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In a recent report of the ACS publications, there was a question on what is the most important unresolved problems in Chemistry? The answer can be varied depending on the specialization one tends to pursue.  One of the editors of ACS journals, Professor Prashant Kamat, Editor in Chief of ACS Energy letters said “Why cannot we design chemical systems more efficient than photosynthesis……. Most of the claims made today do not address efficiency, selectivity and stability issues”. One may agree or not concur with these views, but it is a fact that the most of the human effort to mimic photosynthesis have not yielded the desired results.   In spite of nearly 5 decades of intense research on photo-catalytic and photo-electro-chemical decomposition of water to generatefuel, hydrogen, the process has not yet reached successful limits to be economically a viable process.  Photo-catalysis is emerging as a separate discipline with intense research efforts and not so much of success with the objectives of solving the problem of energy shortage to the universe. One of the areas of research in this direction is to find suitable materials that will promote the decomposition of water to generate fuel Hydrogen economically and to the desired levels not to speak of the photo-catalytic reduction of carbon dioxide to value added chemicals and fuels or even the photo-catalytic reduction of di-nitrogen to ammonia at ambient conditions.      Even though the total solar energy impinging on the earth’s surface per year is about 3 X 1024J or approximately 104 times the worldwide yearly consumption of energy, the ways and means of harnessing this energy for the benefit of life on earth is still a dream. 
Photo-catalytic decomposition of water or photo-electrochemical electrolysis of water can be considered   the two possible modes for generating this fuel, hydrogen in a cost effective manner.   The purpose of this presentation is therefore to address some of the issues related to our inability to make these two processes as viable and adoptable methodology for the generation of fuel on large scale in spite of our intense research efforts for nearly four and half decades.                                                                         The failure to identify among the known and available semiconducting materials (refer to Table 1) which can yield efficient water decomposition is probably due to the fact that particulate systems with sufficient defects facilitate the recombination of charge carriers (denoting the charge carrier short life times) before they can be vectorially transferred to evolve hydrogen and oxygen.
Table 1 Values of Efficiency of Typical Photo-electrochemical Cells
	Authors
	Cell architecture
	Efficiency (%)
	Light Source

	Fujishima and Honda
	a:TiO2(SC);c:Pt;e:Fe3+ions
	10
	500W Xe Lamp

	Fujishima et al
	a:TiO2;c:Pt;e:1MNaOH(a) /5mH2SO4(c)
	0.4
	sunlight

	Ohnishi et al
	a:TiO2; c:Pte:0.5MK2SO4
	0.27
	500W Hg Lamp

	Mavroides et al
	a:TiO2;c:Pt;e:pH=8
	30% at 350nm
	1000W Xe Lamp

	Nozik
	a:TiO2;c:Pt e:pH=6.5
	2.4 at 0.8 V
	UV light

	Wrighton et al
	a:SrTiO3; c:Pt;e:9.5M NaOH
	11 (351nm) 
	Ar Ion laser

	Morisaki et al
	A:hybrid TiO2+ Si;C:Pt;e:0.1MNaOH
	0.1
	500 W Xe Lamp

	Watanabe et al
	a: SrTiO3;c: Pt; e:1M NaOH (a)/0.5M H2SO4(c)
	20(350 nm)
	500 W Xe lamp

	Okuda et al
	a:BaTiO3;c:Pt;e:1MKOH
	0.0068
	500W Xe Lamp

	Laser and Bard
	a:TiO2;c: Teflon+O2;e:5M NaOH
	26
	450W Xe Lamp

	Mavroides et al
	a:SrTiO2;c:Pt;e:10M NaOH
	5
	Photon 3.8 eV

	Fleischauer and Allen
	a:TiO2:c:Pt:e: Ph=4(a)/1MH2SO4(c)
	0.2 (Visible light
	150 W Xe Lamp

	Giordano et al
	a:TiO2;c:Pt;e: mixtures of aqueous solution of electrolytes
	~2
	400W Hg lamp

	Guruswamy et al
	a: La2O3Cr2O3;c:Pt;e:0.5 H2SO4
	0.1 at 0.5V
	Xe arc Lamp

	Yoon and Kim
	a:SrTiO3;c:Pt;e:1M NaOH
	3.5
	150W halogen lamp

	Ghosh and Maruska
	a:undoped TiO2;c:Pt;e:5 M KOH
	0.4
	Sunlight

	Houlihan et al
	a:undoped TiO2c: Pt; e:1MNaOH(a)/0.5M H2SO4
	0.56
	1000W Xe Lamp

	Prasad et al
	a:TiO2In2O3; c:Pt;e:1M NaOH
	100
	1000W Xe-Hg lamp

	Bak et al
	a:TiO2;c:Pt;e:0,5MNa2SO4
	0.4
	sunlight

	Akikusa and Khan
	a:TiO2;c:Pt;e:5MKOH(a)/3MH2SO4
	1.6
	150W Xe arc Lamp

	Khasselev et al
	a:p-GaAs;c:Pt;e:5M H2SO4+0.01Mt-octtkogebixyoiktethixyethanol
	12.4
	150 W W-X lamp

	Lichet et al
	a:AlGaAs/SiRuO2;c:Pt;e:1MHClO4
	18.3
	50W W-X lamp

	El Zayat et al
	a:Zr doped SrTiO3;c:Pt;e:5M NaOh + 15M dye
	1.4 (without dye)
~4 (with dye)

	


A: anode;  c:cathode;  e:electrolyte. [Table adopted from T.Bak et al, International Journal of Hydrogen energy 27,991-1022 (2002)]

 Photo-catalytic and photosynthetic routes are different from each other in thermodynamic sense.   While photo-catalysis employ the light for speeding up the chemical conversions whose free energy change is ΔG < O, whereas in photosynthetic route promote the chemical reactions that are thermodynamically forbidden (ΔG > O). This situation is pictorially depicted in Fig.1. 
 [image: http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2009/CS/b800489g/b800489g-f2.gif] [image: Abstract Image][image: ]
Fig.1. Difference between photo-catalytic route and photo synthetic routes.  Under the optimized conditions that is large absorption coefficients, long carrier life times and rapid interfacial charge transfer kinetics, photo-catalysis is limited by the surface area while photosynthesis I devices are limited by charge mobility and mass transport limitations and photosynthesis 2 devices are limited by electrochemical selectivity.
Many semiconducting substances have been tried for effective Photo- or photo-electrochemical decomposition of water for generation of water. The basic principle involved in this process is pictorially represented in Fig.2.
[image: ]
Fig.2. Illustration of the basic principle involved in the photo- and photo-electrochemical decomposition of water on a semiconductor surface with or without hydrogen and oxygen evolving co-catalysts.  [Figure reproduced from Renewable and Sustainable Energy Reviews, Volume 43, 2015, 599–610].
In the last 6-8 years, a new class of substances namely Hybrid Organic Inorganic Perovskites (HOIPs) have come into focus for these applications. In this short span of less than a decade, the efficiency of these processes has reached or even surpassed 20% while the research on other semiconducting materials was struggling in this period to reach double figures even in laboratory made designs. Fig 3 shows the progress made in the last one decade on HOIPs and the basic structure of the perovskite materials.
[image: ]
Fig 3 The efficiency record of perovskite solar cells in the last decade (b) Crystal structure of perovskite where A is methyl ammonium ion, B is Pb(II) or Sn(II ions) and X is Cl, Br, I ions. Reprinted from Journal of Nanomaterials, Volume 2015, http://dx.doi.org/ 10.1155/ 2015/241853.
Though it is predicated that Photon conversion efficiency in solar cell mode can reach 28-30% in the near future, there are the following issues to be addressed. 
(1).These substances are sensitive to moisture environment and decompose. It is proposed that long alkyl chains will improve the humidity stability.
(2) There is still a long way to go to meet the rigid requirement for long term outdoor Practical applications. Similarly, the long-time exposure to UV illumination, may induce  oxygen desorption and other species  accounting to the instability of the material and this has to be addressed.
(3) The toxicity of the components of HOIPs is another area of concern. All these issues have to be successfully addressed before these materials can be thought of as choice materials.
The lessons that one has learnt on the photo-catalytic or photo-electrochemical decomposition of water are:
1. Band gap engineering though feasible and desirable for effective utilization of solar radiation, this approach has not yet delivered the required efficiency for the process.
2. These studies have provided many developments of suitable optical devices for effective concentration and directional usage of solar radiation.
3. The understanding of science of materials in terms of doping, coupling, sensitization has improved.
4. Our understanding of the photo-synthesis route has improved.
5. The list is expanding and the reader is directed  to competent reviews on this topic [selected comprehensive articles are listed at the end]
In spite of all these spin-offs, the desire to make the process at commercially viable level has not yet subdued. The reason for this unending desire is the economic and social impact the success of this process can provide to humanity. Some of the barriers to be surmounted in implementing this process include:
1.. Interfaces play a central role in solar energy to fuel conversion, as they mediate charge transport between solid and liquid phases and control interfacial recombination, but yet the atomic details of such interfaces, and their effects on photo-electrochemical processes are often  not known.
2. The field penetration inside the semiconductor (on metallic surfaces this field penetration is only skin depth) and the non-uniform barriers faced by charge carriers to diffuse to the surface for the charge transfer reaction at the interface have not been fully taken into account for justifying the efficiency values obtained in Photo-catalytic mode of operation of the water decomposition.
3. In multicomponent (binary or ternary) semiconductors the barriers inside the material for charge carrier migration to the surface can be non-uniform and this may facilitate the charge carrier recombination.   This factor may be to an extent limited in Photo-synthetic mode.
4. Employing photon sources of definite band width can cause the dissipation of energy within the system and this can lead to degradation (deactivation) of the material thus reducing the sustainable efficiency to be obtained.
5. It may be necessary to reproducibly make the particulate systems with minimum number of defect centres to be used as photo-catalyst for water decomposition reaction.
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