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|. INTRODUCTION

According to recent estimates'™ the annual consumption of
energy by mankind is currently 5x 10'° keal, rising rapidly
and doubling every 15—20 years. On the other hand the
known reserves of mineral fuels, which at present form the
basis of our energy balance, are limited to an estimated
energy equivalent of 10!° kcal. Thus the search for new
sources of energy is a problem of fundamental importance.
The most promising approaches appear to be the use of ther-
monuclear energy (based on deuterium) and the use of solar
energy™'®. The large-scale exploitation of both these
sources of energy presents serious difficulties, but it is
important to note that whereas controlled thermonuclear
fusion is still at the research stage solar energy is continu-
ously reaching the Earth in amounts far exceeding the rapidly
growing needs of mankind.

Thus the amount of solar energy which is incident on our
planet is estimated!»*®:'7 to be 1.2 x 10! kcal per annum, but
some of this energy is reflected by the atmosphere and by the

Earth's surface and is irreversibly lost, while the remainder
is absorbed by the atmosphere (2 x 102° kcal), by the oceans
and seas (4.2 x 102° kcal), and by the land masses (1.8 x
10%° keal). Part of this absorbed energy (6 x 107 kcal per
annum) is converted into chemical energy by the photosyn-
thetic process in plants and micro-organisms. However,
only a very small part of this energy is used by mankind:

8 x 105 kecal per annum as fuel and other materials and 4 x
10'® kcal per annum as food. The amount of solar energy
converted into electrical energy by hydroelectric and wind-
operated power stations is also quite small: 4 x 10'® keal per
annum.

The most important attribute of solar energy is its ecologi-
cal purity, i.e. the possibility of carrying out energy cycles
without emitting harmful products into the surroundings and
without additional heating of the Earth.

The wide-scale exploitation of solar energy must await
practical solutions to the following three problems: 1) the
relative diffuseness of solar energy (even outside the Earth's
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atmosphere the flux of solar energy is only 1.395 kW m™2 =
12260 kW-h m™2 year™ =3.33 x 1075 keal em™ s71),1972* 2) the
annual, seasonal, and daily variations of the energy flow
reaching the Earth's surface, and 3) the need to convert the
energy of the light quanta into a more convenient form.

Let us consider the importance of the first two of the above
factors. In the vicinity of the Earth a power of 1 GW (typi-
cal of a modern electric power station) is carried by the Sun's
rays falling on a square 850 m in side: the area of such a
square is comparable to that occupied by a thermal power
station having that output. Of course, on the Earth's sur-
face the insolation is much lower, since the Sun shines for
only part of the day, and its rays are partly reflected by the
atmosphere. But even in the middle latitudes of the USSR—
in the region of Moscow or of Novosibirsk, say—the total
amount of radiation falling on the surface of the Earth is
staggeringly large: more than 1000 kW-h m~2? year™.1%:2¢
This is only 2.5 times lower than the radiation in the sunniest
region of the Earth (near the Red Sea?%?22). In Soviet
Central Asia the total solar radiation is as high as 1600 kW-h
m~2 year™, A simple calculation shows that an amount of
energy equal to the annual output of a 1 GW electric power
station is contained in the Sun's rays falling on a square 3 km
in side in the middle latitudes of the USSR or 2.3 km in side
in Central Asia. It is equally easy to show that the amount
of energy produced by the combustion of 600 million tonnes
of petroleum (the annual production of the USSR) is contained
in the Sun's rays falling on a square 67.4 km in side in
Central Asia: we note that just the Kara-Kum desert can
accommodate over 60 of these squares.

An amount of energy of 1300 billion kW-h, equal to the
annual output of electrical energy planned for 1980 in the
USSR, could be collected in Central Asia from a square 64.7 x
64.7 km? in area assuming a conversion efficiency of 20%.
Even in the region of Novosibirsk the annual output of elec—
trical energy of the Novosibirsk hydro-electric station (1.7 x
10° kW-h) 25 could be matched with a square 2.9 km in side
(again, assuming 20% conversion efficiency), which is very
much less than the area of the Ob' sea which feeds the hydro-
electric station (1070 km?). For comparison we may note that
in the USA the area of the existing network of hard-surfaced
roads (having a total length of 6 million km in 19722%) is
greater than the area of a square 150 km in side. Thus, in
spite of the relatively low density of the solar energy flux
and of its dependence on local conditions, even a complete
change-over of our energy consumption to solar energy is
not (in principle) an engineering impossibility. More
detailed estimates have confirmed the economic justification
for the development of energetics based on solar radiation?”"%%,
However, the effective exploitation of solar energy awaits the
development of economically acceptable methods of concentra-
tion, conversion, and storage of the Sun's energy.

11. METHODS OF SOLAR ENERGY CONVERSION

Existing methods of conversion of the Sun's energy can be
arbitrarily classified into four types: 1) thermal, 2) photo-
physical, 3) photochemical (including photo-electrolysis),
and 4) photobiological (based on natural photosynthesis).

The thermal conversion of solar energy is the simplest:
it consists in heating heat-transfer media with ordinary or
with concentrated Sun's rays. Many variants of the thermal
method are currently in use, or are being developed: they
are used for cooling or heating buildings, in solar kitchens
and high-temperature furnaces, for powering mechanical
engines and electrical generators, for feeding thermo-electric
converters, in the desalination of water, etc. (see previous
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reviews"s12:2773%)  In principle the efficiency of the conver-

sion of the Sun’'s radiant energy into heat is quite high, and
with a very simple concentrator it can reach 50—70% at
noon?%:27,26:38,3%,60  Therefore even in the near future we can
expect relatively large-scale use of thermal methods of solar
energy conversion, matched to local needs. However, in the
subsequent conversion of thermal into electrical or mechanical
energy the efficiency (daily average) falls to 3—5% because
of the low efficiency of heat engines and of the low effective-
ness of the concentrators except at noon23:27, For these
reasons thermal conversion of solar energy is still not being
used for large-scale energy production.

Recent advances in the direct conversion of solar energy
into electrical or chemical (fuel) energy have made these
methods potentially more attractive for large-scale energy
production.

The direct photophysical conversion of solar into electrical
energy is most effectively realised in semiconductor p—n
junction converters*22:28,51755,61,62 I these devices the absorp-
tion of a light quantum of energy hv (greater than the energy
gap) transfers an electron from the valence to the conduction
band. The resulting hole—electron pair is separated by the
electric field of the p—n function (see Fig.1), causing elec-
trical polarisation of the semiconductor wafer and thus pro-
ducing an e.m.f. and a current i. Semiconductor converters
based on crystalline silicon, with efficiencies up to 14%, have
been developed and are being used successfully>175561:62,
Even more effective semiconductor converters based on
hetero-junctions (e.g. gallium arsenide) are also being devel-
oped: their efficiency can be as high as 20% or more®?755,
This method of converting solar into electrical energy is
attracting most of the research effort at the moment, and it
appears to offer the best prospect of successt. A plan to
set up a semiconductor electrical power station in space
capable of re-transmitting the energy to the Earth in the
form of UHF radiation is also being discussed?*.

The widespread use of semiconductor converters awaits
practical solutions to two main problems: the high cost of the
semiconductor converters themselves (currently®®™% 10~15
thousand dollars per kW of power production capability), and
the difficulty of combining semiconductor photo-electric con-
verters with high-power electrical circuits. The former
problem will be rapidly overcome by current advances in
semiconductor production technology (it is estimated®®™® that
economically acceptable converters costing 200—250 dollars
per kW, i.e. matching the cost of modern thermal converters,
will be available in the mid-1980's). However, the second
limiting factor, which applies to all Earth stations, is more
serious. It stems from the annual, seasonal, and daily

+ Work is proceeding also on photo-electrochemical convert-
ers of solar into electrical energy ("wet photocells").
According to their operating mechanism, these can be classi-
fied into two types: the photosensitive semiconductor elec-
trode type'®5%:#%7%% and the photosensitive electrolyte
type®* 110 Recent converters of the photosensitive electrode
type have shown very promising efficiencies (up to 7.5% for
CdSe with a polysulphide electrolyte®®). However, much
more work is needed before the true potential of the method
can be assessed. The All-Union Research and Technical
Information Institute (VINITI) issues a special bulletin
entitled "Ekspress-informatsiya. Pryamoe Preobrazovanie
Teplovoi i Khimicheskoi Energii v Elektrichestvo" (Express
Information. The Direct Conversion of Thermal and Chemical
Energy into Electricity), which summarises current foreign
publications on the conversion of solar energy into electrical
energy by photo-electric cells (including "wet cells").
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variations of the energy output of the semiconductor convert-
ers. The consumption of electrical energy cannot be
tailored to suit these variations. Energy accumulators (or
buffers) have been based on the chemical energy of fuels or
on the potential energy of water in reservoirs. The large-
scale use of solar energy will also require some form of
accumulation of this energy, preferably in the most effective
form currently known (i.e. as a chemical fuel).

Figure 1. Basic operation of the semiconductor element.
The potential energy of the current carriers (Ep) is plotted
vertically. The thin full lines are the edges of the energy
gap; the cross-hatched region denotes the energy levels
filled with electrons; Ep is the Fermi level. The arrows
show the direction of motion of the charges (electrons and
holes) separated by the light in the region of the step in
electrical potential.

Many experts consider hydrogen to be the most promising
fue]t»13715,56759,1117116  Hydrogen is not only an exceptionally
good fuel, whose combustion does not contaminate the
environment, but it is also a valuable chemical product. The
current world production of hydrogen is more than 30 million
tonnes per annum, with an annual growth rate of 10%.2%57
Given solar energy converters having an efficiency of 20%
this amount of hydrogen could be produced in Central Asia
from a square with 55.4 km sides.

One possible way of converting solar energy into chemical
energy in the form of hydrogen is the electrolysis of water,
using the electrical energy produced by semiconductor p—n
junction converters. Assuming an efficiency of 14% for the
conversion of solar into electrical energy (which has already
been achieved in modern silicon photocells), and an efficiency
of 70% for the conversion of electrical into chemical energy
(i.e. the efficiency of present-day industrial apparatus for
the electrolysis of water), the overall efficiency for the con-
version of solar energy into the chemical energy of hydrogen
is 10%. This is an encouraging figure, especially since there
are very real prospects of further improvements in the effi-
ciency of semiconductor converters of radiant into electrical
energy. Converters based on this two-stage scheme could
in principle be operating now, but so far they have not been
economically viable because of the existence of cheaper
(natural) organic and nuclear fuels.

In addition to this two-stage method we can envisage the
direct photochemical conversion of solar energy into fuel
energy without intermediate production of electrical energy.
Most of the photochemical conversion methods rely on the use
of photo-catalytic processes. One of these methods is the
photo-electrolysis of water on a semiconductor surface (e.g.
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an oxide), acting as a heterogeneous catalyst for the decom-
position of water!!’*!®, This method is attracting a great
deal of attention at the moment1:5%117-188 (gee also Refs.
63—93).

— —| hy

URT+uE->TH, Y 4pT+2H 000+ 4H"
Figure 2. Operation of a semiconductor photo-catalyst for
the decomposition of water; symbols as in Fig.1.

In the most thoroughly investigated system, which uses
titanium dioxide as the photo-catalytic semiconductor, the
photo-electrolysis process can be described as follows®7>178,
The light generates a conduction electron and a hole in the
semiconductor, and the two carriers are separated by the
electric field at the semiconductor—electrolyte interface. The
holes diffuse to the surface of the semiconductor catalyst,
where they oxidise the water with evolution of molecular oxy-
gen (see Fig.2), and the conduction electrons reach the
metal electrode (e.g. platinum) where they reduce the water
with evolution of molecular hydrogen. Unfortunately the
efficiency of the conversion of solar into chemical energy on
TiO, is quite low (less than 1%) because this oxide has a wide
band-gap (~3 eV) and hence the photo-catalytic process in
this case requires u.v. quanta, which are present in small
numbers in the Sun's spectrum.

Worthwhile progress in this area can be made only by
changing to semiconductors which can decompose water under
the influence of visible radiation, such as iron oxidel!®:182,183
and tungsten oxide!®2:1%3  though other semiconductors also
could be used. However, in the absence of reliable quanti-
tative measurements we cannot yet assess the efficiency of
solar energy conversion with hydrogen accumulation on these
photo-catalysts. Furthermore, most of these materials suffer
strong photo-corrosion in aqueous solutions. There is evi-
dence that the photo-corrosion of semiconductor photo-cata-
lysts may be suppressed by chemical modification of the
semiconductor surface (by introducing surface impurities,
or by adsorption of special reagents). Surface modification
can be used also to control the surface field which separates
the photo-generated charge pairs.

Thus any progress in the exploitation of these converters
will be determined to a large extent by advances in the
surface chemistry of semiconductors.

Another method of direct conversion of solar energy into
chemical energy relies on molecular photo-catalytic systems.
These systems are found, for example, in natural photo-
biological converters such as plants and bacteria capable of
photosynthesis”»13:56:1897192 1y plants the energy of the
Sun's radiation is converted mainly into chemical energy of
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carbohydrates, synthesised by the reduction of carbon diox-
ide and the oxidation of water. The initial step of the photo-
synthesis is reminiscent of the formation of a conduction
electron and a hole in semiconductors. The light quantum
absorbed by a chlorophyll molecule (Chl) transfers one elec-
tron from the ground state to an excited level (Fig.3), from
which it can fall into the lower-lying levels of other molecules
(the acceptors, A). On the other hand the hole which is
formed at the same time in the ground level of the Chl mole-
cule can accept an electron from the higher-lying levels of
other molecules (the donors, D). As a result, the initial
step of the photosynthesis process

A+D%A‘+D* ) (1)
produces a pair of particles (the reducing agent A™ and the

oxidising agent D*) analogous to the hole—electron pair of
semiconductors.
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Figure 3. Charge separation by an electronically excited
dye molecule (chlorophyll, Chl). Electron energy is plotted
vertically, hv is the absorbed light quantum, the wavy arrow
denotes the conversion into a longer lived excited state, hv,
is the luminescence quantum, and AG is the chemical energy
stored as a result of the process.

During photosynthesis in plants the reducing agent A~ is
used (through a complicated chain of catalytic reactions) to
reduce CO, to sugars:

4A-+3H,0+4CO,—~4A+'/,(C.H,0,) +40H- » (2)

and the oxidising agent D* completes the cycle of reactions
by oxidising water to molecular oxygen:

4D*+40H-—4D+2H,0+0,% . 3

Thus the overall photosynthesis process in plants can be
described by the catalytic reaction scheme

H,0 + COy %5 1/6 (CsHuuO4) + Oyt (9

in which an amount of free energy AG =120 kcal mole™ O, is
stored. In order to carry out one such cycle a plant needs
no fewer than eight quanta of red light, each with an energy
of ~40 kcal Einstein™,”

Theoretical calculations (see below) suggest that the maxi-
mum possible efficiency of the conversion of solar energy by
the eight-quantum reaction (4) is 15% of the incident Sun's
light. This value can be treated as the theoretical limit of
the efficiency of photo-biological energy converters. In

Russian Chemical Reviews, 49 (8), 1980

some water plants (e.g. chlorellae) the experimentally mea-
sured efficiency of solar energy conversion is as high as
6%.1%,1937195  Among cultivated (agricultural) plants the
highest efficiencies are found in maize (3.2%), sorghum (3.2%),
and sugar cane (2.4%).}® Thus the best cultures of water
plants offer an acceptably efficient conversion of solar into
chemical energy. Economically sound._processes for the
microbiological fermentation of the pyoducts of plant photo-
synthesis to give convenient forms of fuel for large-scale
energy production have already been suggested: hydrogen
(see Fig.4), methane, or ethanol'?5%19%67200  [arge Govern-
ment programmes aimed at replacing hydrocarbon motor fuels
by ethanol (obtained from sugar cane) are already in progress
in Brazil and in the Philippines.'3

g ihgftle

vegetable microbe culture

efficiency 6%

fermentation | _ _ _ _____ = fermentation
to to

SN,
hydrogen hydrogen methane

efficiency 20%

methane
efficiency 85%

Figure 4. Microbiological conversion of solar energy and
efficiencies achieved in the different steps.

Obviously, a major advance in the conversion of solar into
chemical energy would be the development of synthetic molecu-
lar photo-catalytic systems with a narrow "chemical speciali-
sation", which could be more efficient than plants®. If these
systems could be handled in simple industrial plant, and
manufactured from cheap starting materials, they could even
be cheaper than existing semiconductor p—n junction devices.
The problem of designing molecular photo-catalytic systems
for the conversion of solar into chemical energy was fully
formulated only recently!, and is still in its initial stages of
development. The various approaches to its solution are the
main theme of the present review.

As will be shown below, molecular and semiconductor photo-
catalytic converters have very similar mechanisms. Hence
many of the data quoted in this paper can be applied also to
calculations involving semiconductor photo-catalytic systems.

111. POSSIBLE PROCESSES FOR THE CONVERSION OF SOLAR
INTO CHEMICAL ENERGY

The basic thermodynamic requirement which applies to
chemical reactions for accumulating solar energy in the form
of chemical energy is that the reaction should be endothermic
in the dark. The condition is AH >0 (if the stored energy
is to be used for the production of heat) or AG >0 (if the
energy is being stored for the production of a more "noble"
form of energy, e.g. the electrical energy of fuel cells). In
order to allow their storage, transport, and use in practical
situations the photo-reaction products must be stable, i.e.
the reverse (exothermic) reactions must be slow.
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Chemical energy can be stored either directly as the
internal energy of molecules (for example, by converting a
substance under the influence of light into an energy-
enriched form such as a valency isomer), or as reaction prod-
ucts which can be used as fuels (combustibles and oxidisers),
and which interact with evolution of energy in a useful
form?3,56-59,122,179,201-208

The exploitation of photochemical converters for large-
scale energy production implies the storage and transport of
hundreds of millions of tonnes of photo-catalytic reaction
products in the form of useful fuels. Therefore the starting
materials used in these reactions should be readily available,
cheap, convenient to use, and easily transportable. The
accumulation of energy in an intramolecular form obviously
implies the use of fairly complex compounds!22:179,201,2087216
and this method will probably be limited to satisfying local
needs even if very efficient forms of the method are developed.
The same is true of converters relying on phase transi-
tions?'7+?1% or on corrosive or dangerous materials such as
50,, Cl,, etc.2%

Within the Earth's atmosphere the most convenient way to
exploit chemical energy is to allow a fuel to react with the
atmospheric oxygen. Hence the most attractive working
processes for the conversion of solar energy are those leading
to the reduction of readily available materials (as in natural
photosynthesis).

Table 1. Possible reactions for the storage of solar energy
as fuel.
. 0 0 AG:“
No. Reaction n AGgos. | AMage | oo} elec| Mhr B
[kcal mole-Ukcat molellyrony v
1 | HO0 —>Hy+ 1/, O, 2 | s56.71 | 68.25 | 1.23 1008
2 | 2H,0 + CO, - CH, + 20, 4 | 195.54 | 212.8 2.12 588
3 | 2H,0 4 CO, — CH,0H + 3/50, 6 | 167.92 | 173.64 | 1.24 1025
4 | 3H;0 -+ 2CO, — CiH,OH + 30, 32 | 318.34 | 336.82 | 1.15 1077
5 | 3/3HyO + 1/3N; — NH; + 3/,0, 3 | 81.09 | 91.44 | 147 1059
6 | 2H,0 + Ny — NjH, + O, 4 | 181.33 | 148.74 | 1.97 629
Note. The thermodynamic data quoted are for liquid H,0,
CH,;OH, C,H;OH, and N,H,; n is the number of electrons
transferred; Athr is the threshold wave length for the n-

quantum mechanism (see Section 1V).

In the light of the requirements outlined above the most
convenient starting materials are water and atmospheric
gases, and we must turn towards these materials (at least,
initially) in our search for large-tonnage photo-catalytic
energy production methods. Some processes potentially
suitable for the storage of energy in a chemical form are listed
in Table 1. In every case the product is a valuable chemical
raw material. All these processes take place in living
organisms (photosynthesis followed by fermentation of the
photosynthesis products to H,, CH,,, or alcohols, or fixation
of atmospheric nitrogen). As was pointed out above, reac-
tion No.1 of Table 1 has been achieved under artificial con-
ditions on semiconductor photo-catalysts. Reactions No.2%°
and Nos.5 and 622° have also been observed on TiO, and
SrTiO, photo-catalysts under the influence of u.v. light,
though their quantum efficiency is still very low. The dis-
tinguishing feature which all these processes have in common
is the oxidation of water with evolution of molecular oxygen.
As we shall show below, this reaction step is the most diffi-
cult to implement.
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The absorption of solar energy by the compounds listed in
Table 1 is negligibly small, and photochemical conversion is
necessary: this is provided by an additional intermediate
agent (the photo-catalyst) which strongly absorbs the Sun's
light and which is fully regenerated at the end of the working
cycle. Many photo-catalytic reactions, both homogeneous
and heterogeneous, have been described (see, for example,
Refs.221 and 222 respectively). However, the effort cur-
rently devoted to the search for really effective catalytic pro-
cesses for the conversion of solar energy is still inadequate.

The most promising chemical process for the conversion of
solar energy at present is the photo-catalytic decomposition
of water into hydrogen and oxygen. Water, of course, is a
universally available, cheap, and very convenient starting
material. The product of the reaction—hydrogen—is not only
an excellent fuel but also an important raw material for the
chemical industry, used on an enormous scale. Furthermore,
existing information on chemical reaction mechanisms suggests
that the photo-dissociation of water may be the most easily
implemented of all the processes so far proposed for the
accumulation of solar energy. Therefore we shall examine
in detail the problems posed by the conversion of solar into
chemical energy by this process.

1V. MAXIMUM THEORETICAL EFFICIENCY OF THE CONVER-
SION OF SOLAR INTO CHEMICAL ENERGY

The efficiency of the conversion of solar energy (n) is
defined as the ratio of the amount of energy stored to the
total amount of solar energy (E,) falling on the converter.
The latter quantity is equal to the product of the area of the
system (S) and of the total flux of solar energy (i.e. of the
flux of light quanta of all energies).

For thermal methods of solar energy conversion the effi-
ciency is limited essentially by the use of the Carnot cycle
for heating the working fluid in the first stage of the process,
and by the conversion of heat into mechanical, electrical,
or chemical energy in the later stages?®¢°, Other losses
(such as incomplete absorption of radiation) are avoidable
in principle to a large extent, and are being overcome as new
technological improvements are introduced.

The photo-catalytic conversion of light energy also suffers
losses of different types: incomplete absorption of the light
by the system (or ineffective absorption by photochemically
inactive parts of the system), partial recombination of the
useful intermediates during the photochemical reaction, par-
tial loss of energy (as heat) in overcoming activational
barriers or in forming energy-consuming intermediates, etc.
All these losses can be avoided to a large extent by improved
photo-reactor design and by choosing a more effective cycle
of chemical reactions.

However, the maximum theoretical efficiency of the photo-
chemical conversion of solar into chemical energy is limited
by a factor which is unavoidable in principle and is unrelated
to the Carnot cycle: the same factor which sets a limit to the
maximum theoretical efficiency of semiconductor p—n junction
energy converters. This is the quantum character of the
photochemical and photophysical changes”»5%223,

The elementary endo-energetic photochemical processes all
require the absorption of a quantum of light energy greater
than some threshold value determined by the free energy AG
of the process: hvip,=AG. The only exceptions are the
multi-photon processes which take place in high-intensity
light fluxes such as laser beams. The real threshold value
hvihy can be higher than hvghy, since the activational
barrier may have to be overcome in a system which does not
absorb at the frequency vthr.
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All the light quanta having an energy < h\){hr fail to
induce the photochemical reaction and are wasted; on the
other hand when quanta having an energy >h\){hr are
absorbed only a fraction of their energy (hvipyp) is converted
into chemical energy.

energy, arbitrary units

1

] 1 1 1 i
0 800 7200 %600 xnm
111 1 1
706050 40 30 20 AV, kcal Einstein™!
Figure 5. Spectral composition of solar radiation outside the

atmosphere (a) and on the Earth's surface on a clear summer
day at noon (b) and in the evening (c)2.

Knowing the energy distribution function p(v) of the
quanta of solar energy (see Fig.5) we can easily calculate
the maximum possible efficiency of a photochemical conversion
for different assumed mechanisms. Thus in the simplest
case of a one-quantum chemical reaction the stored useful
energy E is equal to the product of the number N of acts of
reaction (which under optimum conditions is given by the
number of incident quanta with an energy >hv{hr) and of
AG or AH (depending on the final use of the stored energy)
for a single act. For example, if the product is to be used
in the production of electrical energy we can write E=AG-N,

o] @

where N =Sf%hrp(\))dv; furthermore Eo =S/ohvp(v)dv, so
that

n=AG ]3 p(v)dv/cfhvp(v)dv.

v

thr

The maximum efficiency theoretically achievable in the com-
plete absence of losses#, i.e. for hviy, = hvgnpe = AG,22 is

3? p('v)dv/?vp (v)dw.
vl.ht o

2 R
=AG { p(v)dv/{hvp (v)dv =
1 v{“p(V) v,‘f vp (V)d v = Vinr 5

# According to the second law of thermodynamics we should
decrease n by a factor of ~(To—T)/T,, where T;,=5800 K is
the Sun's temperature and T is the temperature of the
absorber of quanta. However, this correction is unimportant
in practice because T, T.
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Plots of the efficiency calculated by this formula against
the threshold quantum energy for the p(v) distributions
which describe the solar spectrum outside the Earth's atmos-
phere and on the Earth's surface respectively are shown in
Fig.6. These plots go through a maximum, where the effi-
ciency reaches ~40% for photochemical processes with thres-
hold energies corresponding to quanta in the red and near-
i.r. regions. The existence of an optimum value of v¢hp
indicates the interplay of two opposing tendencies as vipp
increases: a decrease in the total number of quanta absorbed
and an increase in the degree of utilisation of the energy of
each of the quanta absorbed.

1],"/0
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/i
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Joo 700 7700 Ay, nm
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00 80 60 50 40 JO0  hvy, keal Einstein™
Figure 6. Maximum theoretical efficiency (n) of the one-
quantum photochemical reaction against wave length of the
threshold light quantum (Athy =c/vthy) for solar radiation
outside the Earth's atmosphere (1), on a clear summer day
at noon (2) and in the evening (3), and for a perfect black
body at 5800 K (4). Data on the solar spectrum taken from
Refs.21 and 20.

In another possible situation (which exists, for example,
during photosynthesis in plants) n quanta are needed for the
chemical change, each quantum producing one particular
active compound (the cation radicals of chlorophyll in the
case of photosynthesis), and therefore we have

n=AG 5' p(v)dv/nShvp (v) dv, 6

“thr
where h";:hr is the threshold energy quantum for an indivi-
dual photochemical reaction (for example, for the production
of Chl*), and AG is the energy stored as a result of the
overall process [for example, as a result of reaction (4)].7-22%
In the optimum case h\’ihr=h\)thr = AG/n, and formula (5)
again applies. The following parameters apply to photo-
synthesis in plants (see Section II): AG = 120 kcal mole * O,,
n=8, h\’éhr = 40 keal Einstein™ (the red edge of the chloro-
phyll absorption band active in photosynthesis). Inserting
into formula (6) these values together with the function p(v)
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calculated from Fig.5b or 5¢ we arrive at n = 15% as the maxi-
mum efficiency of the photosynthesis process in plants. For
the four-quantum (n =4) dissociation of water discussed
below (AG =113.4 kcal mole™ 0,) the threshold quantum
hvuthy = AG /4 = 28.4 kcal Einstein™ (Athr = 1008 nm) lies
exactly at the maximum of the curve in Fig.6. This means
that a maximum solar energy conversion efficiency of n = 40%
could be achieved in the decomposition of water by a four-
quantum mechanism.

The maximum conversion efficiency could be increased by
using several endo-energetic reactions, with different AG,
in the converter. In this case the photo-catalytic apparatus
could be designed in such a way that quanta of low and of
high energy are used in reactions with low and with high AG
respectively. An analogous method of raising the efficiency
has been proposed??® for semiconductor photo-cells. How-
ever, there is a danger that chemical systems of this type
will be so complex that their usefulness will suffer (as com-
pared to that of the single endo-energetic process). There-
fore an efficiency of n = 30—40% is perhaps the most realistic
estimate which can be made at present.

Table 2. Standard electrode potentials of reactions involving
water and its fragments in aqueous solutions.

No. Reaction E%V Aag”' Refs.
kcal mole-1
1 e"(aq)=e" —2.7 62 227
2 H™ = 1/;Hyte” —2.251 51.93 228
3 H=Ht*+e~ —2.106 48.61 226
4 H™ = H*+ 2¢ —1.125 51.93 229
5 20H™ + Hy = 2H,0 + 2¢~ —0.828 19.1 226
6 0, =0,+¢e" —0.32 7.4 2%
7 HO, = O, + H* + e~ —0.13 3.0 208
8 H, = 2H* 4 2~ 0.000 0 226
9 QO (g)+ H;O = Oy + 2H* 4 2<~ 037 299

0 1.7
10 HO, = O, -+ H* + 2e+ 0 15.6 229
11 20H- = H0 + 1/,0, + 2¢~ 0.401 18.5 226
12 HO; = O, + 2H* + 2e- 0 31.5 228
13 OH + H;0 = Hy0; + H* 4 &= 0.7 17 228
14 9H,0 = O, + 4H* - 4e~ 1.228 113.4 226
15 0, + 20H™ = O, -+ HyO + 2¢~ 1.2 57.2 226
16 H,0, = HO, 4+ H* + e~ 1
17 3H,0 = O, -+ 6H+ + 62~ 1
18 OH"™ + H;0 = HO; + 2H* + 2¢~ 1.
19 2H,0 = H,0, + 2H* -} 2e~ 1.776 81.72 229
20 OH~ = OH + e~ 2.02 46.6 226
21 0, + H;0 == Oy + 2H* + 2e~ 2.076 95.56 226

5 35 228
511 209.3 229

22 Hy=H+4H*t 4 e 2.106 48.61 229
23 H,0 = O'(g) 4 2H* + 2e~ 2.421 111.72 226
24 HO=OH -+ H++ e 2.8 65 228

It is often suggested that the use of thermal processes in
photochemical converters is irrational because of the low
efficiency of the conversion of thermal into chemical energy.
However, this shortcoming is compensated by the possibility
of full conversion into heat of all the quanta contained in the
Sun's light. As a result the overall losses may be lower than
those encountered in quantum converters, in which we know
that more than half of the energy can be lost. Evidently,
photo-catalytic systems which exploit the advantages of the
thermal and of the quantum conversion methods at the same
time could be designed, thus overcoming their disadvantages
to some extent. For example, a system could be designed
in which the chemical equilibrium at various stages of the
photo-catalytic process is shifted towards useful products by
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heating the system (or part of it) with photochemically inac-
tive i.r. light. Several possible conversion systems with
heating will be considered in the following Section.

V. THE PHOTO-CATALYTIC DECOMPOSITION OF WATER

1. Thermodynamics of the Water Decomposition Processes

The decomposition processes in the gaseous and the liquid
phase are accompanied by the following changes in free
energy and in enthalpy?25:

H,0(g) = Hy(g) + 40,(g); AG5393 = 54.6 kcal mole™!,
208 = 57.8 kcal mole™;
H,0(1) —~ H,(g) +40,(g); AG5s= 56.7 kcal mole™!,
98 = 68.3 kcal mole™!.

For the reaction involving the liquid phase AG decreases by
~ 3 kcal mole™® when the temperature is increased from 25 to
100 °C.

The standard electrode potentials E° and the corresponding
values of AGZ,, for a number of one-electron and multi-elec-
tron reduction and oxidation processes involving water and
its reaction products in aqueous solutions are listed in
Table 2. We can see from the Table that from the electro-
chemical standpoint the decomposition of water into H, and O,
is a four-electron process§ with a potential difference
AE°=1.23 V and AG®=113.4 kcal mole™ (obtained by com-
bining reactions No.8 and No. 14 of Table 2).

Most of the reactions in Table 2 involve the ions H* and
OH™. The electrode potentials of these reactions depend on
the pH of the medium. The standard potentials listed in
Table 2 correspond to pH =0 for reactions involving H* and
pH = 14 for reactions involving OH™. At other pH values
the E° values should be replaced by the formal oxidation—
reduction potentials (ORP) Ep,.??®

Plots of Ep, against pH for reactions No.14 and No.8 (evo-
lution of oxygen and of hydrogen respectively) are shown in
Fig.7.22° Since the H ions do not appear in the overall
equation

H,O0—->H,+ 1,0,

the difference between the Ep, values for reactions No.14 and
No.8 is independent of pH (1.23 V). Any oxidising agent
with an Ep, value lying above the "oxygen" line is thermo-
dynamically able to evolve O, from water, and similarly any
reducing agent with E; below the "hydrogen" line can evolve
H, from water228-230,

As usual, removal of the reaction products assists the
reaction: a rise in the "hydrogen" line and a fall in the
"oxygen" line are clearly shown in Fig.7 in response to a
decrease in the hydrogen and the oxygen pressure over the
solution respectively.

§ The terms "one-electron" and "multi-electron" process
are often used in a different context: they are applied to
the number of electrons transferred through the electrical
circuit in order to carry out the stated reaction by electroly-
sis. In papers on electron transfer reactions the same terms
denote the number of electrons transferred in each elemen-
tary act. In this review we shall use the terms "one-elec-
tron" and "multi-electron processes (or reactions)" in the
electrochemical sense, and the terms "one-electron" and
"multi-electron mechanisms" with reference to the mechanism
of the elementary act.
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2. Requirements for Photo-catalysts for the Decomposition of
Water by Visible Light

By comparing the above thermodynamic data with the
photochemical properties of water and with the spectral
characteristics of solar radiation we can formulate the most
important requirements for photo-catalytic systems for the
decomposition of water.

Ep,V

-0.9 1 ] 1 ] i .
0 2 4 6 8 W 12 ph

Figure 7. Formal ORP for the evolution of oxygen (a) and
hydrogen (b) from water against the pH of the solution for
different partial pressures of oxygen and hydrogen??%: 1) 1,
2) 1072, 3) 107, 4) 107° atm.

As Fig.5 shows, the solar spectrum at the Earth's surface
contains practically no quanta corresponding to wave lengths
<300 nm, i.e. with an energy >95 kecal Einstein™. At the
same time the least endothermic of the possible monomolecular
photo-dissociation processes

H,O—~H;+ 0 »

requires an energy of 116 kcal mole™ for a gas-phase reac-
tion222:2317233  The Jowest electronically excited state of
water (°B,) is stated?®*2%5 to have an excitation energy
2116 keal mole™>. This means that neither the direct nor
the sensitised (by excited states) photolysis of water can be
used for the conversion of solar into chemical energy. For
the same reason it would be useless to try known hetero-
geneous photo-catalysts for the decomposition of water by
hard u.v. radiation with A <250 nm (such as BeO and

A1203 222,231,232).

Thus the key element of any effective molecular system for
the decomposition of water by solar radiation is the photo-
catalyst: a dye K which can absorb the Sun's light without
itself being decomposed by it and initiate a cycle of reactions
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in which water is reduced and oxidised. In natural photo-
synthesis the photo-catalyst is based on chlorophyll.

From the thermodynamic point of view any electronically
excited K molecule (like chlorophyll, see Fig.3) can induce
the photo-catalytic redox reaction

‘D+ARFD A, 1))
However, in practice these reactions take place only if the
dye is excited into the "charge transfer bands"?°%:2%¢, Hence
the search for photo-catalysts should be confined to com-
pounds which possess charge transfer bands in the visible
region. This property is found in many organic dyes,
though transition-metal compounds also seem promising in
this respect. The latter compounds offer not only suitable
absorption bands but also the ability to change their state of
oxidation by several units, which should favour many-elec-
tron changes. Lastly, transition-metal compounds are able
(in principle) to coordinate the H and OH free radicals
formed by the one-electron reduction and oxidation of water.
As will be shown below, this should lower the energy losses
accompanying the photo-decomposition of water.

Since two molecules of H,0 have to be decomposed in order
to produce one molecule of O, the total energy expenditure
of a catalytic cycle cannot be less than 113.4 kcal mole™: in
other words, the photo-catalytic decomposition of water
cannot be a single-quantum process. A two-quantum pro-
cess would need light of wave length < 504 nm (in the green
region of the spectrum). As Fig.6 shows, the maximum
efficiency at this wave length is less than the optimum by a
factor of 2 or 3. The threshold wave length for a three-
quantum process is 756 nm. Light of this wave length is
found to offer the optimum conversion efficiency, but the
decomposition of water involving fewer than four photons
implies the simultaneous transfer of more than one electron
under the influence of a single quantum. Until recently no
such process had been reported, and therefore a serious
discussion of three-quantum and two-quantum mechanisms for
the decomposition of water would be inappropriate at present.
However, there is no fundamental reason why one quantum
should not induce the transfer of several electrons, and
therefore we should continue to search for systems capable
of reactions of this type?°*.

The most rational process for the decomposition of water
at present appears to be a four-quantum, sequential mecha-
nism induced by red light, in which each light quantum is
used to transfer one electron. As we have already pointed
out, the threshold wave length for the decomposition of water
in this case is Athpy = 1008 nm, which corresponds to the
optimum efficiency value. The fact that a non-optimum
eight-quantum scheme is used in natural plant photosynthesis
has been explained by the need to compensate for energy
losses in long chains of redox reactions, or by evolutionary
effects?®»2%, There is no reason to assume that an eight-
quantum scheme is essential also in artificial photo-catalytic
systems for the decomposition of water?!,

The energy AG stored by the photo-catalyst K for the
absorption of one light quantum is equal to the difference in
energy between the excited and the ground state of the
photo-catalyst. However, the energy available for subse-
quent reactions is usually less than the energy of the light
quantum because of the fast, spontaneous transition (conver-
sion) of the K molecule from the primary excited state to
some lower and longer-lived state, which then takes part in
the chemical changes. The long life-times of these meta-
stable excited states are due to the difference between their
spin multiplicity and that of the ground state. These chemi-
cally active excited states are often luminescent, and there-
fore the energy stored by the photo-catalyst (AG =hv,;) can
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be determined by measuring the wave length v; of the emitted
light.

Knowing the formal redox potentials E, for the ground state
of the photo-catalyst, and the energies of its excited states,
we can calculate the Ep; values for the latter states. Obvi-
ously, in order to decompose water we must select a photo-
catalyst whose excited states have Ep, values consistent with
the evolution of H, or O, from water. For example, in the
case of isolated molecules of chlorophylli~a (Chl) we know?23®
the formation potentials of the ChI* cation radical (E* = +0.72V)
and of the anion radical Chl” (E~ =—0.88 V), and also the
energies of the singlet (S) and of the triplet (T) excited
state (Eg =1.86 eV, ET =1.26 eV). The formal oxidation
potential of the excited chlorophyll singlet state, i.e. the
potential of the reaction

SChl + € — Chl* ,

with respect to the normal hydrogen electrode, is Eg =E~ +
Eg =+0.98 V, and the reduction potential of the same state,
i.e. the potential of the reaction

SChl -~ Chl* +€
is Eg=E*—Eg=—1.14 V. Similarly we find for the triplet
state Ey =+0.38 V and E} =—0.54 V. These values agree
exactly with direct electrochemical measurements of the
potentials of the excited states of chlorophyli?®®.

It follows from the relative values of E* and E~ that both
the singlet and the triplet state of chlorophyll are potentially
capable of reducing water with evolution of hydrogen, where-
as only the singlet state (or the cation radical) can oxidise
water with evolution of oxygen, at pH 24 or 8 respectively
(see Fig.7).1 The Ep value for the anion radical Chl™
obtained in the first reaction is sufficient in principle for the
reduction of water, i.e. it is able to initiate the decomposition
cycle.

We should note that many thermodynamically strong one-
electron oxidising agents such as Ce*'(aq), with
E°(Ce**/Ce*) =1.61 V, cannot in practice cause oxidation of
water because the reaction rate is very low. Their potential
is probably not high enough to give a high enough rate to
the first energetically unfavourable step. (This step is the
one-electron oxidation of water to the OH free radical, which
we shall discuss below in detail.) However, in the presence
of catalysts (such as metallic platinum, or manganese or
cobalt oxide) which allow the reaction to take place without
formation of OH radicals in the free state the oxidation of

_ water by Ce"**(aq) is fairly fast?*2,

3. Possible Mechanisms for the Decomposition of Water

The data listed in Table 2 allow us to compare the effi-
ciencies of various theoretically possible mechanisms for the
photo-catalytic decomposition of water. Thus we note that
the reduction or oxidation of water by successive one-elec-
tron transfer reactions to give H or OH radicals in the free
state require large (and unproductive) consumptions of
energy, since in the subsequent reactions of these particles
a significant fraction of their chemical energy is uselessly
converted into heat. For example, the one-electron reaction

H,0—~ H -+ OH

1 According to the most recent views, the oxidation of
water in natural photosynthesis occurs not on isolated mole-
cules of chlorophyll-a but on associated groups of the dihy-

drated molecule (Chl-a-2H,0)pn, with n 22 and E* = +0.92 V2%~
241
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(the difference between reactions No. 24 and No.3) requires
a heat input of 4.9 eV =113 kecal mole™®, At the same time
the overall reaction

2H,0 + 2H, + Oy

can store only 1.23 eV = 28.4 kcal mole™® of energy for each
transferred electron. In other words, ~75% of the chemical
energy of the H and OH radicals is unavoidably converted
into heat.

The effectiveness of the process may be increased in two
ways: 1) by carrying out the reaction so that the H and OH
particles are formed in a coordinated or adsorbed state as
opposed to a free state, which lowers their energy of forma-
tion by an amount equal to the free energy of coordination
(complex formation or adsorption), and 2) by avoiding the
formation of H and OH particles through the use of multi-
electron elementary acts. The possibility of two-electron
transfer processes has been demonstrated?*®:2**, and even
more complex, four-electron processes are believed?*5:24¢ to
be possible.

AG, kcal mole™ .

-\t

100 -

Holy+H
2/2 2

80

D+ Ha Hyd +

T168ev
738 nir
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+ 1008 nm
e 1o~ 2¢ Je ye~

Figure 8. Energy profile of the decomposition of water to
molecular hydrogen and the products of its one-, two-,
three-, and four-electron oxidation. The numbers denote
the energies and wave lengths of the threshold quanta for
the transfer of one electron by the four-quantum mechanism
of decomposition of water. The dot-and-dash line and the
broken line show the changes in stored free energy
(expressed for one transferred electron) attending the decom-
position of water through the intermediate formation of OH,
H,0,, and HO,, and by its decomposition directly into H, and
O, respectively.

As an illustration of the use of the data in Table 2 for
estimating the effectiveness of various theoretically possible
mechanisms of water decomposition we have shown in Fig.8
an energy profile for conditions in which water is reduced
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directly to H, by a two-electron mechanism, and oxidised by
sequential one-electron processes with formation of free OH,

H,0,, and HO,. It is evident from Fig.8 that hydrogen
peroxide (when formed through OH(ads) or by a two-elec-
tron mechanism) is a far more effective intermediate than the
OH free radical. Over 70% of the stored chemical energy is
retained when this intermediate decomposes with evolution
of 0,. Active catalysts for the decomposition of hydrogen
peroxide are well known?**., The same approach can be used
to estimate the effectiveness of other possible mechanisms.

We conclude from Table 2 and Fig.8 that the most favourable
energy profile is obtained if the water is decomposed directly
into H, and O,, without going through the intermediate forma-
tion of free H, OH, H,0,, HO,, etc. The possibility of
reducing water to H, (and of oxidising it to O,) on the sur-
face of heterogeneous catalysts while avoiding the formation
of free H and OH particles follows directly from data on the
electrolysis of water on metal electrodes. Thus at low
current densities the overvoltage for the evolution of H, on a
platinum cathode is of the order of 0.01 V, and the O, over-
voltage of a cobalt anode is 0.2 V. These potentials are
insufficient for the formation of H and OH in significant
quantities.

It has recently been suggested?*’>2*® that the first step in
the electrolytic reduction of water is the formation of
adsorbed (as opposed to free) H particles:

H;0* + e~ 2 H(ads)+ HO »

and that molecular hydrogen is formed directly from these
particles by the reactions

2H (ads) 2 H, 1 or H(ads)+ HO*+e~H,1+HO .

The stronger the adsorption of atomic hydrogen on the elec-
trode, the faster is the hydrogen evolution and the lower the
overvoltage.

The first (and slowest) step in the oxidation of water on
precious metal electrodes is thought to be?*?

OH- (ads)~ OH(ads) + e~ or H,0(ads)—~ OH (ads) + H*+e”
This is followed by the fast step
2 OH (ads)— O (ads) + H;0

or .
OH(ads) - O (ads)+ H* + e~

and finally
20 (ads)—>0, 1 .

On common metal electrodes the oxide film which covers the
electrode can take part in the oxygen evolution process:
for example,
MO + H;0 —~ MO, + 2H++ 2¢~
MO, ~ 2MO 401

Thus the water electrolysis processes are essentially
heterogeneous catalytic reactions taking place on the elec-
trodes through the formation of adsorbed active particles.
Effective heterogeneous catalytic systems for the conversion
of electrical into chemical energy by the electrolysis of water
are known, and therefore it should be possible in principle
to develop similar systems for the conversion of solar energy.

4, Possible Organisation Schemes for the Photo-catalytic
Process

Four different organisation schemes for the photo-catalytic -
decomposition of water can be suggested.
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Scheme 1. The primary electron donor (or acceptor) for
the excited state of the photo-catalyst is the water molecule
itself, or its fragments OH™ and H*, and the primary oxida-
tion (or reduction) product goes into the solution, where it
undergoes further reactions whilst the reduced (or oxidised)
state of the photo-catalyst is potentially able to complete the
water decomposition cycle in the dark, i.e. this species is a
strong enough reducing (or oxidising) agent.

Scheme 2. Analogous to scheme 1 except that the oxida-
tion (or reduction) product does not go into solution but
remains coordinated (adsorbed) either on the photo-catalyst
or on another compound until it takes part in further reac-
tions.

Scheme 3. The primary photochemical reaction does not
cause oxidation (or reduction) of water or its fragments, but
it forms a strong oxidising agent and a strong reducing
agent at the same time, which can decompose water in the
dark.

All the three cases listed above imply a sequential four-
quantum mechanism for the decomposition of water, and in
every case the effectiveness of the process as a whole is
determined by the effectiveness of the electrochemical charge
separation process (to form a strong oxidising agent and a
strong reducing agent), and of the evolution of hydrogen
and of oxygen. '

Scheme 4. In the initial step water is dissociated on the
surface of a heterogeneous catalyst [for example, with for-
mation of H(ads), OH(ads), or O(ads)], or in the coordination
sphere of a homogeneous catalyst. The light is used to
cause recombination of the adsorbed (coordinated) intermedi-
ates with formation of H, and O, molecules and the photo-
desorption of these molecules.

Combinations of these schemes may be used in real water
decomposition processes.

a) Photo-catalytic Decomposition of Water by Scheme 1

The main advantage of this scheme is its simplicity. Since
one-electron oxidation or reduction of water is assumed even
in the initial act of the photochemical reaction the use of a
catalyst for the H, or O, evolution step becomes unnecessary,
and the catalyst can consist (in principle) of a single compo-
nent: the dye. The fast (and uncatalysed) recombination
of the OH and H free radicals leads to evolution of O, or H,,
and the reduced or the oxidised form of the dye can be used
to produce H, or O, if this is allowed by the redox potential.
The need for stability of the dye in the presence of very
reactive free radicals suggests that the most effective photo-
catalysts will be found among inorganic compounds.

Data on the complexes and on the organic compounds which
can evolve hydrogen (as H,or H) or oxygen as O, or OH)
from water under the influence of light are summarised in
Tables 3 and 4. Unfortunately most of these materials are
photochemically active only in the ultraviolet region of the
spectrum. Photo-oxidation and photo-reduction processes
in water have been reported also in the presence of inorganic
anions (halide ions, S27, SO2™, etc.)2%2:24%278  pyt these too
require energetic u.v. radiation. It is convenient to examine
separately the formation of the oxidised (K¥) and of the
reduced (K™) form of the catalyst in the primary photochemi-
cal act (the oxidation and the reduction case).

Photo-oxidation in aqueous solutions with evolution of gas-
eous hydrogen is well known in aquo complexes of the transi-
tion metals in their lower states of oxidation (see Table 3).
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The quantum yield of hydrogen in these reactions can be
quite high: for example, a yield of 80% has been observed?ss
for Cu*(aq). This suggests that both steps of the process
have a high efficiency: the charge separation in the primary
photochemical reaction and the evolution of H, in the subse-
quent dark reactionst. The effectiveness of charge separa-
tion is determined by the quantum yield of the formation of
K* and H in the primary photochemical act:

K+HD e H
and by the relative rates of the different reactions which
consume H particles:
H+H->H,1 (8)
Kt +H-—> K-+ H* (9)
4K+ + 2H,0 > 4K + O, 1 + 4H* (10)

Table 3. Compounds which evolve hydrogen from aqueous
solutions in the light.

Highest quan-
. tum yield of | Red edge of
Initial compound (K) Em (K/K+),V|H, %* (A of | charge transfer References
radiation, band**, nm
nm)
Co?* (aq) +4-1.82 Qe 220 202,249,250
Ce3+ (aq) —+1.61 0.14 (254) 350 202,236,249--254
Mn2+ (aq) +1.51 (e 225 99,202,249,250
Fe?+ (aq) +0.77 15 (254) 285 202,236,249,250,287
Fe (CN)}™ 40.36 <66 (254) 300 249
Cu+ (aq) +0.15 80 (275) >313 249,250,253—253
Ti3+ (aq) +0.1 <<1(290) >290 253,254
V2+ (aq) —0.26 15 (313) 350 202,249,250, 253,254
Ti* (aq) —0.37 >0 330 249,250
Cr2+ (aq) —0.41 30 (254) 380 236,249, 250,253,254
Eu?+ (aq) —0.43 14 (385) 366 202,249,250, 953,254,
256,257

U3+ (aq) —0.61 >0 400 202,249,250
Ni?* (aq) — Q** 220 202,249,250
Mo, (SO,)4~ — 17 (254) — 258,259

* Depends on the nature of the counter-ion and on the pH
of the medium.

** Depends on the nature of the counter-ion.
*** Only the photo-oxidation of K was reported.

The probability of formation of radicals from electronically
excited states of molecules cannot yet be predicted.theoreti-
cally. Therefore photo-catalysts offering a high quantum
yield can be chosen only empirically at present.

As regards the relative rates of the subsequent reactions
of the free radicals, that for scheme 1 should favour the for-
mation of useful final products. For example, in the case of
oxidation (which we are considering) the rate constant of
reaction (8) (~10!° litre mole™ s7%)27? is usually not less than,
and often significantly greater than, the rate constant of
reaction (9),??”7 and the H radicals formed under the influence
of light will be evolved from the solution as gaseous hydrogen
in high yield and without the need for a catalyst as long as
accumulation of the oxidised form of the dye (K" is avoided.

+ We should note that direct experimental proof of the
formation of H (or ()H) free radicals is not available for all
the systems listed in Tables 3 and 4. Hence (in some cases
at least) the reaction may follow scheme 2 rather than
scheme 1.
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In the photo-catalytic decomposition of water under static
conditions accumulation of K* is unavoidable, because of the
slowness of reaction (10), even if an active catalyst is used
to accelerate the multi-electron process. Therefore the
practical realisation of scheme 1 implies the use of flow con-
ditions, arranged so that the evolution of O, (or H,) in the
light and the complementary evolution of H, (or O,) in the
dark take place in different parts of the apparatus [for
example, by pumping the solution enriched in the K* (or K7)
form through a reactor containing a catalyst for the evolution
of O, (or Hy)].

Table 4. Compounds which evolve oxygen (or OH) from
aqueous solutions in the light.
Highegtquanv Red edge of
Initial compound |, (k-/K), v | tum yield of n:henrge g:n;x- Refs.
®) 03 (or OH), for band**
%* (A of radi- 4
ation, nm) nm
Cet* (aq) +1.61 36 (254) 400 .| 202, 238, 252
Mn3+ (aq) +1.51 >0 (400) 470 261
Fe (bipy)3t+ 414 0.8 (365) 700 236, 260
Fe (phen)3t +1.1 1 (365) 700 236, 260
Ag* (aq) +0.799 3.2 (254) 260 262
Fe3+ (aq) +0.77 19 (313) 365 202, 236, 248, 250, 263—265
Mo(CN);™ +0.73 =10 (365) — 236, 260
W(CN)§™ +0.457 | >10(366) — 236
uoit -4-0.05 >0 — 268, 269
Pb?+ (aq) — >0 320 202
V3* (aq) —0.255 >0 — 270—273
Eudt (aq) —0.43 >0{190) 257, 274
Methyl Viologen
MV2H) —0.44 1 (254) — 275, 276
U4t (aq) —0.61 >0 300 202, 236
Quinones +0.4+-+0.8] >10(313) — 266, 267
1,10-phenan-
throline (phen) - 0.01 (300) —_ 277

* Depends on the nature of the counter-ion and on the
pH of the medium.

** Depends on the nature of the counter-ion.
**%* Only the photo-reduction of K was reported.

Of the systems listed in Table 3 the following aquo-com-
plexes have a redox potential Epy high enough to complete the
water decomposition cycle: Ce*'(aq), Co**(aq), and Mn**(aq),
the oxidised forms of Ce*(aq), Co**(aq), and Mn?*(aq). For
the Ce®(aq)—Ce**(aq) system the photo-catalytic decomposi-
tion of water was observed and fully investigated?%1:252 in the
1950's. It was shown that water is decomposed under the
influence of u.v. light and in low yield, but we should note
that the low quantum yield may have been due to the failure
to use flow conditions in those experiments.

Methods of completing the cycle have been suggested even
for systems in which the oxidised form K* is thermodynami-
cally unable to evolve oxygen from water under normal con-
ditions (for example, for the Cu*(aq)—Cu?*(aq) system?°*).
Thus the Ej, value of the K/K* couple can be increased by
changing the temperature in the dark part of the apparatus.
For aquo-complexes, say, the large (up to 20—40 e.u.) differ-
ence in entropy between the oxidised and the original form
causes a shift in the equilibrium towards the evolution of
oxygen upon heating.

In principle the oxidation photo-catalyst could also be a
compound which yields a hydrated electron under illumination,
since in acid solutions this species is immediately converted
into the H radical?%6,249,260,280,

HO*+e (ag) »H-+ HO «
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However, because of the large reduction potential (E' =—-2.7V),
the energy losses in processes involving e”(aq) can be
expected to be even greater than those of processes involving
radicals. There is a report?®! of the production of hydrated
electrons by green light (as opposed to u.v. light) in micellar
heterophase systems. Of course, under these conditions the
ORP of K* is not high enough to evolve O, from water, but it
may be high enough in a photo-excited state of K*. Thus
the scheme could be realised in practice only for the decom-
position of water by an eight-quantum mechanism.

Photo-reduction (the evolution of oxygen or OH radicals by
light) has been observed in aqueous solutions of some transi-
tion-metal complexes in a higher state of oxidation as well as
in some organic compounds (see Table 4). In this case the
evolution of oxygen is the fast step as a result of the high
chemical activity of the OH radicals?’°:

20H - Hy0p, 2H,05 > 2HgO + Oy 1«

As regards completing the cycle of the water decomposition
process the most promising systems are UO$*—UO;, U**(aq)—
U¥*(aq), and MV?*~MV*, according to the E;; values in Table 4,
but the photo-catalytic decomposition of water has not so far
been observed in these systems (though OH radicals have
been detected in the UO%* and MV?* systems).

It is generally thought that the generation of free radicals
in an aqueous solution must necessarily imply the use of u.v.
radiation, with a disastrous effect on the efficiency of the
solar energy conversion. In fact, the OH radical can be
formed in an acid solution (pH =0) at room temperature and
for a zero value of E;; of the K/K~ couple by a quantum of
A =442 nm (blue light), with an efficiency of n = 5%, and
furthermore the same radical can be formed in an alkaline
solution (pH =14) by a quantum of A =612 nm (orange light)
with a very adequate conversion efficiency (n = 20%, see
Fig.6). Of course, in order to complete the cycle of water
decomposition reactions in this solution at room temperature
we have to use light with ) <442 nm, since a reducing agent
with E;y <—0.828 V is needed for the evolution of hydrogen in
alkaline solutions.

The formation of H in acid solution (pH =0) is also possible
in light of reasonably long wave length (A =558 nm), but it is
again impossible to complete the cycle at constant temperature
without using u.v. light, because an oxidising agent with
Em >+1.23 V has to be generated in addition to the H radicals,
and light with A =371 nm is required for this.

Nevertheless the decomposition of water by this mechanism
under the influence of light of reasonably long wave length
is possible in principle if the H, and O, evolution steps are
separated. This can be attempted in two ways: by arranging
for the H, and O, evolutions to occur at different pH, or at
the same pH but different temperatures. The latter approach
is the more attractive because it does not require unrecover-
able additions of acids and alkalis. The rise in temperature
of the solution needed to shift the equilibrium in the required
direction could be obtained by exploiting the photochemically
inactive long-wave quanta of the solar spectrum, thus raising
the efficiency of the overall conversion. We also note that
the lower energy losses expected from the relative simplicity
of scheme 1 should compensate (at least partially) for the
loss in efficiency associated with the irreversible conversion
into heat of some of the energy of the H and OH radicals.

Thus the main problem to be overcome before scheme 1 can
be used in practice is to find photochemically active dyes
with charge transfer bands at sufficiently long wave lengths.
All the compounds examined so far, listed in Tables 3 and 4,
have this band in the u.v. region of the spectrum. It may
be necessary to sensitise the evolution of H, and O, by adding
to the solution an auxiliary dye which absorbs strongly in
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the visible region and can transfer this absorbed radiant
energy to the chemically active excited levels of the photo-
catalyst.

b) Photo-catalytic Decomposition of Water by Scheme 2

As we have already pointed out, the effectiveness of the
utilisation of the solar spectrum could be substantially
increased by arranging for the H and OH radicals produced
in the primary photochemical act to be in the coordinated or
adsorbed state (as opposed to the free state). The absence
of free radicals would also make it easier to use organic
photo-catalysts (as compared with scheme 1).

Complexes of the active intermediates of the decomposition
of water with transition-metal compounds in excited states
have recently been detected experimentally. These include
hydroxylated chromium(III) complexes in an electronically
excited state?®? and protonated complexes of the aquo uranyl
ion (UO,H?"),28%:28% pipyridyl ruthenium(II) complexes?85:288,
and binuclear molybdenum complexes?°?.

Kinetic data on the photochemical evolution of hydrogen
from acid aqueous solutions of the aquo complexes Eu®*(aq)?253-25%
are consistent with the hypothesis that the active role in this
process is played by complexes of the metal with free radi-
cals:

Eut* (aq) + H,0 ™% [EuOH - HP**
[EvOH . OHJt+ + H* + Eu+ (aq) — EuOH2* + Eud+ (aq) + Hyt »  (11)
A similar scheme applies to the photochemical evolution of
hydrogen from acid solutions of the Fe?*(aq) aquo complex?®.
Detailed studies of acidity changes in organic dyes during
electronic excitation are also in progress2’7:2887290,

Existing experimental data are insufficient for a meaningful
discussion of the application of scheme 2 to homogeneous
reactions. We shall only point out that hydrogen evolution
from a protonated excited state

K* + H# > KH*

requires the collision of these protonated forms either in
pairs
2KH* - 2K+ + Hat

or with a strong reducing agent [e.g. as in reaction (11)], or
alternatively it requires further protonation in a secondary
excitation:

KH* 4 H+ %5 gui+ -~ K2+ Hy 1 o

In the first case the effectiveness of the process may be
raised by adding a dehydrogenation catalyst, and in the
second by choosing a compound in which the protonated
excited forms are long-lived.

The most promising media for the realisation of scheme 2
may be heterogeneous systems, especially supported catalysts
and zeolites containing adsorbed, attached, or interstitial dye
molecules (organic or inorganic). The affinity of H and OH
radicals for adsorption on these heterogeneous surfaces
should favour the charge separation in the primary photo-
chemical act and the subsequent recombination of the adsorbe:
radicals with evolution of H, and O, (as in catalytic electrodes
during electrolysis).

The formation of OH radicals in the adsorbed state during
irradiation with visible or near-u.v. light has been observed
in suspensions of ZnO, TiO,, and V,0; in water**®2%, and
in Aerosil containing adsorbed Methyl Viologen bi-cations?®7.
Hydrogen evolution by illumination of freshly precipitated
iron(II) hydroxide has also been reported?®?, but the mecha-
nism of this process was not studied in detail.
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Some recent papers describe the decomposition of water
under the influence of solar radiation in the presence of
silver-substituted type Y and A zeoliteg??%:293,2%%  The
following reaction is assumed to take place with a high quan-
tum yield:

2Ag* 4 220~ + H,0 % 2Ag0 + 2Z0H + 10,1 «

The water decomposition cycle is completed in the dark by
heating the system to 600 °C. Clusters are thought to be
formed in the zeolite under these conditions, and these

clusters are assumed to have an enhanced reducing power:

2Ag® + 2n ZOH 5 2n Agr 4 2020~ +-nH, 1 .

The main advantage of this type of scheme is the ease with
which the final products (H, and O,) can be separated.
Furthermore these catalysts can be operated over a much
wider range of temperature than homogeneous catalysts.

By replacing the silver by a metal with a greater reducing
power in its lower state of oxidation it may be possible to
avoid the need for a high temperature during the dark step.
Auxiliary dyes may also be added to the zeolite tc improve
the sensitivity to long-wavelength light.

Another possibility is the photo-catalytic decomposition of
water on metal-containing zeolites without the participation of
electronically excited states. As in aqueous solutions, the
entropy of interstitial transition-metal ions in zeolites is very
sensitive to the degree of oxidation of the ions. Therefore
a change in temperature will strongly affect the redox prop-
erties of the ions, and this should allow the decomposition
of water by cyclic changes in the temperature of the catalyst
(for example, using concentrated solar radiation). There is
evidence?®®® that such a cyclic process would be thermodynami-
cally possible in zeolites containing Cr®, In®', or Cu?* ions.

Table 5. Systems which evolve hydrogen by scheme 3.
No. Dye (K) Acceptor (A) Donor (D) Catalyst Refs.
1 Proflavin; MV2+ ethylenediami hydr 296

Acridine Orange tetra-acetic acid
(EDTA)
2 Methylene Blue, cytochrome — Fe2*(aq), allyl- not stated 297
acridine acridine + MV2**| thiourea, isopro-
panol, ethanol,
toluene, gscorbic
acid, EDTA
3 Acridine Yellow, salicylato com- ysteine, trieth PtO2, colloidal 298
tripaflavin plexes of V(III) amine, EDTA, Pt
and Eu(II) HjS
4 | Acidine Yellow My2+ EDTA Pt 298
5 Benzophenone V3*’§|q), Cr3+(aq), |ethanol, isopro- PtO7 299
Eu+(aq) panol
6 Immobilised MV2+ glycerol, HyO hydrogenase, 224
chloroplast metallic Pt
7 Immobilised immobilised H0 hydrogenase 300
chloroplast ferredoxin
8 Ru(bipy)3+ 2+ EDTA hydrogenase 296
9 { Ru(bipy)2* Rh(bipy)oCl5 | trieth Hlodial Pt 301

* A chain of acceptor was used.
** The scheme proposed for completing the cycle involves
0O, evolution by heating the system with Fe®" to 50—350 °C.

In principle scheme 2 can offer the maximum efficiency for
the conversion of solar energy. Therefore further work on
these problems is of the utmost importance.
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¢) Photo-catalytic Decomposition of Water by Scheme 3

In spite of the simplicity of schemes 1 and 2, most of the
research now in progress is devoted to scheme 3, in which
the primary photochemical act does not decompose the water
but produces strong one-electron oxidising (D*) and reducing
agents (A7) simultaneously, able to evolve oxygen and hydro-
gen from water in the absence of light. The interest in this
scheme is not fortuitous: it stems from its similarity to
natural photosynthesis.

The main difficulty in the practical implementation of
scheme 3 is that the complex multi-electron processes leading
to the evolution of oxygen and hydrogen from water by the
D* and A~ species have to compete with the recombination of
D* and A~. Therefore the reduction to practice of scheme 3
is possible only if an adequate method of charge separation
is available.

Many photo-catalytic systems able to evolve hydrogen from
water with a good quantum yield are known (see Table 5).
However, in every case the electron donor is not water but
a special reducing agent which is consumed irreversibly.
Photo-catalytic systems for the evolution of oxygen from
water have also been described: chlorophyll and copropor-
phyrin of iron(III) adsorbed at an octane—water interface®°?
or on a vesicle membrane®’®. But in this case the electron
acceptor is not water but Fe(CN)?~, which is again consumed
irreversibly. Thus it has not yet been possible to complete
the water decomposition cycle without using structures of
biological origin#.

All the systems listed in Table 5 attempt to model the
photosynthetic system of bacteria and the "photo-system I"
of plant photosynthesis, which synthesises reduced forms of
carbon from CO, by using good electron donors!®®™1°2,

We note that in system No.3 of Table 5 (as in the photosyn-
thesis of sulphur bacteria) the electron donor is hydrogen
sulphide (an analogue of water, but with more marked
reducing properties), which can be oxidised fully by the
transfer of only two (as opposed to four) electrons.

The choice of an appropriate photo-catalyst is of the utmost
importance for the decomposition of water by scheme 3. Thus,
in systems Nos.1-5 of Table 5 (using benzophenone and
organic dyes of the xanthene, acridine, and fluorescein type
as the photo-catalyst, i.e. compounds with a fairly high oxi-
dation potential in their initial state) the reaction takes place
by the "reduction mechanism"§

D" K A H,4
P
D K A~ H,0
However, even the excited form of the photo-catalyst could
not bring about the oxidation of water. Insystems Nos.6—9
of Table 5 [for which the photo-catalysts are chloroplasts
immobilised in micelles, or the tris-bipyridyl complex of

ruthenium(II)] the reaction took place by the "oxidation
mechanism":

| D*

K A w4
0,
D i A~ H;0

# A complete water decomposition cycle has been reported?®*
for monolayers of the surface-active bipyridyl complex of
ruthenium(Il), but many attempts at repeating the experiment
have proved unsuccessful®?57310,

§ The double arrow denotes the instant when radiant
energy is stored.
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The range of compounds potentially suitable as photo-cata-
lysts for the decomposition of water by scheme 3 is still very
narrow. It includes chlorophyll and its nearest analogues,
and also bipyridyl (and similar) complexes of ruthenium (II)3317243,
osmium (I1)311:312,320,342,343  onq probably also iron(II)3447347
and chromium(II1)®*%3%*¢  Thus the field is wide open for
further research.

There are qualitative reports of the production of the very
strong oxidising agents Co**(aq), Mn®**(aq), Ce**(aq), and
Ag?*(aq) by the excited state of urany!®**7*%!, and of the
reduction of Zn**(aq) to Zn® by the excited state of Mn*"(aq),
which becomes oxidised to Mn0,.3%2 If a charge separation
process with an acceptable quantum yield were available these
systems could be of interest as components of the photo-cata-
lytic system.

Special mention is due of the tris-bipyridyl complexes of
ruthenium, which are not decomposed under the action of
light, are not hydrolysed, and offer a unique set of redox
properties in their ground and their triplet excited state:
as a result, they can take part in both the "oxidation" and
the "reduction" mechanism of decomposition of water in solu-
tions of practically any acidity. For the tris-bipyridyl com-
plex of ruthenium(II) the following energy levels have been
reported®®®: E”=-1.3, E*=+1.3, Ex =+0.8, and E; =-0.8V.
The evolution of oxygen from water in the dark by the oxi-
dised states of these®® and of the corresponding iron com-
plexes?547%%8 ig well characterised.

Fairly rigid limits are imposed on the intermediate donor D
and acceptor A. For example, the E, value of the acceptor
must lie below the "hydrogen" line of Fig.7, but it must also
be higher than the Ep value of the K™ /K couple (for the
"reduction mechanism") or of the K/K* couple (for the
"oxidation mechanism"). In the systems listed in Table 5 the
intermediate acceptors which satisfy this condition are V(III)
and Eu(lll) complexes {for example, V3*(aq) and Eu®(aq)l,
and also the bipyridyl complex of rhodium(III) and the organic
bi-cation®*® Methyl Viologen (MV?#")

+/_\\ // + e
CH,— I;L ., ,—-\_/N CH, .
Reduced forms of all these acceptors in the presence of a
catalyst can evolve hydrogen from water at the appropriate
pH. Intermediate donors D for the oxidation of water are
still unknown.

Let us consider possible ways of increasing the efficiency
of charge separation in the primary photochemical reaction.
The effective charge separation in natural chloroplasts (sys-
tems Nos.6 and 7 of Table 5) is evidently the result of their
rigid structure. The molecules of chlorophyll and of the
primary electron acceptor (still not definitely identified) are
separated by a significant distance (>13 A) in the chloroplast
membranes®®®. Fast charge separation in this system (the
process Chl* +A + Chl* +A”) can only occur by a tunnel
mechanism®¢%%3, The reverse process (the tunnelling trans-
fer of an electron from A~ to Chl') is much slower®®®. This
may be due to the rapid conversion into heat of part of the
energy stored in the Chl" and A~ particles (since changes
in the energy of the system can disturb the conditions
favourable to tunnelling transitions®*1~%¢?), or alternatively it
may be due to rapid conformational changes in the membrane
produced by the forward reaction, which can increase the
distance between the reactants®¢?:362,%63,

By analogy with natural photosynthesis we can expect that
a spatial separation of the photo-catalyst from the primary
acceptor by ~10-20 (on a solid carrier surface, in a lipid
membrane, or in a micellar solution) will improve the effi-
ciency of charge separation in artificial systems also. Stabi-
lisation of the charge separation by the "tunnel" principle
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can be attempted also in a homogeneous solution, for example
by using rigid molecules within which charge transfer can
occur (from one fragment to another) under the influence of
light®"%1  After charge separation of this type the mole-
cule can behave bifunctionally, i.e. both as an oxidising
agent and as a reducing agent.

It has been found experimentally that charge separation is
assisted by fast chemical changes (for example, protonation
or deprotonation) of the D*, A™, K*, or K™ species. Thus
fast protonation of the reduced form of the dye in reactions
Nos.1-5 of Table 5 is the most probable explanation of the
substantial decrease in the recombination rates of D* and K™;
furthermore, protonation leading to the formation of hydride
complexes of rhodium may occur also in system No.9 of
Table 5.

Effective chemical stabilisation of the separated charges by
deprotonation of the phenothiazine cation radical has been
observed®®? as a result of the interaction with the tris-
bipyridyl complex of ruthenium(Il) in an excited state.

Since chemical stabilisation requires a stabilisation rate
greater than the recombination rate the only likely candidates
are the fast stabilisation processes involving unimolecular
decomposition, conformational transitions, or interactions with
substances present in very high concentration (e.g. the
solvent).

Stabilisation mechanisms other than the tunnel mechanism
and the chemical mechanism discussed above may be con-
sidered. One of these consists in precipitating as a solid
phase (or extracting from the aqueous solution) the product
of the primary photochemical act (e.g. A7), Thus the ele-
mental sulphur produced by the oxidation of hydrogen sul-
phide in system No.3 of Table 5 is precipitated into a solid
phase. Precipitation as a hydroxide may also be effective:
for example, by varying the state of oxidation of metal aquo
ion used in the cycle. Stabilisation of the separated charges
by extraction was demonstrated in the 1960's for a system
consisting of thionine (an organic dye) and the iron(II) aquo
ion®®*: the same stabilisation mechanism was later applied to
the thionine—thallium(I) aquo ion system®*.,

However, phase transformations and extraction are rela-
tively slow processes. Hence we may assume that an initial
stabilisation is provided by chemical effects in every case
(reconstruction of the solvation shells, dimerisation, etc.),
followed at a later stage by the phase transformation.

Yet another stabilisation method depends on using an
electric field for charge separation, as in the semiconductor
energy converters. In liquids, very high electric field
gradients are easily obtained at the surface of colloidal par-
ticles (for example, the micelles of ionogenic surface-active
particles, knots of polymer chains containing ions, etc.)®®5:%5;
high electric field gradients can exist also in zeolite holes®®’.
Thus if singly charged cations are used as the initial forms
of the photo-catalyst and of the electron acceptor, and if
these cations are adsorbed on the surface of anionic micelles
in the form of a Stern layer®5, the doubly charged cation of
the photo-catalyst formed by the transfer of an electron under
the influence of light will be adsorbed even more strongly
in the Stern layer whereas the uncharged form of the acceptor
will pass into the bulk of the solution. In this way charge
stabilisation may be obtained as a result of the increase in the
rate of reaction of the excited photo-catalyst with the accep-
tor produced by the increased local concentrations resulting
from adsorption on the micelle (micellar catalysis)®3¢%:3%%, com-
bined with the decrease in the rate of recombination of the
reaction products. This stabilisation mechanism was studied
for a reaction in aqueous solutions containing an anionic
surface-active compound or an ion-containing polymer?33*:33%;

Ru (bipy)2* + Cut* (aq) 2> Ru (bipy)2* + Cu* (aq) *
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No fundamental difficulties can be foreseen in the evolution
of hydrogen from a solution containing a strong one-electron
reducing agent. Effective catalysts for this process are
known: for example, finely divided or colloidal platinum, or
the enzymes nitrogenase and hydrogenase (see Table 5). Of
course, the main problem is to choose the most effective and
stable catalyst for the specific experimental conditions.

More serious difficulties are found in the oxygen evolution
step. In the absence of a catalyst this step proceeds very
slowly if at all, even if very strong oxidising agents such as
Ce**(aq) or PbO, are present. On metallic catalysts (such
as platinum) the reaction takes place only if the oxidation
potential is raised well above the thermodynamic minimum
value®*2: this is true even in the presence of an oxidising
agent as strong as Ru(bipy)}’. Heterogeneous catalysts of
the PtO,, IrO,, and RuO, type are also not very effective
towards the oxidation of water by Ce** and Ru(bipy)3 ions:
in this case quantitative evolution of oxygen in acid solutions
is observed only after several hours®®0:3%,

There are reports that the O, evolution catalyst in plant
photosynthesis systems includes polynuclear manganese and
copper complexes'*33%2 but neither their composition nor
their structure has yet been determined. Homogeneous O,
evolution catalysts were unknown until quite recently. Thus
the development of catalysts for the evolution of oxygen from
water under mild conditions is the most difficult of the prob-
lems which must be solved before photo-catalytic converters
relying on scheme 3 can be used in practice.

The writers have recently developed effective homogeneous
catalysts for the evolution of oxygen from water by one-elec-
tron oxidising agents (D*) of the Ru(bipy)3' type®®®. The
mechanism of the action of these catalysts is still being
investigated, but there is evidence of a catalytically active

H
(0]

M struc-
/
(o}

H
ture (where M is a metal atom), so that the evolution of oxy-
gen and the regeneration of the intermediate occur by suc-
cessive one-electron oxidations. For example, the catalytic
action of partially hydrolysed bipyridyl complexes of
iron(I1I)2% could be described by one of the following
schemes:

intermediate with the binuclear p-dihydroxo M

H
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so that the overall equation is
4p* 4 2H,0 2 4H* + 4D+ Oyt

[where M =Fe(IIl), and D* =Ru(bipy)}*, Fe(bipy)}*, or
Fe(phen)§*l.
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We have also observed?®® catalytic effects in some compounds
of Co(Il) (see also Ref.394), Cu(ll), Ni(1I), Mn(Il), Ir(III),
and Ru(lIll). Especially interesting catalytic effects were
found?®®® in the water-soluble cobalt(II) phthalocyanines: we
should note that the cobalt(II) and iron(III) phthalocyanines
are now considered to be the most effective catalysts for the
cathodic (electrolytic) reduction of oxygen in aqueous solu-
tions (i.e. for the reverse of the oxygen evolution reac-
tion) %5,

The evolution of oxygen from water should be favoured by
alkaline conditions (see Fig.7), and therefore the search for
photo-catalytic systems operating in alkaline solutions is of

interest. Data on the photochemical oxidation of water by
iron?%%:263,285 o1 cerium?3? hydroxides are relevant in this
context. We note that the ability of hydroxo complexes to

form polynuclear structures may be an important factor in
the development of multi-electron processes for the decom-
position of water.

The mechanism of oxygen evolution from water by oxidising
agents (such as MnO, °°%3%,397) gtronger than Ru(bipy)} is
currently being studied, and so is the mechanism of the
electro-catalytic oxidation of water32*:3%,

The work on the intermediate steps of the decomposition of
water has generated a great deal of interest in the photo-

chemical reduction of binuclear complexes of the type of¢:20%
399,400

(¢ 3+
Ve
[(bipy)zMn‘\" >Vin'” (bipy)a] s
o

as well as in the light-induced generation of hydrogen from
solutions of hydride complexes such ag20%*017403

iso-Co (phen) (PR3)2 H;f —h—‘; Co (phen) (PRS); —H, T
OHIr (PFy); “5 (PFy), Ir—Ir (PFy)e + Hy 1
[Rhs (AA), H] CI** 4+ H* (aq) + CI~ 55 [Rh, (AA), Clol?* + Ha ¢
[Mo (1-CyHy)y Ha] 2 [Mo (n5-CeHg)a] + H, 1

(where phen = 1,10-o-phenanthroline, and AA = 1,3-diiso-
cyanopropane), and also in the reaction?%:25°

Mo, (SO)2™ + H* (aq) 5 Mo, (S0 +'/aHy T+

The binuclear complex [(nS—CSHS)Fe(CO)2]2 has also been
found*®" to evolve hydrogen from potential donors under the
influence of light.

The semiconductor photo-catalysts discussed in Section II
(e.g. TiO,) can also be classified with the converters oper-
ating by scheme 3.

The main distinguishing feature of semiconductor convert-
ers (as opposed to molecular converters) is the primary
charge separation by electronic transitions between the col-
lective levels (bands) of the solid under the influence of
light, as opposed to transition between levels in individual
molecules. With this exception, however, the mode of action
of semiconductor converters is not very different from that
of molecular converters. Thus the electron and the hole
formed by the charge separation in semiconductors contribute
to the decomposition of water in exactly the same way as the
A~ and D particles formed in molecular systems.

The spatial separation of the electron and hole is assisted
by the internal electric field in the surface layer of the
semiconductor (i.e. in the region where the light is absorbed).
As was stated above, separation of the A™ and D* particles
by an electric field is one method of stabilisation in molecular
converters. The electrons and holes which have failed to
recombine diffuse to the electrode surface where (as in
molecular systems) they can take part in catalytic reactions
leading to the reduction of water with hydrogen evolution
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(in the case of the electron) or to the oxidation of water with
oxygen evolution (in the case of the hole).

The main shortcomings of the present semiconductor photo-
catalysts (see Section II) are their low photosensitivity in the
visible region, and also inadequate charge separation in the
surface field and low catalytic activity towards the later
steps (oxygen and hydrogen evolution). In order to sup-
press the recombination of electrons and holes, and to impose
on them an oxidation—reduction potential sufficient to decom-
pose water at an acceptable rate, additional potentials must
be applied from an external voltage source to the semicon-
ductors in existing systems.

These shortcomings may be overcome by the use of semi-
conductors with a narrower (1-1.5 eV) energy gap and by
doping their surface layer (see Section II). The addition of
electron donor or acceptor species to the surface layer may
generate stronger electric fields and thus allow effective
charge separation without resorting to an external source of
potential. Sensitisation by adsorbed or "grafted" dye mole-
cules could produce sensitivity to visible light even in wide-
gap semiconductors. Lastly, it may be possible to raise the
catalytic activity of the semiconductor surface towards hydro-
gen and oxygen evolution by doping it with suitable impuri-
ties.

Thus there is no fundamental difference between the
mechanisms of semiconductor and of molecular photo-catalytic
converters, and current approaches to the development of
molecular photo-catalysts may be expected to apply equally
to the development of semiconductor photo-catalysts.

d) Photo-catalytic Decomposition of Water by Scheme 4

Very few data are available on the photo-catalytic decom-
position of water by scheme 4. Nevertheless this scheme
seems extremely promising. It was recently shown?!? that
the following reaction can take place on illuminated single
crystals of the semiconductors TiO, and SrTiO;:

2H,0 (gas) 4 €O, ™% CH, + 20, »
The first step of this reaction is believed to be the dark
dissociative adsorption of water, followed by light-induced
desorption of the products. There are also reports*%%:*%®
of the photo-decomposition of gaseous water by visible light
on the surface of another semiconductor (monocrystalline
germanium ).

The dissociative chemisorption of water on metal surfaces
(e.g. Raney nickel*?’, and possibly iron"%®) is well known.
It is assisted by the high heats of adsorption of hydrogen
and oxygen atoms on some metals. These results suggest
at least the possibility of practical exploitation of scheme 4
on metallic catalysts in the future.

At the present stage of development in science and tech-
nology a substantial penetration of solar energy into the
energy balance of mankind seems to be a soluble problem,
deserving very serious study. At the moment the semicon-
ductor (p—n junction) and thermal methods of solar energy
conversion are nearest to large-scale practical application.
Existing information on the mechanisms of catalytic and
photochemical reactions confirm the reality (in principle) of
photo-catalytic energy conversion (using both molecular and
semiconductor systems), initially at least as applied to the
photo-catalytic decomposition of water. Semiconductor
photo-catalysts able to decompose water into hydrogen and
oxygen are already known. Though their efficiency is still
low, the way is clear to the achievement of higher efficiencies
by varying the chemical composition of the surface layer and
by using narrow-gap semiconductors. Another realistic
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(though difficult) goal is the development of molecular photo-
catalytic systems for the conversion of solar energy: simpler
analogues of the photosynthetic systems found in living
organisms.

From the practical view-point—the development of energy
converters offering the maximum possible efficiency—the most
promising systems are those which do not depend on the
formation of free radicals and atoms in the intermediate steps.
Nevertheless we should not dismiss the systems in which
radicals are formed in the free state. They are simpler, and
therefore they may (at least initially) offer more favourable
efficiencies than the more complex systems. Hence, elements
developed on simple systems may in future find applications
in more advanced types of converter.

Combined energy converters, in which visible light is used
to induce photochemical changes and infrared light to heat
the reactants in order to displace chemical equilibria in the
desired direction, are a particularly imaginative development.
The maximum theoretical efficiency of these converters must
be greater than that of systems relying purely on quantum
effects, since the Sun's light is more fully utilised in them.

The decomposition of water on molecular as well as on semi-
conductor photo-catalysts occurs in three steps: light-
induced charge separation (to give a strong oxidising agent
and a strong reducing agent), evolution of oxygen from the
water by the strong oxidising agent, and evolution of hydro-
gen from the water by the strong reducing agent.

The main stumbling block on the way to the realisation of
the first step is the fast recombination of the strong oxidising
agent and the strong reducing agent, which uselessly con-
verts the stored energy into heat. However, it may be
assumed that means will be found to suppress this recombi-
nation by one of the methods of stabilising charge separation
discussed above (based on tunnelling, chemical, phase sepa-
ration, or electrostatic effects). Of the remaining two steps
the evolution of oxygen is the more difficult to carry out in
practice. Whereas effective catalysts for the evolution of
hydrogen from water by strong reducing agents are already
known, equally effective catalysts for oxygen evolution have
not yet been reported. The search for these catalysts has
become a problem of the greatest importance.

Work on the photo-catalytic conversion of solar energy
began only recently, and is still in the research stage. This
review has attempted to examine the essential aspects of the
problem against the background of the general state of solar
energy conversion, and to point out possible solutions.
There is every reason to believe that the photo-catalytic
method will lead to the development of systems for the con-
version of solar energy into chemical fuel (hydrogen) energy
with an acceptable efficiency. However, the problem is not
an easy one, and its solution needs further extensive studies
in the fields of catalysis, photochemistry, and photophysiecs.

Only the future can show which of the many theoretically
possible methods of solar energy conversion will prove to be
the most economical.
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