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4.1.6. PHOTO-CATALYSIS
4.1.6.1. Water Splitting
It has been recognised that photo-catalytic materials have to be semiconductors with distinct valence band and conduction band positions which are conventionally associated with the oxidation and reduction potentials respectively of the electrochemical reaction under consideration.  However, in recent times a new type of excitation known as plasmon resonance has also been examined for photo-catalytic applications in nanostate of the metals like gold, silver and copper.   Any material that can be examined as a possible photo-catalyst as also photo-electrochemical electrode material must satisfy at least the following four criteria:  
(i) The semiconductor considered may have narrow band gap so that as much light of solar radiation can be absorbed and harnessed; 
(ii) The energy position of the bottom of the conduction band must be more negative ( in electrochemical scale) than the reduction potential of the substrate ( in the case of water decomposition it is the reduction potential of the proton) and the top of the valence band must be more positive than the oxidation potential of the substrate ( in the case of water decomposition it should be more positive with respect to the oxygen evolution potential);
(iii) The system should be capable of efficient charge separation and fast charge transport to the surface so as to avoid recombination and the generated charge carriers must be transported to the surface sites where the surface reaction takes place and 
(iv) The reaction must be kinetically feasible between the charge carriers and substrate molecules and the backward chemical reaction should be capable of being suppressed. 
Nearly more than 400 semiconductors have been examined with a number of possibilities for modifications and sensitization of these semiconductors and among these nearly 40% of the studied systems are devoted to TiO2 based systems [1].   There can be various obvious reasons for this preference to TiO2 based systems, since these systems have their conduction and valence band positions suitably positioned with respect to hydrogen and oxygen evolution potentials in the case of decomposition of water.   Many other systems could only promote either of the two reactions.   Hitherto, many of the photo-catalytic studies have been concerned with compound semiconductors due to various reasons like it gave a flexibility to modify both the cation and anion sites and hence band gap engineering is easily feasible. Elemental semiconductors like silicon and  GaAs have been exploited in various device applications including photovoltaic cells. Thus, it is obvious that the photo-catalytic or photo-electrochemical routes have been threatening to be the cost effective among the various energy conversion processes that are being examined today.   As stated above, mainly compound semiconductors have been examined as possible candidates especially with d0 or d10 electronic configuration of the cation, this preference is being imposed due to the favourable position of the bottom of the conduction band (more negative to the hydrogen evolution potential) and the top of the valence band (more positive with respect to oxygen evolution reaction) in these systems.   However, the results that are available till today are not in any way encouraging since the quantum yields of water decomposition have not reached the desired levels for commercial exploitation.  Variety of short comings of these compound semiconductors have been pointed out at various stages and some of the main concerns have been the need for high energy photons ( mostly in the UV range) and also the facile recombination of the charge carriers.   Various attempts have been made in the form of sensitization of the semiconductor in the form of band gap engineering but success still eludes human endeavour.   It is to be recognized that at the same time, nature accomplishes water decomposition by employing a complex containing four manganese ions in photosystem II or a di-iron centre in hydrogenase and these are also active only in the UV region (do we have a lesson to learn that band gap engineering may not be the appropriate route to follow) with moderate performance. Against this background, one has to consider the entry of a polymer like semiconductor, possibly made of carbon and nitrogen (the reason for the inclusion of these two elements in a possible photo-catalyst possibly stems from the fact that this system may give rise to exciton in a facile manner (an electron and hole) which are essential to carry out both the reduction and oxidation reactions and also these systems may provide the necessary active centres possibly. From these points of view, carbon nitride appears to be a fascinating choice since it exists in seven different allotropic forms with diverse properties thus expanding the increasing the scope for exploitation.  This material is known since 1834 and is regarded as one of the oldest known synthetic polymer [Liebig, J.V., Ann. Pharm, 10, 10 (1834)].   There are a number of handles in this system by which the functionality of this material can be varied even though it is predominantly graphitic in nature. The important ones are the increased free electron concentration (depending on the content of heteroatom) and also the feasibility of anchoring active species by the amide groups.   In addition, this system is two dimensional and hence has its own specificities as compared to the conventional three dimensional systems commonly employed. Possibly low dimensional systems may be appropriate for electron transfer reactions due to the possibility of vectorial nature of the charge transfer. 
The possibility of the application of g-C3N4 (where g stands graphitic) as a semiconductor in the field of catalysis has started with the studies of Antonietti et al [F. Goettmann, A.Fischer, M.Antonietti,  and A.Thomas, Angew.Chem.Int.Ed., 45,4467 (2006); idem, Chem.Commun., 4530, (2006)]. The optical properties of g-C3N4 have been examined in the literature by the conventional techniques of diffuse reflectance absorption spectrum and also by photo-luminescence. Conventionally prepared g-C3N4 (which is usually yellow in colour) shows an absorption band around 420 nm1, 2 but the position of the absorption band can be shifted either to blue side (by protonation3 or sulphur doping4) or to the red side by doping with Fluorine5  or by copolymerization6. [1.Wang, X. C.; Maeda, K.; 1.A.Thomas,K. Takanabe, G. Xin, G. J.M. Carlsson, K. Domen,  M. Antonietti, Nat. Mater. 2009, 8, 76.
2.S.C.Yan, Z. S.Li, Z.G. Zou, Langmuir 2009, 25, 10397−10401.
3.Y.J. Zhang, A. Thomas,  Antonietti, M.; Wang, X. C. J. Am. Chem.Soc. 2009, 131, 50.
4.G. Liu, P. Niu, C.H. Sun, S.C. Smith, Z.G.  Chen, G.Q.  Lu, H.M. Cheng,  J. Am. Chem. Soc. 2010, 132, 11642.
5. Y. Wang, Y. Di, M. Antonietti, H.R. Li,X.F. Chen and X.C. Wang, Chem. Mater., 22, 5119 (2010).
6. J.S. Zhang, X.F. Chen, K. Takanabe, K.  Maeda, K. Domen, J.D. Epping, X.Z. Fu, M. Antonietti, and X.C. Wang, Angew. Chem.,  Int. Ed.  49, 441 (2010).]

The photo-luminescent spectral studies have shown that these carbon nitride systems show a broad band in the range 430 to 550 nm and the life time of the fluorescence is in the range of 1-5 ns.  The life time of the exciton can be altered by a variety of ways like the degree of condensation, packing between the layers 1,2 and also by increasing the surface area of the material since the photo-generated charges are stabilized at the interfaces.   These have some relevance for exploitation of these materials for Photo-catalytic applications. 
[1.A.Thomas, A.Fischer, F.Goettmann, M.Antonietti, J.O.Muller, R.Schlogl, and J.M.Carlsson, J.Mater.Chem., 18,4893 (2008)
2.B.Jurgens, E.Irran, J.Senker, P.Kroll, H.Muller, W.Schnick, J.Am.Chem.Soc., 125,10208 (2003).]
For photo-catalytic application a material should have its top of the valence band and the bottom of the conduction band suitably placed with respect to the redox reaction envisaged for example the decomposition of water.   These points have been already stated.   It is therefore necessary to consider the band structure of g-C3N4 in relation to the commonly exploited photo-catalyst namely TiO2 both in absolute scale of energy and also in the electrochemical scale so that one can visualise the possible photo-chemical reactions that can be promoted by this semiconductor in relation to that of TiO2.     The Comparison of the electronic Valence and conduction band positions of TiO2 and g-C3N4 is shown in Fig.1.   The possibility of exploiting this material for a variety of photo-catalytic applications like decontamination of water, selective reduction and oxidation reactions, decomposition of organic substrates and dyes is another potential subject that needs to be examined in detail and are considered in a subsequent section.        
                           [image: C:\Users\bvnathan\Desktop\kripal fig 1.jpg]
The points that can be deduced from this band scheme are:
1. The conduction band bottom is more negative with respect hydrogen evolution potential in g-C3N4 and therefore thermodynamically hydrogen evolution is more facile on C3N4 system as compared to TiO2.   It has to be stated that the possibility of having the conduction band minimum at more negative potential may open up new applications.   For example the photo-catalytic reduction of carbon dioxide experiences nearly 2V activation barrier in compound semiconductors like TiO2 which can be decreased in the case of g-C3N4.   Similarly there can be further application potential for this material in a variety of Photo-catalytic process.
2. The g-C3N4 system has the positions of bottom of the conduction band and the top of the valence band appropriately positioned with respect to water decomposition potentials showing the potential of this semiconductor for carrying out both oxidation and reduction reactions under illumination conditions.  This point has been exemplified from the studies of sustained evolution of oxygen in water photo-decomposition [ref].  In the case of compound semiconductors, the stoichiometric evolution of oxygen has not been unequivocally established.  The difference in the rate of evolution of hydrogen and oxygen in the photo-decomposition of water could arise from the differences between the top of valence band and oxygen evolution potential and bottom of conduction band and hydrogen evolution potential. (see Fig.2.)     
In the last more than 4 decades, the research effort in photo-catalysis is directed towards finding substitute material for TiO2 based materials, since most of the titanium based materials absorb only in the UV region and the UV component of solar radiation is of the order of 5 % only. Many attempts have been made to sensitize titania based materials in a variety of ways like doping with altervalent ions, Coupling titania based semiconductors with other semiconductors or sensitizing them with dyes. In spite of these intense research efforts, success towards finding a good photo-catalytic system for economic and efficient fuel production from the decomposition of water is still eluding. 
Most of the semiconductor photo-catalysts that have been examined till today falls mostly under the category of oxides, some of them are nitrides, sulphides, phosphides and a combination or mixed solid solutions of them.   However, the naturally occurring oxidation reduction processes employ metallo-enzymes marking the relevance of metal centres for these reactions. The redox catalysts in natural systems, though metal enzyme complexes, are encapsulated in a protein mantle and hence they exhibit considerable stability and also remarkable selectivity.
It may be appropriate at this stage to examine the heteroatom substitution in semiconductors in general and in g-C3N4 in particular.   This type of doping of altervalent species in elemental semiconductors is well known in the case of silicon system.   Essentially if one were to substitute a silicon atom by an element of group V will essentially increase the n-type behaviour and substitution by a group III element like boron will exhibit predominant p-type behaviour.   Apart from this, in g-C3N4 the presence of nitrogen atoms themselves can give rise extensive π delocalization which can account for the visible light absorption and electronic conductivity.   It is necessary that one properly identifies the sites to which the doped heteroatoms are substituting, for example sulphur atom substitutes in the carbon sites1 while iodine substitution2 possibly occurs at the sp2 bonded nitrogen effectively extending the aromatic conjugation and incidentally generating additional allowed energy levels above the valence band edge thus accounting for the red shift of the absorption band. [1. J. Hong, X. Xia, Y. Wang and R. Xu, J. Mater. Chem., 22, 15006 (2012). 2. G. Zhang, M. Zhang, X. Ye, X. Qiu, S. Lin, and X. Wang, Adv. Mater., 26,805 (2014)].   Heteroatom substitution in C3N4 is possibly different from substitution in TiO2 or any other compound semiconductors, since in the latter case one has to visualise the ionic states of these elements while in C3N4 these elements may be introduced in the atomic state itself. For example nitrogen substitution in TiO2 can be as cation or anion though normally it is conceived that it substitutes the anion position (N3+ or N3-) and the net observed effects can be accounted for in terms of both kinds of substitution [B.Viswanathan and K R Krishnamurthy, International Journal of Photenergy, Nitrogen Incorporation in TiO2: Does It Make a Visible Light Photo-Active Material?, B. Viswanathan and K. R. Krishanmurthy,International Journal of Photoenergy, Volume 2012 (2012), Article ID 269654.] 
For the consideration of photo-catalytic water decomposition one has to understand the water adsorption on g-C3N4.   This has been studied recently by DFT calculations by Wu et al[Yipeng Zang,   Liping Li,   yangsen xu,   Ying Zuo and   Guangshe Li,  J. Mater. Chem. A, 2014, Accepted Manuscript, DOI: 10.1039/C4TA02082K]. The results of this study show that adsorption on the single sheet of g-C3N4 flat surface changes to a buckle one, while adsorption on both sides does not result any distortion of the sheet.  The consequence of this is deduced to be a change over from indirect semiconductor to direct semiconductor when water is adsorbed on the vacancy sites of a single side of the sheet of g-C3N4 and that the band edge positions are also altered due to this adsorption.   They claim that these results can provide insights for the design of further metal free semiconductors for water decomposition reaction. The possible consequence of this study may be that the alteration of the bond angle of water molecule by the buckling on one side may be the activation mode for water decomposition.   Further theoretical studies of water adsorption on g-C3N4 are necessary for understanding this phenomenon and also to achieve improved photo-catalytic efficiency by appropriate modification of this semiconductor system.
It is generally believed that the modification of the textural characteristics of g-C3N4 possibly due to changes in the available surface area and pore structure can enhance the light harvesting ability of the material.   The data given in Table show that the photochemical reduction of water can be improved nearly 8.3 times if one were to introduce mesoporosity in g-C3N4. Contrary to this statement, Schwinghammer et al. have reported that morphology and porosity of these systems shows only a weak correlation between surface area and photoactivity.  [K.Schwinghammer, B.Tuffy, M.B.Mesch, E.Wirnhier, C.Martineau, F.Taulelle, W.Schnick, J.Senker and B.V.Lotsch, www.fkf.mpg.de/565212/VI_04_15.pdf, Angew. Chem. Int. Ed. 2013, 52, 2435–2439]
Table 1 Representative data on the photo-catalytic efficiency of g-C3N4 and mpg-C3N4 for hydrogen evolution from the decomposition of water. 

	Catalyst
	Surface area m2/g
	H2 evolution rate μmol h-1
	Ref

	g-C3N4/Pt
porous g-C3N4/Pt
porous g-C3N4
mpg-C3 N4/Pt
mpg-C3 N4/Pt
mpg-C3 N4/Pt
mpg-C3 N4/Pt
g-C3N4
g-C3N4/NiS
g-C3N4/Pt
Bare g-C3N4
5%Ag2S/g-C3N4 (methanol)
10% Ag2S/g-C3N4 (methanol)
CdS/g-C3N4 (core-shell)
g-C3N4/Ru
g-C3N4/Rh
g-C3N4/Pd
g-C3N4/Ir
g-C3N4/Pt
g-C3N4/Au
mpgCNS
mpg-CN0.8
mpg-C3N4/1.0 (Pt)

	


67
126
235
373
8


~10
-
-
-






128.4
129
235
	60.5
148.2
3.6
149
142
124
69
18
44.8
47.6
0.1 to 4
~10
3.9
4152
2.1
1.6
5.7
0.2
7.3
3.7
136
201
124
	1
1
1
2
2
2
2
2
3
3
4
5
5
6
7
7
7
7
7
7
8
10


1.H. Yan, Chem.Comm., 48,3430 (2012); 2. X.C.Wang, K.Maeda, X.F.Chen, K.Takanabe, K.Domen, Y.D.Hou, X.Z.Fu and M.Antonietti, J.Am.Chem.Soc., 131, 1680 (2009); 3. Z.Chen, P.Sun,B.Fan,Z.Zhang, X.Fang, J.Phys.Chem.C., 118,7801 (2014);4. X.Wang, k.Maeda, A.Thomas, K.Takanabe, G.Xin, J.M.Carlsson, K.Domen and M.Antonietti, Nature Materials, 8, 76 (2009);5. D.Jiang, L.Chen, J.Xie and M.Chen, DaltonTrans.,43,4878 (2014);6.J.Zhang, Y.Wang,J.Jin,J.Zhang,Z.Lin,F.Huang and J.Yu, ACS Applied Mater.Interfaces, 5, 10317 (2013);  7.Y.Wang, X.Wang and M.Antonietti, Angew. Chem.Int.Ed., 51,68 (2012);8.J.Hong,X.Xia,Y.Wang and R.Xu, J.Mater.Chem.,22,15006 (2012);9.Y.Cui,J.Zhang,G.Zhang,J.Huang,P.Liu,M.Antonietti and X.Wang, J.Maer.Chem., 21,13032(2011); 
Hybrid Photo-catalyst of brookite TiO2 (br-TiO2) with g-C3N4 (35 wt%) could photodecompose water under irradiation with visible light.   The reason for this activity has been attributed to the effective separation of the generated charge carriers on the surfaces of the closely contacted semiconductors.[Yipeng Zang,   liping li,   yangsen xu,   Ying Zuo and   Guangshe Li  J. Mater. Chem. A, 2014, Accepted Manuscript, DOI: 10.1039/C4TA02082K]
The anxiety to increase the hydrogen production in the photo-catalytic decomposition of water has stimulated a variety of modification of the basic g-C3N4 or mpg-C3N4 system in a variety of ways.   These attempts can be grouped in the so-called Z-scheme. One such model is shown in Fig.3. There are some ingenius attempts for coupling mpg-C3N4 with systems like NiS,1 BiOBr2,Ag/Ag2S 3  AgBr4 PEDOT-PSS5, Fe(iii)/Fe(ii), Ag PO46  and TiO27 all these studies showed enhanced photo-catalytic activity for hydrogen evolution.  The reason for this enhanced activity has been attributed to the reduced recombination of charge carriers as evidences from reduction in intensity of the photo-luminescence with the addition of Ag2S to g-C3N4.
1. Z.Chen, P.Sun, B.Fan, Z.Zhang, X.Fang, Journal of Physical Chemistry,C, 118,7801 (2014)
2.L.Ye, J.Liu, Z.Jiang, T.Peng and L.Zan, Appl.Catal., B., 142-143, 1 (2013)

3.D.Jiang, L.Chen, J.Xie, M.Chen, Dalton Trans,43,4878 (2014).
4. S.Yang, W.Zhou, X.Ge, X.Liu, Y.Fang and Z.Li, RSC Adv., 3, 5631 (2013).
5. Y.Zhang, T.Mori and J.Ye, Sci.Adv.Mater., 4,282 (2012).
6. H.Katsumata, T.Sakati, T.Suzuki, S.Kaneco, Ind.Eng.Chem.,53, 8018 (2014).
7. K.Konda, N.Murakami, C.Ye, T.Tsubota and T.Ohno, Applied Catal. B. Environmental, 142-143, 362 (2013).
There are various stimulating developments on this concept of co-factor which is common in bio-inspired systems.   One such attempt has been made in the development of 2D triazine-based carbon nitride photo-catalyst for visible light induced hydrogen evolution from water 8.  Similar concept of co-factor can also be applied to the enhanced photo-stability of core/shell CdS/g-C3N4  nanowires which can be considered similar to  enzymes protected by the protein mantle thus accounting for the stability.   These new class of photo-catalyst systems may prove to be efficient, stable, economically feasible and environmentally friendly systems.  To demonstrate this feasibility, bio-inspired carbon nitride inner structure was synthesised and used for NADH regeneration thus showing that there is a possibility of generating nearly equivalent of bio-photocatalyst systems for water decomposition using mesoporous carbon nitride.  This is an interesting aspect and the exploitation of this possibility will find increasing interest in the coming years.  
8. K.Schwinghammer, B.Tuffy, M.B.Mesch, E.Wirnhier, C.Martineau, F.Taulelle, W.Schinick, J.Senker and B.V.Lotsch,
9. J.Zhang, Y.Wang, J.Jin, J.Zhung, Z.Lin, F.Huang and J.Yu, Applied Matrials and interfaces, 5,10317 (2013)
10. J.Huang, M.Antonietti, and J.Liu, J.Mater.Chem.A 2, 7686 (2014)

Ordered meso-porous g-C3N4 has a special place in the case of semiconductor photo-catalysis since it not only provides a natural highway for the reactant molecules but also for the photons with sufficient internal scatterings with natural light harvesting antennae and the internal reflections may account for the enhanced photo-catalytic efficiency of these systems.  A pictorial representation of this geometrical effect on the incident photons is given in  Fig.   

S.Cao and J.Yu, Physical Chemistry Letters, 5,2101 (2014)
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Fig. 3. Band positions of carbon nitride, mesoporous carbon nitride and sulphur substituted carbon nitride   The point of importance is that the conduction band bottom is not remarkably altered and hence reduction capability is not altered considerably.
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Fig.4.   Pictorial diagram showing the light-harvesting performance of g-C3N4 hollow spheres showing internal reflections and multiple possibilities for absorption (reproduced from S.Cao and J.Yu, Physical Chemistry Letters, 5,2101 (2014))

  Some perspective statements on this C3N4 as a possible candidate for photo-electrochemical splitting of water may be in order. They can be listed as follows:
1. This system has opened up a semiconductor system which can be used without the need for a noble metal additive as electron acceptors.
2. The bonding characteristics in this system may have to be evaluated differently as compared to the other compound semiconductors that are employed for water splitting reaction.   Possibly the percentage of ionic or covalent bond (either or both) in this system may be tending to the ideal value required for photo-splitting of water.
3. The system is appropriate for visible light photo-active system and is easily amenable for modification in a variety of ways, thus providing opportunities for selection of appropriate semiconductor active for this reaction.
4. A variety of physical and textural alterations are possible in this system, (especially from the point of view of Photon to fuel efficiency) thus making this system to be one of the choices for examining the photo-splitting water reaction.
On the whole the meso-porous carbon nitride is becoming one of the potential candidates in the development of appropriate semiconductor system for the frustrating water splitting reaction.
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