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The motivation behind this presentation is to evolve appropriate selection criteria for promoting water splitting reaction by photo-assisted path way.

------------------------------------------------------------------------------------------------------------

Introduction
Hydrogen is a well known secondary fuel, because of its high energy content and it is an environmentally acceptable fuel source. There are various options for hydrogen production. These include: (i) Electrolysis ( input energy is higher than what is obtained as output energy due to over-voltages (ii) Thermolysis ( heat effect and hence less efficient), (iii) Thermo-chemical ( various cycles are developed but not yet economical due to variety of problems like chemicals, corrosion and design for large scale production (iv) Photolysis ( quantum efficiency is small) (V) photochemical process ( needs sensitizers) (vi) photo-electrochemical  process ( suitable electrode material is yet to be developed ) (vii) Photo-catalytic processes ( no economically viable photo catalyst is available (viii) Biochemical process ( viable biochemical route yet to be established).
The primary energy sources like fossil fuels for hydrogen production are fast depleting and hence one should consider for alternatives in the form of renewable energy sources. One such abundant source is water. The reliability of any of the methods developed for water splitting is an essential criterion for its adoption.   The adopted method, in addition, should be economical in terms of its energy consumption.   In this presentation we have attempted to rationalize some aspects of the photo-electrochemical /photo-assisted/ photo-catalytic processes.
Even though hydrogen is the most abundant element, it is always present in the combined form and the generation of it therefore requires as stated above any other primary energy sources like heat, light or electricity.   Thermo-chemical splitting of water requires temperatures around 1500 K. Such a high energy heat source is available only in nuclear reactors. The Sulphur-Iodine cycle is considered to be cost effective comparable to hydrogen from natural gas.  
At present hydrogen is produced commercially by steam reforming of methane or naphtha, but however this method produces carbon dioxide as a bye product.   The major disadvantage of this commercial process is the separation of carbon dioxide from hydrogen gas.   In electrolytic method, one can obtain highly pure hydrogen and oxygen by splitting the water molecule to its components theoretically at an applied reversible potential of 1.23 V.  However, in practice, the potential required for the decomposition of water is around 1.7 V due to hydrogen and oxygen over potentials at the electrode surface.   Due to this, the cost of production of pure hydrogen is higher and hence this method is resorted to only when pure hydrogen is a must.

Photo-catalysis is a unique method in which the energy input   to split water is obtained from the available solar radiation.   Generally, in photo-catalysis, the semiconductors are widely considered as catalyst for splitting the water molecule to hydrogen and oxygen by absorption of light energy. This method it is hoped will be able to exploit the use of freely and abundantly available solar radiation.   Though many reports throw light on semiconductor mediated photo-catalysis, the reason for the choice of semiconductors as photo-catalysts is not yet been explicitly stated in literature. For the same reason, the basis for the selection and also the modifications required on a semiconductor for a particular reaction on hand lack still scientific reasoning.
Concepts –Why semiconductors are chosen as photo-catalysts?
For conventional redox reactions, one is interested in either reduction or oxidation of a substrate.   For example consider that one were interested in the oxidation of Fe2+ ions to Fe 3+  ions then the oxidizing agent that can carry out this oxidation is chosen from the relative potentials of the  oxidizing agent with respect to the redox potential of Fe2+/Fe3+ redox couple. The oxidizing agent chosen should have more positive potential with respect to Fe3+/Fe2+ couple so as to affect the oxidation, while the oxidizing agent undergoes reduction spontaneously. This situation throws open a number of possible oxidizing agents from which one of them can be easily chosen.   However, in the case of water splitting one has to carry out both the redox reactions simultaneously namely, the reduction of hydrogen ions (2H+  +  2e-  → H2) as well as (2OH- +  2h+ → H2O  + 1/2O2 ) oxygen evolution from the hydroxyl ions. The system that can promote both these reactions simultaneously is essential.   Since in the case of metals the top of the valence band (measure of the oxidizing power) and bottom of the conduction band (measure of the reducing power) are almost identical they cannot be expected to promote a pair redox reactions separated by a potential of nearly 1.23 V.
Another aspect is that metals liberate hydrogen preferentially and if these semiconductors can be designed to have enhanced metallic/reducing properties it may be advantageous. But this aspect is not considered in this presentation.   Therefore one has to resort to systems where the top of the valence band and bottom of the conduction band are separated at least by 1.23V in addition to the condition that the potential corresponding to the bottom of the conduction band has to be more negative with respect to 
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 while the potential of the top of the valence band has to be more positive to the oxidation potential of the reaction 2OH-  +  2h+ → H2O  + ½ O2.  This situation is obtainable with semiconductors as well as in insulators.   However insulators are not appropriate due to the high value of the band gap which demands high energy photons to create the appropriate excitons for promoting both the reactions.   The available photon sources for this energy gap are expensive and again require energy intensive methods.  Hence insulators cannot be employed for the purpose of water splitting reaction.   Therefore, it is clear that semiconductors are alone suitable materials for the promotion of water splitting reaction.
The next question to answer is what criterion one has to use for the selection of the semiconductor materials and also how one can fine tune the material thus chosen for the water splitting reaction.

Essentially for photo-catalytic splitting of water, the band edges (the top of valence band and bottom of the conduction band or the oxidizing power and reducing power respectively) have to be sifted in opposite directions so that the reduction reaction and the oxidation reactions are facile. This could not be possible in ionic solids as the ionicity of the M-O bond increases, the top of the valence band (mainly contributed by the p- orbitals of oxide ions) becomes less and less positive (since the binding energy of the p orbitals will be decreased due to negative charge on the oxide ions) and the bottom of the conduction band will be stabilized to higher binding energy values due to the positive charge on the metal ions which is not favourable for the hydrogen reduction reaction. Thus one can see that the more ionic the M-O bond of the semiconductor is, the less suitable the material is for the photo-catalytic splitting of water.   The bond polarity can be estimated from the expression
Percentage ionic character (%) = 
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 ΧA and χB are the electronegativity values of the elements involved in bonding and the relevant values were obtained from standard sources.   The       data generated using this formula for some of the semiconductors used in photo-catalytic splitting of water are assembled in Table 1. 

It is obvious from the values given in Table.1, that most of the oxide semiconductors though are suitable for the photo-catalytic water splitting reaction in terms of the band gap value which is greater than the water decomposition potential of 1.23 V.   However,many of these semiconductors have ionic bond character more than 50-60 % and hence modulating them will only lead to increased ionic character and hence the photo-catalytic efficiency of the system may not be increased as per the postulates developed in this presentation.    Therefore from the model developed in this presentation the following postulates have been evolved.

1. Normally the semiconductors used in photo-catalytic processes are substituted in the cationic positions so as to alter the band gap value.   A recent report1 deals with TiO2 with nitrogen in anionic position gave enhanced photocatalytic activity under visible light irradiation. This modification could in effect bring out changes in the bond characteristics and also any hetero atom incorporation could give rise to shifting the absorption band to lower wavelength.  Even though it may be suitable for using the available solar radiation in the low energy region, it is not possible to use semiconductors whose band gap is less than 1.23 eV and any thing higher than this may be favourable if both the valence band is depressed and the conduction band is destabilized 

Table 1 The percentage ionic character of the M-O bond for some of the semiconductors 

	Semiconductor
	M-O
	Percentage ionic character

	TiO2
SrTiO3
Fe2​O3
ZnO

WO3
CdS

CdSe

LaRhO3
LaRuO3
PbO

ZnTe

ZnAs

ZnSe

ZnS

GaP

CuSe

BaTiO3
MoS2
FeTiO3​
KTaO3
MnTiO3
SnO2
Bi2O3
	Ti-O

Ti-O-Sr

Fe-O

Zn-O

W-O

Cd-S

Cd-S
La_O_Rh
La-O-Ru

Pb-O

Zn-Te

Zn-As

Zn-Se

Zn-S

Ga-P

Cu-Se

Ba-O-Ti

Mo-S

Fe-O-Ti

K-O-Ti

Mn-O-Ti

Sn-O

Bi-O
	59.5
68.5

47.3

55.5

57.5

17.6

16.5

53.0

53.5

26.5

 5.0

6.8

18.4

19.5

3.5

10.0

70.8

4.3
53.5

72.7

59.0

42.2

39.6


with respect to the unsubstituted system.  Since this situation is not obtainable in many of the available semiconductors by substitution at the cationic positions, this method has not also been successful.   In addition the dissolution potential of the substituted systems may be more favourabale than the water oxidation reaction and hence this will be the preferred pathway.  These substituted systems or even the bare semiconductors which favour the dissolution reaction will undergo only preferential photo-corrosion and hence cannot be exploited for photo-catalytic pathway. 

2. Very low value of the ionic character also is not suitable since these semiconductors do not have the necessary band gap value of 1.23 V. This means the search for utilizing lower end of the visible region is not possible for direct water splitting reaction.  If one were to use visible region of the spectrum, then only one of the photo-redox reactions in water splitting may be preferentially promoted and probably this accounts for the frequent observation that non-stiochiometric amounts of oxygen and hydrogen were evolved in the photo-assisted splitting of water.   
3. Therefore it is deduced that the systems which has ionic bond character of about 20-30% with suitable positions of the valence and conduction band edges may be appropriate for the water splitting reaction.   This rationalization has given one a handle to select the appropriate systems for examining as photo-catalysts for water splitting reaction. 

There are some other aspects of photo-catalysts on which some remarks may be appropriate. Though they have been derived from the solid state point of view like flat band potential, band bending, Fermi level pinning, these parameters also can be understood in terms of the bond character and the redox chemical aspects in which we have dealt the water splitting reaction. It is our intention to appropriately bring these aspects within the framework in a forthcoming article.  
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