
	-0.24
	reforming to syngas, fuel
	In2O3/InP
Ni-doped ZnCo2O4, BiVO4.
NaNbO3, WO3

	C2O42-
	2CO2 +2e→ C2 O42-
	-1.00
	 cleaning ,Bleaching
	

	CH3 COO− 
	2CO2 + V8e+7H+→CH3COO +2H2O 

	-0.29
	solvent, production of ethyl acetate,
 acetic anhydride and ester
	g-C3N4

	CH3CHO

	2CO2 + 10e +10H+ →
CH3CHO + 3H2O
	--0.36
	Production of 2-ethyl-1-octanol
	

	C2H5OH
	2CO2 + 12e +12H+→
C2H5OH + 3H2O

	--0.33
	fuel, solvent , alcoholic beverage
anti-secptic
	

	C2H4
	2CO2 + 12e + !2H+→
C2H4 + H2O 
	-).35
	 production of ethylene oxide
	In2O3/InP [].La2O3-modified LaTiO2N

	C2H6
	2CO2 + 14e +14H+→ 
C2 H6 + 4H2 O
	0.27
	production of ethylene
	


Values of standard redox potentials are relative to standard hydrogen electrode (SHE) at pH=7. .
In general, a photo-catalytic process must satisfy two thermodynamic requirements. Namely, the redox potential of reduction half-reaction must be more positive than the Conduction band minimum (CBM), and the redox potential of oxidation half-reaction must be more negative than the valence band maximum (VBM).. In addition, from the perspective of reaction kinetics, there must be catalytic sites in which CO2 activation takes place.
3 Photo-catalytic Reduction of Carbon dioxide
Photo-catalytic reduction of carbon dioxide has several advantages like mild operation condition, small energy consumption and ready availability when solar radiation is employed as the source. Therefore, photo-catalytic CO2 reduction has received enormous research interests since the pioneering work to drive CO2 reduction into HCHO and CH3 OH [18] by illuminating the aqueous suspensions of various semiconductor powders including TiO2, ZnO, CdS, GaP and SiC.
In the following sections let us consider only the heterogeneous process though its ca also be applicable to homogeneous process.. Heterogeneous processes are typically based on semiconductor or plasmonic metal solid photo-catalysts .  The Photo-catalytic CO2 reduction over a semiconductor photo-catalyst undergoes at least three mechanistic steps5,18. First, light with photon energy equal to or greater than the semiconductor energy band gap is absorbed, exciting the electrons from the Valence band maximum (VBM) to the conduction band minimum (CBM), while leaving holes at the VBM. Next, the photo-generated electrons and holes transfer to the catalyst surface (through co-catalyst if applicable). Finally, adsorbed CO2 is reduced by photo-generated electrons and the adsorbed reductant is oxidized by photo-generated holes. Ideally, CO2 reduction is accompanied by water oxidation or some other value-added oxidations. Moreover, such a process must satisfy two thermodynamic requirements. The redox potential of reduction half-reaction must be more positive than the CBM, and the redox potential of oxidation half-reaction must be more negative than the VBM. In addition, from the perspective of reaction kinetics, there must be catalytic sites in which CO2 activation takes place.
There are a variety of configurations in which this reaction has been attempted to perform. When semiconducting combinations are used there are various Z or s schemes, various modifications like doping , co-catalyst and other agents have been attempted. Still there appears to be a large barrier in pushing this reaction to commercial level. These studies show that the difficulty faced in making this reaction commercially viable does not depend on the catalyst selection but the real reason is still not known. Another aspect is the dissociation of carbon dioxide in the medium in which the photo-catalytic reaction is carried out. This is controlled by the solubility limit and in most often used solvent, its solubility is small (for example 0,145 g per 100 ml at 273 K Other than these, let us list other barriers that have to be crossed in realizing the reaction at the level of commercially viable. .
 The capture of carbon dioxide: This is an intensively pursued field since gas phase carbon dioxide is dispersed. Various solvent media are proposed and being examined. this will continue to a exercise which will receive attention for some period now.
Among the various options available for the conversion of carbon dioxide to value added chemicals, photo-catalytic or electro-catalytic methods seem to be promising as of today. However, achieving the required selectivity is an issue. there can be various reasons for this aspect. but the main parameters are the surface activation of carbon dioxide and the closeness of the redox potential values for the various products.
Photo-catalytic reaction for studying carbon dioxide reaction on commercial scale requires an appropriate reactor configuration. Even, the laboratory scale reactor is not standard so that the reproducibility could be established unequivocally.
The selectivity issue has been considered. It appears that in this photo-catalytic reduction of carbon dioxide the selectivity should not be considered as the primary condition. value addition alone should be emphasized. Secondly, the utilization of the waste product to some useful chemical must be considered at face value.
Optimum catalytic activity should not also be the criterion. among the available catalyst systems, one must make use and get some value addition and also should be satisfied with the environmental benefits derived
The main issue in the utilization of carbon dioxide is the activation of this substrate. The term activation in this context means how the reactivity of the molecule is altered by an external source probe like photolysis, thermolysis, molecular interaction. In the use of these probes the molecular structure is altered, but in photo-catalysis the energy state of the molecule is altered and LUMO levels is occupied by photoexcitation. In this process of photoexcitation, the bonding scheme of the molecule is only altered and possibly the bonding scheme is altered. The bonding state within the molecule is altered as a result of photo-excitation. In this sense, this activation is preferred since it retains all the possibilities of transformation even after activation even though there may be some preference. .That is one of the reasons the importance of selectivity is important in the conversion of carbon dioxide. Therefore photo-catalytic reduction of carbon dioxide is however, yet is useful and the product obtained is value added substrate.
in this sense, photo-catalytic reduction of carbon dioxide is one of the ways to make carbon dioxide as a useful molecule and does not contribute to waste or environmental degradation. Another advantage in photo-catalytic reduction is the process simplicity and less energy consumption. In photo-excitation the molecular geometry can be retained but in other modes of activation the molecular geometry may or may  not be retained. When the molecular geometry is retained, the transformation can be manipulated while when the molecular geometry is altered the transformation is directional and selective. Bond order decrease is better way of activation rather than band breaking by other probes.
In this sense, photo-catalytic reduction of carbon dioxide may have to be preferred route for the utilization of carbon dioxide and also to contribute to environmental concerns. It appears today that this effort is not yielding the desired outcome, but it is hoped that in course of time this process may become economically viable and it will contribute to decrease the environmental concerns. It is suggested that photo-catalytic reduction of carbon dioxide may be a preferred route.
4 MO Diagram of Carbon dioxide
The 2s and 2p orbitals of carbon and the 2p orbitals of oxygen combine to form the molecular orbitals of carbon dioxide. one such a diagram is shown in Fig.3. The HOMO orbitals of the lone pair electrons from the 2p orbitals of oxygen and the LUMO orbitals are the Pi* orbitals combined from 2p orbitals of carbon and the two oxygen atoms. The activation of carbon dioxide means occupying the pi* orbital by excitation from the occupied molecular orbital of carbon dioxide.
[image: ]
Figure 3: Molecular orbital diagram of carbon dioxide
The energy position of the conduction band of the catalyst surface should be capable of donating charge density to the ant bonding state of sigma * molecular orbital of Carbon dioxide molecule. While the charge transfer from Pi orbital of the carbon dioxide to unoccupied energy level of the catalyst surface.   This condition may not be met by most of the surfaces and hence the yield in the reduction products can be less. In addition,  the symmetry of the two states must be compatible. The fulfilment of both these conditions is highly demanding. It is still that adsorption of carbon dioxide is a crucial aspect in the utilization of carbon dioxide.
5 Values of Reduction Potential of Carbon dioxide
It is essential to compile the values of reduction potential (versus Standard Hydrogen Electrode (SHE) and implication of these values has to be realized. In Table 2. these values are tabulated for ready reference. It  is necessary to note that the values of reduction potential values are dependent on the pH of the medium. Therefore, the reduction reaction of carbon dioxide under acid or alkaline medium will be different and the reaction course will be dependent on the acidity or alkalinity of the medium. This effect has to be kept in mind.

It is seen from the values of reduction potentials given in Table 2 that the reduction potentials values are close to each other and hence selective formation of product is difficult. Exclusive formation of one carbon product can therefore difficult. 
Table 2 Typical carbon dioxide reaction and the standard Reduction potential in volts
	No
	Carbon dioxide reduction reaction
	Standard reduction potential (V)

	1
2
3
4
5
6
7
8
	2CO2 + 2H+ + 2e → H22C2O4
; CO2 + 4H+ + 4e → HCHO + H2 O ; -0.480
- CO2 + 6H+ + 6e → CH3OH  + H2 O 
CO2  + 8h+ + 8e → CH4 + H2O 
2CO2 + 12H+ +12e → C2 H4 + 4H 2O
2CO2 + 12H+ +12e → C2 H 5OH + 3H2 O
2CO2 + 14H+ + 14e → C2 H6 + 4H2 O 
3CO2 +18H+ + 18e → C 3H7 OH + 5H2 O ; -0.31
	 -0.913
 -0.480
 -0.380
 - 0.240
 - 0.349
 -0.329
-0.270
-0.310




Thermodynamic Parameters of the Reduction of Carbon dioxide
The standard enthalpies (ΔH◦ 298K(kJ/ mol) and Gibbs free energies (ΔG◦ 298K (kJ/mol)) for different products formed in the reduction of carbon di oxide are given below. Thermodynamics data adapted from the authors of [18].
	No
	Reduction reaction of CO2
	(ΔH◦ 298K(kJ/ mol)
	 (ΔG◦ 298K (kJ/mol))

	1
2
3
4
5
6
7
8
9
10
11
	2CO2 → 2CO + O2
2CO2 + H2 → CO +H2O;; 
 CO2 + 3H2 → CH3 OH + H2O; 
 2CO2 + 6H2 → 2C2 H5 OH + 3H2O;,  
CO2 + 4H2 → CH4 + 2H2O; 
 2CO2 + 7H2 → C2 H6 + 4H2O;; 78.7
3CO2 + 10H2 → C3H8 + 6H2O; 
4CO2 + 13H2 → n – C3 H10 + 8H2O;; 
2CO2 + 6H2 → C2H4 + 4H2O; ;
 3CO2 + 9H2 → C3 H6 + 6H2O; ;
 4CO2 + 13H2 → n – C4 H8 + 8H2O;; 
	293.0
41.2
49.5
86.7
165.0
132.1
125.0;
121.6
64.0
83.6
90.3

	257.2
28.6
3.5
32.4
113.5
132.1
70.9
66.9
28.7
42.1
45.2




It is seen that reduction to various products like hydrocarbons or oxygenates all these formations is almost similar thermodynamic parameter change.. it thus appears that achieving selectivity depends on the mode of adsorption of carbon dioxide. and of hydrogen in the atomic form. The factor that will play an important role is the type of catalyst and also the reaction sequence.  It may be possible that one carbon atom product may predominate, since C=C coupling reaction may require different type of surface sites which may not be  suitable for the activation of carbon dioxide.  In addition,  the retention  of C-O bond may favour aldehyde or acid formation , namely HCHO and HCOOH. 
Thermodynamics of CO2 reduction reaction is found to be dependent on redox potential values and Gibbs free energy. Due to highly positive Gibbs free energy, which indicates that the reaction is endothermic and not favorable under standard conditions, CO2 reduction is an energetically uphill and non-spontaneous process, which means that it requires an input of energy to proceed and it is not favorable for normal temperature and pressure ranges. Compared to water splitting where Gibbs free energy is negative, indicating thermodynamic favorability and spontaneity under standard conditions, CO2 reduction requires significantly more energy to drive the process. Therefore, the energy storage ratio of CO2 reduction, i.e., the amount of energy needed for the reaction compared to the energy stored in the resulting products, is generally higher than that for water splitting. Various semiconducting materials have been examined for the photocatalytic reduction of carbon dioxide, but the yields were not up to the level of commercialization thus showing that the sites for activation of CO2 are not adequate.
Normally the vacant sites on catalytic surface can function as adsorption centre with less charge density and thus forms the site for adsorption through oxygen species of carbon dioxide thus favouring the bond angle decrease thus favoring reduction reaction. Otherwise, stepped surface can also be geometrically favorable for CO2 adsorption in a configuration favouring bond angle reduction.    It may be possible such geometrically modulated sites are less and thus in most semiconducting oxides the yields of CO2 reduction products are less even though the position of the  conduction band minimum is favourable for reduction reaction. 
The selection of available semiconducting systems for the photocatalytic reduction of carbon dioxide is possible but stull the process cannot is not commercially possible which means that there are other stops which have to be studied in detail and resolved.
However, the positions of top of the valence and bottom of the conduction band and the reduction potentials for various reduction products of carbon dioxide are shown in Fig.4. This figure indicates which semiconducting systems may promote the reduction of carbon dioxide and which product formation is thermodynamically possible.   This prediction is valid only if the adsorption of CO2 takes place at the appropriate sites where the bond angle reduction can be expected.
6. Hetero-Junction Systems
The redox property  exploitation can be  achieved in many ways and one such method in photo-catalysis is formulating hetero-junction systems. There are various models reported in the literature namely Type II,Z and S schemes. In these schemes the excited electron and the hole react with substrate in adjacent  semiconductor. The energetic positions of the minimum of the conduction band and the maximum of the valence band are so positioned that it facilitates the charge transfer. In direct and indirect Z-scheme heterojunctions the excited electron is transferred to the hole created in the other semiconductor directly or in a mediated way.  In type II the hole and excited electron undergo reaction in another semiconductor other than their origin.[21.22]
This configuration can be considered for effective utilization of the excitons but stull the yields are low showing the charge transfer is not effective in these systems. The studies reported in literature on heterojunction systems show that energy positions of CB and VB are not controlling the reaction yield.  It is recognized that S-scheme heterojunctions retain the high reduction and oxidation capacity of photogenerated electrons and holes by sacrificing half of the photogenerated carriers, showing excellent performance in photocatalysis and great application potential.
These systems can be considered to be mimic of photosynthesis. In spite of this effort, it is clear that we are still far away from nature’s methodology.    Nature possibly performs in a stepwise manner so that the utilization of the exciton is fully functional.   The energy management in the nature’s process is probably in choosing appropriate redox species which is still not achieved in human endeavour.   
Pictorial representation of heterojunction photocatalyst and possible application for each of the heterojunction systems are shown in Fig.4. 
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Fig.4.  Pictorial representation of hetero-junction photocatalysts possible for photo-catalytic reduction of carbon dioxide
The heterojunction systems especially Z and S schemes are examined for photocatalytic reduction of carbon dioxide. In these systems, due to improved charge separation of the charge carriers and altered potential of electron/hole pairs so as suitable to carry out the redox reaction. Bi2WO6/CsPb Br3 [27} (Z-scheme), TiO2/ZnIn3S4 [28] (S-scheme) have shown increased photocatalytic activity of the order of 10 times as compared to the constituent independent semiconductors. Other heterojunction systems studied for this reaction include ZnMoO4/ZnO [29].TiO2/polydoamine [30], g—C3N4/CdSe [31], TiO2/C3N4/Ti3C2 [32]. Alpha MnS/Bi2MoO6 [33], BiOBr/S-doped g_C3N4 [34], BiOBr/pCN [35],AgB/.BiOBr [35], and Bi2MoO6/In2S3 [37]. However, till now, no photocatalyst has been identified which shows sufficient activity for large scale implementation. Another stumbling block is obtaining a selective product in this Photo-catalytic reaction; however,    it is gratifying to note the observed activity increased to double digit micro moles  in these years and it is hoped that it will soon become commercially feasible  Heterojunction is an important extension in carbon dioxide photocatalytic reductio. A simple (limited) compilation of some of the heterojunction Photocatalytic systems is given in Table2.
	  Heterojunction
	Type
	Product
	efficiency

	In2O3@ZnCo2O4
CsPbBr2/Bi2WO6
TiO2/ZnIn2S4
ZnMn2O4/ZnO
TiO2/polydopamine
TiO2/C3N4/Ti3C2 MXene
BiOBr/pCN
	Type1
Z—Scheme
z-scheme
s-scheme
s-scheme 
S-scheme
S-scheme
	CO
CH4
--
-Co,CH4-
CH4
CO, CH4-
CH3OH
	44.1 μmolg−1 h−1
503 μmolg−1
18.3 μmolg−1 h−1
~3  μmolg−1 h−1
150  μmolg−1 h−1
3-8 times of constituents
1068.07 μmol/gcat, 4 h),
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The data given in Table 2 shows that heterojunction always more than 10 times the activity of the constituent semiconductors. It is therefore evident that heterojunction systems are performing better than the component semiconductors. The reasons can be one or more of the following: (i) The hierarchical structure can realize multiple reflections of light, (ii) the good conductivity  can reduce the electron transfer resistance at the two-phase interface and enhance the electron transfer  (iii) the nano structure can provide abundant active edges and serve as the adsorption, activation and reaction sites for CO2 molecules, (iv) the S-scheme charge transfer can effectively suppress carrier recombination as well as preserve strong redox abilities of photogenerated eCB− and hVB+.
	
	
	

	7.Issues Relating to analysis of products
The essential step in the development  of photocatalytic CO2 reduction is the identification and quantification of the products formed. The conventional analytical methods like gas chromatography(GC) ( with both thermal conductivity and flame ionization detection) for products like CO and hydrocarbons..  NMR spectroscopy with solvent suppression can be used to assess  liquid oxygenate products, including alcohols, aldehydes and acids.. The difficulty of analyzing HCHO can be overcome by using a trapping agent (NaHSO3)1. Liquid chromatography and ion chromatography can detect acid products such as HCOOH, CH3COOH and H2C2O4.. 
To obtain apparent quantum efficiencies (AQEs), a series of monochromatic lights with definite wavelengths are used as the light source.. The solar-to-chemical (STC) efficiency is obtained using AM1.5-G simulated sunlight. In both cases, light intensity, irradiation area and product yields should be measured. In addition, for heterogeneous photocatalysis, catalyst stability in a flow reactor can be evaluated with a long-term photocatalytic test by continuously monitoring product yields. To ascertain catalyst recyclability in a batch reactor is assessed by reusing the catalyst for multiple runs and measuring product yields for each run. The catalyst might be regenerated via washing with deionized water or heat treatment..
The limitation of the analysis by spectrophotometry especially using coloured samples or even under photo-catalytic conditions have been discussed [20] 
8.  Perspectives [18,23]
 It is now recognized that Photocatalytic CO2 reduction is a sustainable strategy to utilizes renewable solar energy to produce high-value chemicals and fuels. Overall, there are various levels of progress in the selection of catalyst exploitation, reactor design, process optimization and exploring various mechanisms and these studies have led to improvement on our understanding of this reaction sequence. However, photocatalytic CO2 reduction has not yet reached the level to practical application.
The atomistic level understanding of the reaction sequence is not fully exposed and this should be one’s prime motive. The computational methods so far employed Is based on model systems and the results obtained cannot be extrapolated to actual commercial level of the catalytic reaction The designing of the catalyst has to optimize many parameters like range of wavelength of photon absorption, stability and recyclability of the chosen catalyst, high efficiency, required selectivity in the reaction, cost considerations for the catalyst formulation restricted photo-corrosion and environmental acceptability. There should be sound basis for the modification of catalyst design.  Multiple activation in addition to light like thermal, electric, magnetic, ultrasonic, microwave or mechanical energy sources can also be exploited. The design of the photocatalytic reactor should be capable of varying concentration of carbon dioxide and also should be capable of tolerant some impurities.  In due course, this technology will evolve and at that time it is required large effort in catalyst optimization, modelling and construction of suitable reactor, efficient methodologies for carbon dioxide capture, product downstream processing, and environmental concerns then only this technology will be an effective and sustainable one. In view of the fact that a small UV fraction in solar irradiation, it is necessary to concentrate on visible-light-sensitive photocatalysis. In this regard, N and F co-doped systems could be potential candidates for both visible-light sensitization as well as photostability. Other innovative catalyst systems like carbon nitride-based systems can be examined. . Direct photochemical conversion of CO2 to methanol and other useful compounds continues to remain an important research target. [19]
Although photocatalytic CO2 reduction has received unprecedented attention from scientists worldwide, its exploitation is limited due to the low selectivity, stability and especially the low efficiency of the photocatalytic systems. The main issue in this photocatalytic process is the recombination of the excited electrons and holes and this is the prevalent step in most of the semiconducting systems so far studied. Use of heterojunction systems in addition to other methods can to some extent may restrict this limitation.
Various types of materials have been examined for the photo-catalytic reduction of CO2. Among these systems that have received considerable attention include. Single and multicomponent semiconductors, metal organic frameworks, composite materials like  C3N4, MoS, semiconductor heterostructures, and chemically modified oxides and other materials like altovalent anion substation (nitrogen and fluorine) {24}.
The utilization of carbon dioxide has been so far examined for mitigation of green-house effect. But it should be considered as a source for carbon-based chemicals [25] and in this sense this waste product is no longer is a waste but it is a source wealth.  However, in the photocatalytic reduction of carbon dioxide, the main issue is to obtain a selective desired product.   However, it has been observed  that oxygenated and hydrocarbon products  (like CO and CH4) are obtained [26] and in this attempt the heterojunction configurations may favour some selectivity aspect in this reaction.   The focus can be to create heterojunction photocatalysts, (type II or Z scheme) with appropriate  materials that have the appropriate band edge positions  for redox reactions, In addition they should be  active in the visible light region, and should be stable under reaction conditions.
The main trust can be on the position of the band edges especially for heterojunction configurations, to improve the life time of the excitons and improve their migratory behaviour and effectively  and directionally transfer of charge transfer to the appropriately adsorbed substrate so that the desired product is formed.
The development in photocatalytic processes will benefit the society in the form of  directly employable energy source from easily available sources like water and dinitrogen and sustain the society.
Table 1. Values of Redox Potentials for the Carbon Dioxide half reaction
	Reaction
	ER °, V vs SHE @ pH = 0

	CO2 (g) + e−→ CO2-∙•(aq)
2CO2 (g) + 2e− → (CO2 )22-(aq)
2CO2 (g) + H+(aq) + 2e− → H(CO2 )- (aq)
2CO2 (g) + 2H+(aq) + 2e− → H2(CO2)2(aq)
CO2 (g) + H+(aq) + 2e− → HCOO−(aq)
CO2 (g) + 2H+(aq) + 2e− → CO(g) + H2 O(aq)
CO2 (g) + 4H+(aq) + 4e− → H2 CO (aq) + H2 O
2H+(aq) + 2e− → H 2(g)
CO2(g) + 6H+ (aq) + 6e− → CH3OH (aq) + H2 O
CO2 (g) + 8H+(aq) + 8e− → CH4(g) + 2H2 O
CO2 + 2H2O +2e                 HCOOH + 2OH-
CO2 + H2O +2e                CO +2OH-
2CO2 + 2e                    C2O42-
2CO2 + 2H+ + 2e            H2C2O4
CO2 + 4H+ + 4e             C + 2H2O
CO2 + 3H2O + 4e           HCHO + 4OH-
CO2 + 2H2O + 4e             C + 4OH-
2CO2 + 12H+ + 12e            C2H5OH + 3H2O
2CO2 + 14H+ + 14e             C2H6 + 4H2O
	-1.90
- 0.64
-0.52
-0.48
-0.19
-0.10
-0.07
0.00
0.04
0.17
-1.491
-1.347
-1.003
-0.913
-0.20
-1.311
-1.040
-0.329
-0270
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Fig.2.  The imaginative configuration of adsorbed carbon dioxide on a specific configured metallic site [reproduced from reference
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CHAPTER FOUR
Photocatalytic Reduction of Dinitrogen
1. Introduction
 It is known that the nitrogen content in the atmosphere is high, it is essential to convert this inert species into useful products like ammonia or amino-acids for life process on earth. The science of carbon dioxide molecule is interesting and important to society due to its physical properties which is essentially goes under the name Green-house Effect according to which the average temperature of the universe will increase if carbon dioxide concentration increases due to modernization.   One of the important reactions of the 20th century is the thermo-catalytic process, namely, Ammonia Synthesis by Haber and Bosch. 	Molecular nitrogen is chemically and biologically inert due to its extremely strong, nonpolar short triple bond (109 pm) (225 kcal/mol or 945.33 kJ/mol) as well as the large ionization potential (15.85 eV) comparable to that of Ar low proton affinity (1.90 eV), absence of dipole moment or non-polarity character. and wide HOMO(σg2p)-LUMO(*ᴫg2p) gap (22.9 eV).     The industrial ammonia synthesis known as Haber-Bosch process requires drastic reaction conditions of  temperatures, (400−500 ℃) and high pressure (100−200 atm) over iron catalysts, consuming about 1–2% of the world’s power source and generating more than 300 million tons of carbon dioxide. 
Since the discovery of the first light induced nitrogen reduction on Titania based semiconductors by Schrauzer and Guth in 1977 [3], a great deal of effort has been devoted to develop this green and economical ammonia synthesis route that is capable of working under mild conditions.  Various semiconductor photocatalysts,  have been studied that  could convert atmospheric nitrogen to ammonia under  light irradiation. However, the obtained ammonia concentrations by most of these photo-catalysts were only in the micro molar quantities, which is far away from the commercial demand. This dissatisfactory ammonia yield mainly arises from the difficult activation of insert nitrogen molecule on these catalysts, which is an uphill reaction process involved the generation of high-energy intermediate (N2H, N2H2 ).. For example, the reduction potential of the N2H formation is as negative as −3.2 V vs. NHE via 
N2 + H+ + e− → N2H. 
Through a two-electron reduction process via
 N2 + 2H2O 4H+ + 2e−→ 2NH3OH+
 the reduction potential (-1.83 V vs. NHE) is still energetically impossible for most of traditional semiconductors in the absence of any organic scavengers or precious-metal co-catalysts. Applying a multi-electron reduction process via
 N2 + 5H+ + 4e− → N2H 5 + (-0.23 V vs. NHE)
 or N2 + 8H+ + 6e− → 2NH4+ (0.274 V vs. NHE),
 in principle, may avoid the generation of high energy intermediates and decrease the thermodynamic barrier for ammonia production. However, this multi-electron photoreduction of nitrogen is extremely difficult from a kinetic point and has not been reported.   Recently, Zhang et al.[4] found localized electrons in oxygen vacancy could effectively active the adsorbed nitrogen by electron donation and decrease the kinetic barrier for nitrogen photoreduction.. In general, it is believed species which has high has high electron-donating power, works as an efficient catalyst for industrial ammonia synthesis thus showing  the unique advantage of electron-rich systems for nitrogen activation and reduction. Multi-electron nitrogen reduction may be realized by increasing the concentration of localized electrons in a semiconductor.
In general, either the photophysical, surface properties or a combination of both are modified to achieve high performance by e. g. introduction of surface defects,  plasmonic sensitization, doping, addition of cocatalysts,  or the development of heterojunctions.   Normally in photocatalytic process the photons are utilized to produce an electron hole pair which is subsequently made to perform the redox reaction. The schematic of this process and the values of reduction potentials for the various possible intermediates in the process of photo-reduction of dinitrogen are shown in Fig.1.
[image: ]
Fig.1. Schematic energy diagram for dinitrogen reduction and (b) Pictorial representation of the overall photo-catalytic dinitrogen  reduction to ammonia over semi-conductor-based photocatalysts, and (c) proposed mechanisms for dinitrogen reduction to produce ammonia.
2.Molecular Orbital Diagram of Dinitrogen
The molecular  orbital of dinitrogen is shown in Fig.2. With nitrogen, one can  see the two molecular orbitals mixing and the energy repulsion.  The σ from the 2p is more non-bonding due to mixing, and same with the 2s σ. This also causes a large jump in energy in the 2p σ* orbital. The bond order of diatomic nitrogen is three, and it is a diamagnetic molecule. 
The bond order for dinitrogen (1σg21σu22σg22σu21πu43σg2) is three because two electrons are now also added in the 3σ MO. The MO diagram correlates with the experimental photoelectron spectrum for nitrogen. The 1σ electrons can be matched to a peak at 410 eV (broad), the 2σg electrons at 37 eV (broad), the 2σu electrons at 19 eV (doublet), the 1πu4 electrons at 17 eV (multiplet), and finally the 3σg2 at 15.5 eV (sharp).
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Fig 2  The frontier molecular orbital of dinitrogen [6]
It is conceived that the backdonation of electrons from the catalyst surface to unfilled antibonding orbitals of nitrogen may facilitate the dissociation of nitrogen molecule.   This route is considered as the dissociative route. This postulate implies the following taking place in the adsorbed nitrogen molecule.   The band length of N-N should be increased from the equilibrium distance.   The catalyst system should have occupied electron levels with energy values almost comparable to that of the antibonding orbital of nitrogen molecule. This may or may not be taking place.   Generally, in the catalysts system based on metals it will have energy values comparable to the work function and in the case of oxides, it will be from the filled valence band which will have energies contributed by the p orbital of the oxide species.
7. Biochemical Conversion of dinitrogen 
In nature, the amount of nitrogen being converted to ammonia and its derivatives in plants is on the order of ∼108 tons per year.  The process of N2 binding and activation involves the nitrogenase enzyme, which contains iron–molybdenum–sulfur constituents as key components.  Inspired by the role of FeMoco, several groups have actively synthesized various transition-metal complexes and examined N2 reduction to ammonia.   
Coupling photochemistry with biomimetic catalysts is fascinating to accelerate Nitrogen  reduction to ammonia in a green manner. Biomimetic chalcogels such as FeMoS-Sn2S6  and Mo2Fe6S8(SPh)3  were explored for Nitrogen  reduction with excellent outcomes. Despite having stability issues and lower efficiencies (<0.02%), they have a significant impact on the N2 activation for developing a new biomimetic strategy.  Nitrogenase-CdS biohybrids were utilized for N2 photo-fixation, which offers a decent quantum efficiency (3.3%). However, the utilization of expensive proteins as well as the degradation of the catalyst during catalytic reaction makes it far from satisfactory.   Overall, it is an intriguing challenge to find suitable biomimetic photocatalysts to fix N2 to NH3 with lower energy demands under ambient conditions.
In nature nitrogenases enzyme reduce dinitrogen to ammonia, which is subsequently used in the synthesis of  amino acids and nucleotides. Reduction of dinitrogen at the more successful nitrogenases occurs at a FeMo cofactor, which consists of two fused iron-sulfur clusters, of which a molybdenum atom takes up one of the apical positions   In the middle of both clusters a light atom is located, which was recently revealed to be a carbon atom. The enzymatic reduction of dinitrogen by the FeMo nitrogenase is not the most efficient reaction and requires consumption of 16 equivalents of ATP per N2 molecule, even though the synthesis of ammonia is an exothermic reaction . Per NH3 molecule, 8 ATP molecules are consumed, equivalent to 244 kJ mol−1, making it more efficient than the Haber–Bosch process.
For every molecule of dinitrogen that is reduced at least one equivalent of dihydrogen is produced. This stoichiometry was found at a partial dinitrogen pressure of 50 atmosphere, while at ambient pressure substantially more dihydrogen is formed. This implies that under these conditions additional equivalents of ATP must be consumed to convert one molecule of dinitrogen to two molecules of ammonia, increasing the energy consumption.  Besides FeMo, also FeV and Fe-only nitrogenases exist. These systems have been studied in much less detail and produce substantially more dihydrogen compared to the parent FeMo system. Why nitrogenases produce dihydrogen and how dihydrogen and ammonia are formed simultaneously is a matter of ongoing debate. Hydrogen is a weak inhibitor for catalytic turnover of dinitrogen. Hydrogen production at FeMo nitrogenase under a D2 atmosphere reveals formation of HD, indicating that scrambling of H+ with D2 occurs. Formation of HD increases with increase of the partial dinitrogen pressure, suggesting that hydrogen scrambling somehow must be dependent on turnover of dinitrogen. This suggests that formation of dihydrogen is not just a side reaction in the formation of ammonia, but its formation must be an intrinsic phenomenon of catalytic dinitrogen reduction in nitrogenases.        
Catalytic experiments with mutant strains point to one of the iron atoms adjacent to molybdenum as a possible binding site for dinitrogen.  Based on the reaction stoichiometry, kinetic experiments, trapping of catalytic intermediates to the cofactor and catalytic reduction of intermediate hydrazine and diazene, a reaction mechanism was proposed.  Prior to coordination of dinitrogen, four protons and four electrons are accumulated at the FeMo cofactor. In absence of N2, two equivalents of H2 are formed and the enzyme falls back into its resting state. In the presence of dinitrogen, reductive elimination of H2 must occur prior to coordination of N2. From the adsorption of N2, two different pathways wherein further reduction of dinitrogen can occur are described, i.e. the distal (D) and alternating (A) pathway displayed. In the distal pathway, the remote nitrogen atom is hydrogenated first and released as NH3. Only once the first equivalent of ammonia is released, protons add to the remaining nitrido species to produce the second molecule of ammonia and thereby close the catalytic cycle. 

[image: ]
Fig.  Proposed mechanism of reduction of dinitrogen at FeMo nitrogenase.
In the alternating pathway, both N-atoms are hydrogenated simultaneously, and release of ammonia proceeds after addition of five and six protons to the dinitrogen fragment. Diazene and hydrazine were shown to be excellent substrates for the production of ammonia, and suggest that the diazene, hydrazido and hydrazine intermediates must be accessible. This alone does not prove that formation of ammonia occurs via the alternating pathway, as shunts from these diazene and hydrazine intermediates to intermediates that lie on the distal route may be possible. FeV nitrogenases, which are believed to operate via the same mechanism as FeMo nitrogenases produce traces of hydrazine and most likely operate via an alternating associative pathway.
8. Molecular catalysts for the reduction of dinitrogen
So far, the most successful artificial and molecular systems for the reduction of dinitrogen are molybdenum based. Already in the seventies, it has been proposed a catalytic mechanism for dinitrogen reduction at molybdenum phosphine complexes. Although the proposed mechanism was based on several isolated molybdenum complexes with partly reduced dinitrogen intermediates coordinated, no catalytic turnover was obtained for this system. Catalytic reduction of dinitrogen was achieved  using a sterically  crowded trisamidoamine ligand for coordination to molybdenum in combination with bulky pyridinium salts as a proton source. Decamethylchromocene was used as a sacrificial reducing agent. A yield of 67% in ammonia was obtained which is higher than that of the natural system under ambient conditions.  Dinitrogen coordinates in an end-on fashion to molybdenum and reduction to ammonia occurs via a distal associative mechanism, wherein the catalytic intermediates are sequentially protonated and reduced. The addition of the first proton and equivalent of reducing agent to the dinitrogen complex is an exception. Protonation of this species with pyridinium salts is difficult, whereas reduction of the molybdenum dinitrogen intermediate occurs at −1.81 V versus the ferrocene/ferrocenium redox couple. Since the redox potential of decamethylchromocene is −1.47 V, it is believed that the first reduction step proceeds via a proton-coupled electron transfer (PCET) mechanism. The resulting MoNNH species is the most sensitive of the entire reaction mechanism, and in absence of sufficient steric bulk rapidly produces H2 via a β-elimination reaction of hydrogen. This leads to fast formation of dihydrogen and regeneration of the initial dinitrogen complex. Apparently, dihydrogen formation is not simply a side reaction of nitrogen fixation, but may also occur intrinsically upon decomposition of partly reduced intermediates of the catalytic cycle. Displacement of ammonia for dinitrogen is the rate determining step of the catalytic reaction. 
Dissociative, distal associative and alternating associative mechanisms have been proposed for several nitrogen fixation systems. Only in few cases direct experimental evidence is available that shows which mechanism prevails. Catalytic reduction of dinitrogen in case of the Schrock catalyst occurs via a distal associative mechanism. Also, in case of nitrogenases, it seems very likely that an associative pathway is followed. This does not imply that in case of molecular systems a dissociative pathway is not possible. It has been reported a molybdenum trisamido system that is remarkably similar to the Schrock catalyst, and allows for direct cleavage of the N[image: [triple bond, length as m-dash]]N bond in a bimolecular fashion, which leads to formation of two molybdenum nitride species. However, production of ammonia was not reported for these species. In contrast to the molecular systems, our understanding of the dinitrogen reduction process on heterogeneous surfaces relies fully on theoretical calculations, as experimental evidence is unavailable. These calculations suggest that in case of a dissociative mechanism on a stepped surface, rhodium and ruthenium are the best candidates, whereas on a flat surface the barriers for N[image: [triple bond, length as m-dash]]N bond cleavage are very high. Ruthenium and rhodium also perform well on stepped surfaces via an associative pathway. Flat surfaces of molybdenum and tungsten would appear ideal for nitrogen fixation via an associative pathway. Unfortunately, our understanding of electrochemical nitrogen reduction on heterogeneous surfaces is very limited. More experimental evidence, especially at low temperature, is needed to improve our understanding of the reaction. Suppression of the HER is one of the major challenges that must be overcome.
Simultaneous formation of dihydrogen is indeed a major concern, and even the natural systems show poor selectivity. Especially in case of FeV and Fe only nitrogenases large amounts of hydrogen are produced. Typically, enzymatic reactions are selective, illustrating that this selectivity issue is a difficult problem. It is therefore quite remarkable that the single site catalysts  Peters produce relatively little hydrogen. 
Selectivity is a  larger issue on heterogeneous surfaces. Especially in case of late transition metal surfaces, formation of dihydrogen upon reduction of protons is a facile reaction that requires very little overpotential. To prevent this, a metal is required that has a much stronger *N binding energy compared to the *H binding energy. This requires deviation of the optimal catalyst according the volcano plots and significant larger potentials may be required to produce sufficient amounts of ammonia. Elevated temperatures must be prevented as these are likely to result in decomposition of ammonia to regenerate dihydrogen. Dissociative mechanisms proceed via high barriers to achieve N[image: [triple bond, length as m-dash]]N bond cleavage and therefore may not be the most suitable pathway.
Formation of dihydrogen does not only occur as an independent side reaction, but may also compete with reduction of dinitrogen via decomposition of partly reduced intermediates. Controlling the surface coverage of *H and *N alone may not be sufficient to win the selectivity battle. In the biological systems, for example, formation of dihydrogen seems to be obligatory to produce ammonia. In case of the Schrock system, it was established that the Mo–NNH species is unstable and unless β-elimination is sterically prohibited, dihydrogen is produced in a fast reaction wherein the Mo–N2 species is regenerated. 
Despite the large energy consumption that is used for the Haber–Bosch reaction, the process is quite efficient in ammonia production in terms of energy usage. Nitrogenases consume half the energy of the Haber–Bosch process in ATP, whereas artificial systems consume substantially more energy. Note that the numbers for the Haber–Bosch reaction were calculated for the entire reaction process, including production of hydrogen and pressurizing the gasses.
Molecular dinitrogen reduction catalysts are very valuable for understanding the catalytic processes that underlie catalytic reduction of dinitrogen. Yet due to their poor stability and low reaction rates so far molecular catalysts are of little use in large scale dinitrogen conversion processes. Likewise, diazotrophic microorganisms that can fixate dinitrogen using nitrogenases consume large amounts of energy for e.g. growth and maintenance. Also, electrochemical alternatives require a substantially larger energy input compared to the Haber–Bosch reaction. This is mainly caused by poor faradaic efficiencies, resulting in energy loss due to formation of dihydrogen. It is not unlikely that progress can be made in this area by suppressing hydrogen formation and minimizing the required potential. Taking the volcano plots into consideration, one can calculate that a substantial amount of energy will be required to produce ammonia electrochemically), even if 100% faradaic efficiencies are obtained. The volcano plot shows that no catalytic activity is expected above −0.5 V for the metal surfaces considered. This already equals an energy input of 288 kJ mol−1 and thus leaves very little room to spare.
Electrochemical production of ammonia without consumption of large amounts of energy is extremely challenging and requires development of new catalytic systems. Recently, major hurdles have been taken in (1) our understanding of the nitrogen fixation process by nature, (2) how to reduce dinitrogen at molecular inorganic systems and (3) electrochemical dinitrogen reduction at heterogeneous surfaces. Yet, a much better fundamental understanding of reduction of N2 upon addition of protons and electrons is necessary to make the next steps towards efficient electrocatalytic reduction of dinitrogen. New catalysts, which have a preference of *N over *H and at which all catalytic steps are feasible at mild potentials, must be found. So far experimental and theoretical screening of catalysts has been limited to few materials only. For now, it seems that the Haber–Bosch reaction will remain the dominating means of industrial ammonia production for quite some time.
Photocatalysis is an emerging technology since it requires only sunlight. Heterojunction systems that have been examined for this reaction due to decreased recombination of charge carriers, and possibly increased adsorption of the substrate due to increased surface area and increased photon absorption. Composite systems consisting of rGO and preformed C3N4[139 ],photo-reduced dinitrogen under visible light.  Other composite systems examined include Ag/Bi2O7I [  [ 140] and BaTiO3 nanosheets [141  ] under the influence of magnetic field. 
9. Perspectives
 This reaction involves the adsorption of N2 (associatively or dissociatively) to activate for reduction, photon absorption and hydrogen transfer from water and desorption of ammonia molecule from the catalyst surface. In addition, this reaction can be considered as the greener and promising route to surrogate the energy-intensive Haber Bosch  method.  The essential steps in this reaction can be stated as follow:
N2 and H2O are used as basic material for NH3 synthesis, which is budget-friendly and surfeit in the environment; (ii) Nitrogen reduction reaction with zero-carbon release can assuage the environmental problems; (iii) This reaction requires photons to trigger the fixation reaction and (iv) it can lead a potential way to store clean and renewable energy.
Intrinsic inertia or non-polar nature of nitrogen molecules, multi-electron/proton involvement, and weak binding of the molecules over catalysts horizon are some of the connected imperfections of photocatalytic NH3 synthesis. Additionally, the production of molecular hydrogen and hydrazine is being accompanied by ammonia production which is a diminution aspect, ultimately results in very low NH3 selectivity and yield. Furthermore, assessing the photocatalytic NRR reactions faces substantial scientific and practical heat. For example, ammonia is present everywhere i.e. in air, experimental consumables, N-atom containing catalyst, and even in human breathe, therefore it is hard to conclude that the quantified ammonia is generated from NRR reactions or stemmed from exogenous contaminations. Again, the capping agents used for catalysts syntheses such as  hecamethylenetetramine (HMTA) decomposes easily upon irradiation and hence leads to error in NH3 detection. Therefore, the indispensable blank/control experiments, e.g. in the Ar/15N streams, are enjoined to certify that the detected NH3 is produced from the supplied N2 gas reduction.
Further, there are several ways for ammonia quantification, out of which spectrophotometric assay, ion-chromatography, ion-selective electrode, and NMR spectroscopic techniques are frequently used. Spectrophotometrically, ammonia is quantified by the use of Nessler’s reagents and Indo-phenol blue techniques. The pH, ionic strength, and sacrificial agents may interfere with the accuracy of spectrometric quantification of ammonia. Ion-chromatography and NMR technique mostly provides accurate ammonia results.
Moreover, it is very essential to unveil the fundamental mechanism of molecular nitrogen conversion to ammonia. NRR is a complicated multi-step electron-proton coupled reaction and as a result, the scientific groups from different corners of the globe were unable to predict and explain a proper mechanistic pathway for N2 photo-reduction, which needs to be uncovering properly. Therefore, a combination of theoretical exploration and experimental data is an authoritative tactic to find out the appropriate underlying mechanism and pathways for NRR. In this topic, prior attention should be given to building models that are nearer to the actual reaction mechanisms.
For achieving commendable NRR performance there is a need of creating chemical bond channels between nitrogen molecules and the catalyst surface. Hence, there is a necessity to design and develop new technologies for the material synthesis of different compositions and morphologies. It is being believed that morphological oriented nanomaterials have a synergistic effect in enhancing the photocatalytic N2 fixation. Besides, surface engineering, defect creation, composite formation, crystallographic tailoring, and chemical alternation, and so on are found to be competent strategies for enhancing the N2 photo-reduction. Specifically, a defective photocatalyst exhibits better NRR results compared to that of bulk materials. Similarly, the introduction of dopants and vacancies in the catalysts leads to good NRR activity by increasing the catalyst adsorption and activation ability for inert N2 resulting in diminishing the N-N triple bond order by electron back donation to the anti-bonding orbital of nitrogen. Another way for enhancing the NRR reaction is the utilization of a co-catalyst. But due to competition between two-electron for HER and six-electron for NRR, the metal and non-metal-based co-catalysts are being preferred for N2 photoreduction over noble metal-rooted co-catalyst. It has been also visualized that a combination of defective co-catalyst and engineered heterojunction could help to magnify the ammonia production rate. Because of the high activity of single metal atoms, designing a heterogeneous single-atom catalyst could be an important aspect of promoting NRR. For example, the Ru-single atom catalyst shows enhanced ammonia yield and selectivity. Furthermore, a single-atom catalyst can be derived from metal-organic frameworks or complexes.
The active sites, reaction intermediates along with interactions with catalysts in NRR, and changes in textural properties on the surface of the catalyst were monitored by advanced characterization techniques such as spherical aberration-corrected  (ACTEM), in-situ  (SR) techniques, in-situ X-ray photoelectron spectroscopy (XPS), in-situ diffuse reflectance Fourier transform infrared spectroscopy (DRFTIRS), and in-situ  (EPR). The more advanced characterization tool such as surface-enhanced infrared spectroscopy (SEIRS) and high-resolution electron energy loss spectroscopy (HREELS) are also being used to gather depth understanding and knowledge of the NRR mechanism.
Although several catalyst modification methods, detection techniques, advanced instrumentation, and computation studies are followed to touch the set NRR efficiency benchmark we are yet to report the best NRR photocatalyst that can replace the traditional HB process, and hence their still exist many possibilities for boosting their dinitrogen photo-fixation abilities. We hope that all of the above-discussed dinitrogen fixation fundamentals and reported articles own illimitable potential and possibilities, which need to be meticulously studied and cherished. The group also believes that this review will be endowing valuable information to the readers who are quite fascinated by N2 photo-fixation reaction, material science, and nanotechnology.
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produce ammonia electrochemically), even if 100\% faradaic efficiencies are obtained. The volcano plot shows that no catalytic activity is expected above −0.5 V for the metal surfaces considered. This already equals an energy input of 288 kJ mol−1 and thus leaves very little room to spare.	
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CHAPTER  FIVE
Photo-electrochemical Cells (PECs) for Organic Synthesis and Transformations

1. Introduction
Photocatalytic Organic transformations are a research field based on  semiconductors.    Different organic coupled with hydrogen production have been realized like oxidation of alcohols and hio-mass, coupling reactions degradation of plastics and pollutants and biomass photo-reforming reactions.   Visible light mediated photo-redox catalysts has become a wide and powerful synthetic to the development of novel and value organic transformations.  Since these reactions are feasible in aqueous phase these reactions are attractive and so receives dramatic attention
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. 

2. 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.
[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s1_hi-res.gif]
Fig.1. Schematic representation of substrate transformations in a PE Cell.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s2_hi-res.gif]
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.
Since 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..
.
[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s5_hi-res.gif]
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.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s6_hi-res.gif]
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.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s7.gif]
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.


[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s9_hi-res.gif]
Fig.8. PEC cell for phosphorylation of C-H bond.
Dye sensitized solar cells (DSSC) are another version of the solar cell configuration for conversion of light energy into electric and chemical energy.  While light induced alpha oxyamination beteen 1,3 dicarbonyls  and TEMPO through a photo(electro)catalytic process using visible light as the energy source.  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 alpha oxyaminated compounds in good yields.  This process has the advantage like easy separation, environmental protection, low energy consumption and sustainability and the procedure is repeatable. 
[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.
Synthesis of fine chemicals, including reductive and oxidative selective transformations, as well as C−C and C−N coupling reactions, can exploited by photocatalysis. . In particular, the factors influencing the efficiency and selectivity of the organic transformations can be divided  into intrinsic (related to individual properties of photocatalysts) and extrinsic (originating from the reaction environment). [15].
The unique advantages of MOFs in photo-catalysis in organic transformation reactions  like oxidation, reduction, coupling, tandem, synergistic redox, and CO2 addition have been  reviewed[16].  Mostly  Zr-, Ti-, and Cr-based MOFs have been widely studied.. Moreover, in most cases, precious metal complexes such as Ru, Pd, Rh, and Ir are incorporated into and/or supported on MOF skeletons to function as efficient photosensitizers or cocatalysts, which is not favorable from the point of economy[16].
The diverse photo-redox organic transformation reactions mediated by CdS, including selective nitroaromatic reduction, alcohols oxidation, toluene oxidation, sulfide oxidation, amine oxidative coupling, and lignin valorization have been reported [17]. 
Perspectives
Photocatalytic organic transformations are emerging and various types of materials like MOF with metal species incorporated are being examined for various oxidation, reduction (including nitro compounds) and other coupling reactions. The development of photoanode oxidation has been converted into 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.  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, a major hurdle for reaction scale-up. 
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CHAPTER SIX
Photocatalytic Degradation of Pollutants
1.Introduction
In modern world, the growth of industries and other cultural environments have been contributing to creation of many pollutants in all speres namely water, air and land. It is necessary that economic and efficient methods are evolved to degrade these pollutants in short time scales.    Among various technologies, the photocatalytic removal of pollutants without creating secondary pollutants has earned  attention. The design of an efficient photocatalyst with wide optical absorption, highly inhibited or reduced  recombination rate of photoinduced charge carriers and strong  redox potentials values have been the main focus in the field of photocatalytic removal of pollutants.   Many novel strategies have been developed and adopted in the photo-catalytic- degradation of many of the pollutants. Among various types of pollutants, various types of organic compounds, dyes and pesticides have been receiving attention. [1,2] 
The increase in organic contamination of water bodies through anthropogenic activities is a major concern due to their bioaccumulation and adverse health effects on mankind and his environment.  It was observed that strong oxidizing agents like hydroxyl and related radicals can break down any organic pollutant into smaller degradation products that are either practically innocuous or less toxic. Different organic contaminants like hydrocarbons,, pharmaceuticals, dyes, pesticides, phenols,  can be photo-oxidized by hydroxyl radicals. , Photocatalysis employing nanomaterials showed  potential for degrading organic pollutants. However, the efficiency of this process depends on the choice of photocatalytic material.
Basically, the semiconducting materials absorb light energy and create electron hole pairs and the holes are utilized in oxidation reactions and electrons are utilized for carrying out the reduction process.  Essentially,  nanomaterials, metal-organic frameworks (MOFs), carbon, and hybrids, are studied for this process ..The photocatalytic performance has been improved  through modification methods such as surface modification, functionalization or changes, doping, and  addition of co-catalyst [3,4]
2. Basic Principle of Photocatalytic Degradation of Pollutants [5]
The activation of a photocatalyst, usually a semiconducting material,   is dependent on the wavelength of the radiation and the semiconductor's “bandgap,” that is, the energy difference between the valence band (VB) and the conduction band (CB) of the semiconductor.. When a photocatalyst  absorbs energy from  light source or sunlight, the production of an e–h pair  occurs only if the photon energy  is equal to or greater than the photocatalyst’s bandgap energy (Eg).. An electron in the conduction band of the semiconductor (CB) can be used to reduce any substrate, while a hole in the valence band (VB) can be used to oxidize a variety of substances. The process can be visualized as shown in Fig.1.
             [image: ]
Fig.1. Pictorial representtion of the concept of pollution degradation by photocatalyst
In general, photocatalyticdegradation of organic pollutants can be visualised in the following steps.[7]
 SC(TiO2) +hv  →  ecb−+hvvb+……………………….(1)
hvvb++OHsurface−→OH•……………….…………………(2)
hv++H2Oabsorbed→OH•+H+…………………………...(3)
ecb−+Oabsorbed  →  O2−•……………..…………………(4)
hvvb++Organic→Oxidation products………………(5)
OH•+Organic→Degradation products……………(6)
ecb−+Organic→Reductionproducts………………..(7)
In general, the factors that influence the photocatalytic degradation activity are the intensity of light, the surface area of the semiconductor, the modifications carried out in the semiconductor, pH and any other additives in the medium.
Typical heterojunction systems suitable for pollution removal are given in Table 1.It is seen the level of degradation is substantial. In fact, self-cleaning tiles, hydrophobic coatings to windshields and mirrors have already been exploited commercially.   Similarly, dye 9in waste water stream), pesticide or, pharmaceuticals degradation has achieved exploitation levels of success..

	System
	Heterojunction type
	System studied
	Activity

	Cu2V2O7-Zn2V2O6
BiVO4/g-C3N4
BP/Bi2WO6
CdS/g-C3N4
	Type I
Type II
Z Scheme
s-scheme
	MB degradation
RhB degradation
No removal
Dye degradation
	~ 75%
K = 3.97 x 10-2min-1
61 %
91.4 %
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CHAPTER EIGHT
CONCLUSION


Some significant photocatalytic processes are considered.   Though  progress seem to have been achieved, there are still some constraints remain to be crossed. Inadequate charge transition, charge separation and the charge mobility charge pair recombination  and poor optical absorptive response are still the central issues of most semiconducting  materials when utilized as photocatalysts for different applications. Even though many modifications like doping and the formation of defects have contributed significantly to modulating the electronic and optical features of semiconductors.  The overall photocatalytic efficiency realized is still at a very low level. The various modifications to increase stability, optical absorption range and also reducing the recombination of charge carriers all have been addressed.. This challenge can be overcome by increasing the doping efficiency and effectively controlling the doping concentration (extent of dopant inclusion) and spatial distribution of dopants.. Another challenge is to  prevent the photocatalyst from corrosion. Moreover, the contribution of defects in the photocatalytic reaction is still not prominent and can serve as recombination centers (bulk defects) and can promote electron-hole separation (surface defects). The role of defects relies strongly on their variety, position, and concentration. Specifically, the collaboration of several defects, covering various kinds of doping and anionic/cationic vacancies while highly promoting the efficiency of the photocatalyst, will  immensely improve the complicacies of defect design. An additional problem of various defects that cannot be disregarded is the corrosion consequence on the surface lattice of catalysts. The overhead issues all cause challenges to the formation of defects. Therefore, deeper knowledge is required to determine the positive and negative aspects of defects, particularly considering the present defects measuring techniques solely based on some optical properties and therefore are insufficient to completely identify the defects.  Moreover,  attention is required to study the role of photoreactors to increase photocatalytic performance with superior absorption of irradiated sunlight and promoting stability in recyclability runs. Appropriate and accurate photoreactors are in demand for increased photocatalytic performance, relying on the needs and conditions of the reaction mechanism. Similarly, apparent quantum efficiency (AQE) measurements for photocatalytic hydrogen evolution are occasionally evaluated. Therefore, much focus should be paid to studying the extent of sunlight being absorbed and the quantity of hydrogen evolved. Significantly, little literature is based on highlighting the yield of outcomes other than hydrogen to appreciate the contribution of semiconductors and their composites on yield rates and selectivity.
Considering the atomic level strategies, synthesizing the atomically thin nano-state can efficiently abbreviate the carriers' transport pathway in bulk, while the fabrication of 2D yet encounters great challenges, particularly in the case of non-layered nanomaterials. Perhaps, Investigations of additional complex preparative conditions are still required. The design of atomic junction and ions intercalation are appropriate for junction and layered candidates, respectively, that can produce atomic size charge migration routes, which escort the maneuvering carriers transport to prevent their unification occurred by haphazard diffusion. The pragmatic selection of suitable intercalated ions for interlayer settlement and junction constituents for closely integrating are significant. Conversely, increasing the carriers' dynamic force, obtained via polar unit stacking or unit polarity enhancement, validates e− and h+ elective migration along with converse orientation for diligent dissociation. However, it is worth mentioning that the inherent charge diffusion route of catalysts is mostly found by electronic band structure, while the carrier's dynamic force is prevailed by the crystal lattice. The effect of as-produced carriers' dynamic force on the inherent charge diffusion process has rarely been studied. The piezoelectric-polarization was not fully understood in providing the reductive catalytic sites, which may vary the photoinduced charge transport channel and effectively regulate the polarity of catalysts to provide a strong dynamic force for maximizing the charge transport.
The known photocatalytic mechanism need be improved with the advancement of microscopic research on the photocatalytic process at a smaller scale that relies on modern characterization tools for the study of charge dynamics. In situ analyses with strong spatial and sequential resolution are predicted to expose the atomic level process of charge mobility and separation in a rational and multi-dimensional fashion. For instance, highly accurate and sensitive time-resolved SPV imaging can obtain more realistic and deep knowledge of charge kinetics in the time-space dimension. Moreover, the advancement of theoretical simulation with additional functions from a microcosmic view is expected that can compensate for the deficiencies of present characterization tools. The photocatalytic process is quite complex, including optical harvesting, e−/h+ creation, separation and unification, surface kinetics, and reaction. Molecular simulations and reaction kinetics can be used to evaluate the main parameters influencing the final photocatalytic process, thereby constructing the appropriate design strategy. Moreover, the detailed exploration of carriers' transport kinetics and molecular orbitals is also vital in constructing effective semiconductor photocatalysts in the future.
More attention should be given to other efficiency enhancement ways rather than applying costly and short-lived metal co-catalysts, hence, to make certain the applicability of semiconductors photocatalysts at a large scale. Moreover, carbonaceous materials like MXene must be introduced with semiconductors, for designing inexpensive and highly efficient photocatalysts.
[image: ]
Fig. Schematic Illustration of different types of separation of electron-hole pairs in light responsive heterojunction photocatalysts: a) Type-I, b) Type-II, c) Type-III, d) Indirect Z-scheme, e) Direct Z-scheme, and f) S-scheme heterojunctions.
The field of  photocatalysis from the beginning to nowadays appears  at with a high level of scientific development thanks especially to the contributions of the Maturity period (1981–1995). The exploitation of these processes in technological applications is still far off, both for energetic applications (e.g., water photo-splitting, reforming of organic compounds and photocatalytic CO2 reduction and dinitrogen reduction) and for the removal of recalcitrant pollutants. The  exception is the application of the photocatalytic process for the air depuration/disinfection. Photocatalytic cements are currently on the market together with photocatalytic devices able to promote the degradation of gaseous pollutants or deactivation of pathogens, often with the concomitant application of the photocatalytic technology with ozone and/or UV photolysis.  Moreover, on the market there are actually some examples of (i) super-wettability and antifogging devices (e.g., mirrors for the automotive sector) based on the covering of a surface with photocatalytic coatings becoming super hydrophilic under irradiation; and (ii) antimicrobial surfaces able to abate the proliferation of pathogens activating the photocatalytic production or reactive species.  This field have outstanding contributions from a number of investigators. 
The photovoltaics can effectively convert the sunlight into electricity and can be stored electrochemical capacitors without going to the route of fuel.
The photocatalytic degradation of pollutants is a new form overcoming the conventional technologies.
In spite of absence of major breakthrough, this field still maintains interest in chemistry and material science especially the use of earth abundant materials.
 In this way the photocatalytic technologies could reach a high technology readiness level, paying back the impressive scientific efforts carried out—since the beginning—on this topic from generations of scientists.
	
	
	
	

	
	

















CHAPTER  FIVE
Photo-electrochemical Cells (PECs) for Organic Synthesis and Transformations

3. Introduction
Photocatalytic Organic transformations are a research field based on  semiconductors.    Different organic coupled with hydrogen production have been realized like oxidation of alcohols and hio-mass, coupling reactions degradation of plastics and pollutants and biomass photo-reforming reactions.   Visible light mediated photo-redox catalysts has become a wide and powerful synthetic to the development of novel and value organic transformations.  Since these reactions are feasible in aqueous phase these reactions are attractive and so receives dramatic attention
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. 

4. 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.
[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s1_hi-res.gif]
Fig.1. Schematic representation of substrate transformations in a PE Cell.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s2_hi-res.gif]
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.
Since 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..
.
[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s5_hi-res.gif]
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.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s6_hi-res.gif]
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.

[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s7.gif]
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.


[image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s9_hi-res.gif]
Fig.8. PEC cell for phosphorylation of C-H bond.
Dye sensitized solar cells (DSSC) are another version of the solar cell configuration for conversion of light energy into electric and chemical energy.  While light induced alpha oxyamination beteen 1,3 dicarbonyls  and TEMPO through a photo(electro)catalytic process using visible light as the energy source.  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 alpha oxyaminated compounds in good yields.  This process has the advantage like easy separation, environmental protection, low energy consumption and sustainability and the procedure is repeatable. 
[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.
Synthesis of fine chemicals, including reductive and oxidative selective transformations, as well as C−C and C−N coupling reactions, can exploited by photocatalysis. . In particular, the factors influencing the efficiency and selectivity of the organic transformations can be divided  into intrinsic (related to individual properties of photocatalysts) and extrinsic (originating from the reaction environment). [15].
The unique advantages of MOFs in photo-catalysis in organic transformation reactions  like oxidation, reduction, coupling, tandem, synergistic redox, and CO2 addition have been  reviewed[16].  Mostly  Zr-, Ti-, and Cr-based MOFs have been widely studied.. Moreover, in most cases, precious metal complexes such as Ru, Pd, Rh, and Ir are incorporated into and/or supported on MOF skeletons to function as efficient photosensitizers or cocatalysts, which is not favorable from the point of economy[16].
The diverse photo-redox organic transformation reactions mediated by CdS, including selective nitroaromatic reduction, alcohols oxidation, toluene oxidation, sulfide oxidation, amine oxidative coupling, and lignin valorization have been reported [17]. 
Perspectives
Photocatalytic organic transformations are emerging and various types of materials like MOF with metal species incorporated are being examined for various oxidation, reduction (including nitro compounds) and other coupling reactions. The development of photoanode oxidation has been converted into 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.  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, a major hurdle for reaction scale-up. 
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Carbon di oxide to Chemicals and Fuels - A possible solution to the energy needs 
B. Viswanathan                                                                                                                                   National Centre for Catalysis Research                                                                                         Indian Institute of Technology Madras, Chennai 600 036
Of the many challenges in scientific advancement, the direct reduction of carbon dioxide occupies a unique position due to various reasons such as the increasing trends in  energy demand  and world population    Among the various reasons, the prime concern is the increase in carbon dioxide level in the atmosphere which stands at 409.8 ppm in 2021, nearly 46 percent higher than the pre-industrial average of 280 [1].  Reduction of carbon dioxide to small molecule organic compounds not only gives rise to carbon dioxide emission levels but also may serve as energy carrier as well as storage medium.   Among the various possible ways of reducing carbon dioxide, electrochemical or photo-electrochemical methods [2] have unique possibilities in terms of energy balance and also selectivity  of the product obtained.   From this standpoint first let us consider the selected values of standard reduction potentials for carbon dioxide half reduction and these are assembled in Table 1. Except the reaction 1 all other reactions have close values of reduction potential and hence it is difficult to carry out the reduction of carbon dioxide selectively by application of potential alone. This may be one of the reasons for choosing two pronged probes of electricity and photons in Photo-electro-chemistry.  The direct reduction of carbon dioxide (reaction 1 in table 1) requires large value of potential and hence from free energy stand point of view this is a very uphill reaction. 
Table 1. Values of Redox Potentials for the Carbon Dioxide half reaction
	Reaction
	ER °, V vs SHE @ pH = 0

	CO2 (g) + e−→ CO2-∙•(aq)
2CO2 (g) + 2e− → (CO2 )22-(aq)
2CO2 (g) + H+(aq) + 2e− → H(CO2 )- (aq)
2CO2 (g) + 2H+(aq) + 2e− → H2(CO2)2(aq)
CO2 (g) + H+(aq) + 2e− → HCOO−(aq)
CO2 (g) + 2H+(aq) + 2e− → CO(g) + H2 O(aq)
CO2 (g) + 4H+(aq) + 4e− → H2 CO (aq) + H2 O
2H+(aq) + 2e− → H 2(g)
CO2(g) + 6H+ (aq) + 6e− → CH3OH (aq) + H2 O
CO2 (g) + 8H+(aq) + 8e− → CH4(g) + 2H2 O
CO2 + 2H2O +2e                 HCOOH + 2OH-
CO2 + H2O +2e                CO +2OH-
2CO2 + 2e                    C2O42-
2CO2 + 2H+ + 2e            H2C2O4
CO2 + 4H+ + 4e             C + 2H2O
CO2 + 3H2O + 4e           HCHO + 4OH-
CO2 + 2H2O + 4e             C + 4OH-
2CO2 + 12H+ + 12e            C2H5OH + 3H2O
2CO2 + 14H+ + 14e             C2H6 + 4H2O
	-1.90
- 0.64
-0.52
-0.48
-0.19
-0.10
-0.07
0.00
0.04
0.17
-1.491
-1.347
-1.003
-0.913
-0.20
-1.311
-1.040
-0.329
-0270


 
There have been many postulates to account for the difficulty of reducing carbon dioxide to useful chemicals. Among the various prepositions, the bond angle of 1800 in the free carbon dioxide molecule has to be reduced to near tetrahedral angle in the reduced molecule and this reduction in bond angle is an uphill reaction.  The addition of an electron to carbon dioxide reduced the angle of OCO bond to 134o while the addition of an electron and a proton reduces this angle to 1100. The situations are shown diagrammatically in Fig.1.
 [image: ]
Fig.1.  One electron reduction of CO2 rehybridizes the frontier orbitals accounting for the anionic bent structure. A lower degree of rehybridization is required forming a sp3 hybrid, if the electron transfer is accompanied by a proton transfer. [reproduced from ref.1].

It has been visualized that the adsorption site geometry should be such that the bond angle can be reduced from 1800.   This means that the active site configuration (multi-site) has to be suitable for distorting the bond angle.  An imaginative structure model has been proposed in literature. This model is shown in Fig.2. Possibly it is presumed that the adsorption site is on a stepped surface.   However, it should be remarked that no one has yet supported this postulate.  Even though this postulate appears attractive, there is no experimental support to this postulate.
              [image: ]
Fig.2.  The imaginative configuration of adsorbed carbon dioxide on a specific configured metallic site [reproduced from reference 2].
The shapes of the frontier orbital of carbon dioxide and it’s possible binding to metal centres have been visualized and are shown in Fig.3. Even though the binding configurations show bond angle variation and also strain in the molecule, these binding states could not account for the inertness of carbon dioxide for reduction and formation of valuable products.

[image: Details are in the caption following the image]
Fig.3. The pictorial representation of the frontier orbitals of carbon dioxide and its possible binding configurations on a metal site [reproduced from ref.3].
Another mode of activation of carbon dioxide is to use them as a possible ligand in a coordination complex.   The first such attempt was the preparation of the complex, Ni (CO2)2(PCy3)20.75 toluene reported by Aresta et al [4].  The mode of bonding and the reactivity of coordinated carbon dioxide have been reviewed by Aresta recently [3]. 
[image: ]          
Fig. 4. Bonding modes of CO2 in various oxidation states at metal centers. [reproduced from reference 5].

These complexes may be involving one metal or two metal centers. However, even though there are a variety of possibilities of carbon dioxide ligated complexes, the success in reducing carbon dioxide to value added products seems to elude the researchers.
The simplest conversion of CO2 and any substrate RX (RX can be alkyl halides, alkenes, alkynes) to generate the product RCO2X at a transition metal centre is shown in Fig. 5

                                    [image: ]
Fig.5. Schematic representation of carbon dioxide insertion in a metal complex [reproduced from ref.6].

Kazuhide Kamia and coworkers [7] made covalent triazine frameworks that stabilized the nickel and cobalt centres without saturating their first coordination spheres, as well as nickel and cobalt complexes containing tetraphenylporphyrin supports, where the metal centres were coordinated to more ligands. The covalent triazine framework metal complexes had a lower free energy barrier for converting carbon dioxide to carbon monoxide. These results show that reducing the number of electrons in the outer shell of the transition metal species reduced the Gibbs free energy change and increased the metal’s efficiency for the reduction of carbon dioxide.   However, multiple reduction process appears to be still eluding.

The knowledge of CO2 binding and activation has considerably increased since the first stable CO2 complex [Ni (CO2) (PCy3)2] was structurally characterized more than two decades ago. Different binding modes of CO2 in mononuclear and polynuclear metal complexes have been characterized and spectroscopic methods are available to distinguish between them. Binding of CO2 to a metal centre leads to a net electron transfer from the metal to the LUMO of CO2 and thus leads to its activation. Accordingly, coordinated CO2 undergoes reactions that are impossible for free CO2. However, this is possible only when energy of the occupied state of metal should be suitable for electron transfer to the LUMO level of carbon dioxide.
Many stoichiometric and most catalytic reactions involving CO2 activation proceed via formal insertion of CO2 into highly reactive M–E bonds with the formation of new C–E bonds. These reactions might not necessarily require strong coordination of CO2 as in stable complexes, but are generally initiated by nucleophilic attack of E at the Lewis acidic carbon atom of CO2. Weak interaction between the metal and the lone pairs of one oxygen atom of CO2 may play a role in supporting the insertion process.
It may be necessary to emphasize that only if we understand the underlying principles of CO2 activation, can the goal of using CO2 as an environmentally friendly and economically feasible source of carbon be achieved. Although we are more knowledgeable about CO2 activation, the effective activation of CO2 by transition metal complexes is still a goal that is hard to reach and remains an exciting research area in organometallic chemistry.    According to the molecular orbital picture of CO2 the LUMO is antibonding orbital of σ and π characters.   This means that the metal centres in the complex should have the energy of the occupied orbital should be lower than that of the LUMO orbitals of CO2 so that charge transfer will take place from metal centre to the CO2 unoccupied orbitals thus facilitating the reduction.  This situation is normally difficult to achieve in practical systems. Therefore, it may be presumed that CO2 reduction may be difficult through the route of coordination chemistry.    For convenience, the molecular energy levels of CO2 are shown in Fig.6.   It must be stated that this route is still available but innovation may be required to exploit this route.

                          [image: See the source image]
Fig.6. Schematic molecular orbital diagram for the molecule of carbon dioxide
Many studies are reported in the last several decades in the areas of CO2 reactivity and reduction, spanning most of the elements in the periodic table. In these studies, the emphasize has been on the later transition metals like Ni, Pd, Re and Ru, but the same is not true with early metals. These metals can reduce CO2 to yield various reduction products involving multi-electron transfer [8]. The Lewis acidity of early metals can allow for activation of CO2 through the oxygen atoms, which is generally unavailable to late metals. 
 Early transition metal complexes in high oxidation states with M–C bonds will insert CO2 into those bonds with ease, particularly if the complex is cationic. If there is more than one M–C bond, multiple CO2 insertions can occur. This type of reactivity is analogous to main group organometallics such as alkyl lithiums and Grignard reagents. A second trend is that early transition metal complexes in high oxidation states with M–H bonds are very potent hydride donors that can reduce CO2 to formate in many cases.  Early transition metal complexes in lower oxidation states are able to bind CO2 in a side-on fashion and many such complexes can cleave CO2 to CO and carbonate via reductive disproportionation.
 In addition, there are several examples of catalytic CO2 reduction that have been reported where there is absolutely no understanding of the reaction mechanism. Other areas of CO2 reduction by early metals remain mostly unexplored, such as the reductions with hafnium or chromium compounds. One area of research is the combination of early and late metals that may be the key to developing a stable and active system for CO2 reduction to valuable multi-electron reduced products such as methanol.
Direct activation of CO2 may require multiple sites both capable of charge transfer in both directions, that means one metal centre donates charge to the carbon centre and two other active sites may accept charge transfer from the oxygen fragment of the molecule.   This situation is most demanding.
Let us consider the various possible routes for the reduction of carbon dioxide.   In Table 2 the most possible (selected) routes that are known till today are summarized. Even though, there are number of ways to exploit carbon dioxide reduction to produce useful chemicals, the success seems to be far from reality today. It may have to be remarked, that though there are various possible routes, one has to choose the appropriate one so that this process can be commercially exploited. In simplified scheme, the various possibilities are shown pictorially in Fig.7.  Essentially, it appears that the activation routes for carbon dioxide can be initiated either by photons, or by electrons, or by enzymes, or by surfaces or in homogeneous medium.  The value of the product obtained depends on the activation route that is employed. The selection of the appropriate route depends on what one wishes to achieve, namely extent of conversion, or the selective product obtained, or the energy balance of the process or other process parameters advantage.
[image: ]  
Fig.7. Pictorial representation of the routes available for the conversion of carbon dioxide to value-added chemical production.
Table 2 The possible processes that are employed for the reduction of carbon dioxide to useful chemicals
Process                                                               Equation
    
1. Radiochemical                        CO2   gamma irradiation               HCOOH, HCHO
2. Chemical Reduction                2Mg +CO2                           2MgO + 3C;  
                                                  Sn   +2CO2                SnO2 + 2CO
                                                  2Na +2CO2              Na2C2O4
  3.Thermochemical                   CO2     Ce4+ ;  >9000                         CO + ½ O2  
 4. Photochemical                       CO2                                         CO, HCOOH, HCHO
 5. Electrochemical         CO2 + xe- +xH+                              CO HCOOH, (COOH)2
 6.Biochemical                    CO2+4H2                        CH4+2H2O
 7. Biophotochemical                CO2 + oxoglutaric acid       Isocitric acid
 8. Photoelecctrochemial          CO2 +2e- +2H+    CO  + H2O
 9. Bioelectrochemical          CO2  + Oxoglutaric acid       Isocitric acid
10. Biophotoelectrochemical  CO2 ,methyl viologen          HCOOH

Among the various options available for producing useful chemicals from carbon dioxide, one must select the one that is selective and also the net energy balance if favourable from cost point of view so that that process can be scaled up to the commercial exploitation  level.  From these considerations, one of the process to be chosen is the photoelectrochemical reduction of carbon dioxide.   These type of multiple probe of activation (in this case photons and electricity) may or may not be economically beneficial.   In such cases the selectivity will take preceedance over the cost.   Some of the values of reduction potentials are tabulated in Table 1.[extensive data on reduction potential values are available in ref 2 and others in literature].  It is seen that the values of reduction potential can be used to achieve selective product of reduction. The basic principle in photoelectrochemical process is excitation by photons and charge transfer to the substrate.  However there are many sequence of steps are involved and these are pictorially shown in Fig.8.
         [image: ]
Fig.8.  Schematic representation of the processes that occur in photochemical process.1,2,3,and 4 represent the four different processes that are possible.
Photosynthetic Route
Another aspect that one has to look in the attempts to make useful chemicals from carbon dioxide is to understand critically the process that takes place in photosynthesis in green leaves. It is a demonstration of how multiple electron transfer reductions can occur in afacile manner by adusing the redox potentials of the of a series of  reducing species so as the process becomes feasible both energetically and kinetically. Though, it is known to alter the value of redox potentials, the self regulating mechanism is still eluding and hence potosynthetic pathway for the reduction of carbon dioxide is still a dream.
6. Prospects of the Photo-catalytic Reduction of Carbon dioxide
First few projections on the prospects of this process:
1. Even though there are multiple opportunities for the photocatalytic reduction of carbon dioxide, it is possible and desirable to concentrate on two electron reduction process more extensively.
2. It may be desirable to resort to direct proton or hydrogen source rather than the proton coming from the decomposition of water so that the photocatalytic rection of carbon dioxide is more facile.
3. In case if proton is to be obtained from other sources, then one must ensure that the source undergoes electrochemical reaction within the potential range employed for the reduction of carbon dioxide.
4. The reactivity of proton source should be high as that obtainable in Nafion (almost a bare proton). This is so since the proton in Nafion is present in the highly electronegative environment of fluorine atoms.
5. It may possible the photocatalyst employed may be designed to contain this electronegative environment by suitable modification with electronegative elements.
6. It appears that the natural photosynthesis is still a secret and it may be possible if the photocatalyst systems employed can be designed similar to the situation existing in chlorophyll.
7. The activation of CO2 and the adsorption modes on catalyst surfaces have to be understood and the proper activation mode which will facilitate the reduction reaction has to be established.
8. Probably the activation of carbon dioxide on catalyst surfaces requires multiple sites with a particular more than one dimensional geometry.
The key to make this process commercially viable appears to depend to find alternate proton or hydrogen source and also appropriate photocatalyst which can activate carbon dioxide in multimode adsorption.
Even though, there are numerous possibilities for photo-catalytic reduction of carbon dioxide, many or even most of these reactions have to face enormous barriers to become a successful process.  One of them is the competing and simultaneous processes which have to be made selective process. This will be an uphill process since the reduction potential values for these reactions are very close and hence these processes will compete with each other in photo-catalytic reduction. 
Another aspect which is relevant for photo-catalytic reduction of carbon dioxide is the activation of this molecule on the catalytic surfaces. As stated elsewhere the activation can be caused by chemisorption (adsorption) through carbon or the two oxygen atoms of the molecule. Since the highest occupied levels (HOMO) is non-bonding in character while the lowest unoccupied levels (LUMO) have pi* character. The surface orbitals may have such symmetry so as to overlap the Pi* orbital of CO2. This means that the surface frontier orbital may have specific symmetry and this may have to be taken as governing principle for selection of catalytic material. This may be considered as one of the possible ways for selection of catalytic material.
There can be alternate options which can also be attempted for successful reduction of CO2 to the desired level, probably deserving separate consideration.
It is also necessary at this stage that suitable commercially suitable design of photo-reactor and of pilot plant has to be formulated and their feasibility has also to be established. These new designs or the designs already available should be capable of harnessing energy from solar radiation without much further investment.
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As an example, Hu and the group prepared a 2D/2D Z-scheme BP/ monolayer Bi2WO6 heterojunction system to measure its photocatalytic abilityto degrade NO pollutants [144]. They ultrasonically combined hydrothermally prepared Bi2WO6 and BP nanosheets obtained via exfoliation of bulk BP to prepare a BP/monolayer Bi2WO6 composite.   The SEM and TEM analyses confirmed the successful formation and integration of BP and Bi2WO6 nanosheets to construct a 2D/2D heterojunction system. The photocatalytic NO degradation results confirmed the superior performance of BP/MBWO composites compared to individual component photocatalysts. The optimal candidate demonstrated the maximum NO degradation rate of 67% within 30 min compared to the 26% degradation efficiency of pure MBWO under identical experimental conditions. Surface oxygen vacancies and bulk defects can exist simultaneously in the crystal lattice of photocatalysts; however, they exhibit entirely different influences on photocatalytic performance. For instance, CaCu3Ti4O12 perovskite has been found effective for the photocatalytic degradation of TC [145]. The formation of oxygen vacancies improved photoinduced charge carriers' separation and transport ability and consequently promoted photocatalytic activity for TC degradation. Based on FTIR and TOC results, the TC was completely degraded into value-added products (H2O & CO2), which strongly reveals the efficient photocatalytic ability of CaCu3Ti4O12 perovskite. Besides, the oxygen vacancies have been found effective in serving as charge mediators, lengthening the light-capturing range and promoting the redox capacities of various photocatalysts [146].Similarly, Mustapha and the group used the hydrothermal technique to prepare defects-rich TiO2 to study its photocatalytic MB degradation efficiency under visible light illumination [147]. The best photocatalyst demonstrated the maximum elimination performance of 90.4%due to inhibited unification capacity of photoinduced e− and h+ and extended optical absorption.  Similarly, Gupta and colleagues preferred chemical techniques to produceAg-ZnS QDs to prove the greater degradation efficiency of Strychnine [148]. The different characterization results verified that introduction of Ag into ZnS QDs lowered the optical band gap from 3.47 to 3.14 eV and improved the surface area from 78.25 to 89.54 m2/g owing to effective interaction between Ag2 and ZnS, which consequently facilitated strong charge transfer channels. The PL emission spectra showed an emission peak at 400 nm due to S2− vacancies to provide electrons transfer pathways to prevent their recombination with holes. Moreover, the study of different operational parameters revealed that maximum degradation of Strychnine was obtained at light intensity: 100 Wm−2, pH:3, and initial dye concentration: 20 mg/mL.
4.4. H2 evolution
[bookmark: _Hlk202438969]Photocatalytic H2 evolution via water splitting has emerged as a hot spot in photocatalytic technology due to its zero pollution and high energy aptitude properties. Meanwhile, sunlight is recognized as a sustainable, inexhaustible, abundant, and renewable means of energy that has the potential to fulfill the universal energy demand. Despite obtaining substantial advancement in H2 via water splitting, the efficiency of water splitting is still too low due to some barriers. Several researchers have attempted to improve the efficiency of H2 evolution by the utilization of certain sacrificial agents; however, this pathway has not yet earned much respect due to its incapability at a large scale because of sacrificial agent cost. Therefore, further devotion to the design of novel and highly efficient photocatalytic candidates is required. This section will summarize recent strategies that researchers have attempted to improve the photocatalytic H2 evolution efficiency [149]. The doping element usually substitutes metal/oxygen atoms or occupies the interstitial site in the crystal lattice of a semiconductor, depending on its size. As an example, Mandariand co-workers adopted the sol-gel technique to produce nitrogen and Gd-modified TiO2catalyst to evaluate its visible-light-driven photo-activity [150]. The XPS analysis confirmed the distortion of crystal lattice due to the generation of O-Ti-N/Gd-O-Ti bonds. The impurities with larger ionic sizes preferred to exist in bare places in the crystal lattice of TiO2, thereby generating oxygen vacancies. The co-doped TiO2 exhibited broad light capturing and prevented the annihilation efficiency of photoinduced charge carriers under solar light irradiation. The PL analysis showed a broad peak at 470 nm, confirming the existence of trapping sites due to the substitution of Ti+4 with Gd+3 ions in co-doped TiO2 to assist the transfer and separation of photoinduced charge carriers. The production of oxygen vacancies and Gd ions defects in the crystal lattice of host TiO2 reduced the energy transportation, promoted the optical absorption in the visible region, and increased the redox capacity. The optical band gap of co-doped TiO2 was lowered due to the formation of impurity levels below and above the CB and VB, respectively.
Recently, several authors have attempted different strategies to promote the photocatalytic performance for H2 evolution. For instance, Aragon et al. first used evaporation-induced self-assembly and hydrothermal route to integrate Ti+3/N-TiO2 (TNT) and CdS nanorods to prepare TNT/CdS composite with different loading mass of CdS [151]. The SEM images confirmed the distribution of CdS nanorods onto the surface of TNT with partial insertion of TNT into CdS nanorods. The optimal   photocatalyst with 10 wt% CdS generated the highest amount of H2 (1118.5 μmol) compared to 71.6 μmol of pure CdS. The enlarged photocatalytic yield was credited to the reduced band gap due to the creation of Ti+3 oxygen vacancies and N doping, built-in electric field owing to the design of type-II heterostructure to accelerate the transmission and separation of charge carriers.   As mentioned earlier, the design of photocatalysts via the S-scheme heterojunction process possesses strong redox potentials and efficient separation of charge carriers, which ultimately support the photocatalytic H2 evolution. For example, Chen et al. coupled nitrogen-doped molybdenum sulfide and sulfur-doped g-C3N4 to evaluate its photocatalytic ability for hydrogen production [152]. The most favorable sample with 19.3 wt%.
S-g-C3N4demonstrated the maximum H2generation rate of 658.5 μmol/g/h in contrast to the H2 evolution rate of 28.8 μmol/g/h and 17.4 μmol/g/h for S-doped g-C3N4 and N doped MoS2, respectively. The improved H2 evolution performance was attributed to the red shift in the optical response and promoted separation and transfer of charges via constructed S-scheme. Moreover, other designed photocatalytic systems are listed in Table 2.
	System
	Heterojunction type
	System studied
	Activity

	Cu2V2O7-Zn2V2O6
BiVO4/g-C3N4
BP/Bi2WO6
CdS/g-C3N4
	Type I
Type II
Z Scheme
s-scheme
	MB degradation
RhB degradation
No removal
Dye degradation
	~ 75%
K = 3.97 x 10-2min-1
61 %
91.4 %



	
	
	
	
	
	
	

	
	
	
	
	
	
	


	Photocatalytic system
	Scheme
	Activity

	CeO2-ZnO
La2Ti2O7-In2S3
CdS/CoSx
BP/Bi2WO6
CdS-g-C3N4-graphene

	Type II
Type II
z-scheme
Z-scheme
s-scheme
	2.7 μmol cm−2 h−1
158.89 μmolg−1 h−1
9.47 mmol g−1 h−1
21042 μmolg−1 h−1
86.38 μmolg−1 h−1
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