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ABSTRACT

The internal energy of matter rises
when matter is supplied with energy.
This can happen in several ways: The
simplest possibility is to increase
the temperature. This means sensible
heat. A more involved possibility is
connected with phase transitions. It
is called latent heat. Complexity in-
creases in case of heat of adsorption
and heat of desorption. It increases
even more in chemical transformations
which means the formation of new com-
pounds. All these principles can be
used in solar energy conversion sys-
tems depending on the application en-
visaged. In thermochemical reaction
pathways unspecific nuclear motions
are excited while in photochemical
reactions -specific electronically ex-
cited states can be involved. It is
very interesting to realize the close
connection between photochemical and
electrochemical redox reactions. In
both cases electrons are moving from
one electronic state to the other
without involving nuclear motions ac-
cording to the so called Franck-Con-
don principle. After discussing these
general principles, reference is made
to actual research on photoelectroly-
sis of water and carbon dioxide with
microelectrodes and with molecular
devices.

INTRODUCTION

Significant activity in solar energy
research started immediately after
the o0il crisis in 1973 and it de-
clined 10 years later, as soon as the
0il prices started to decline. Consi-
dering energy and pollution problems
we encounter every day, renewed inte-
rest in solar energy research in the
near future is very probable.
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Number of publications containing the
keyword "Solar Energy" reviewed in
Chemical Abstracts.

Before discussing artificial systems,
remember that we all live on the pho-
tosynthesis of green plants and that
we shall always persist on this food
and energy resource. It is therefore
necessary to take care of it.
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Photochemical primary processes in plants
lead to storage of solar energy as sugar,
starch, cellulose, fat, oil, protein and
many other natural products.

tons/year

The overall energy storage efficiency in
plants reaches about 2% under ideal condi-
tions. In our degree of lattitude it is in
the order of 0.1 % ( average over a year).
Only about 12 % of the land of the earth
can be used for agriculture.

It is reasonable to search for artificial
photochemical energy storage processes.
Storage efficiencies of about 16% are ex—
pected to be possible.

The interaction of light with matter
can be summarized as follows:

INTERACTION
OF LIGHT WITH MATTER
REFLECTION ABSORPTION SCATTERING
Absorbed visible
light is stored as
electronic energy.
The electronic energy can be

transformed into heat emitted as photons used as rea—
(disordered 1 (lumi )

gent for ma-—

motions) or terial trans-
captured as formation
electron~hole pair

Thermochemical Solar Cells Photochemical

transformation reactions

Reflected or scattered light is lost
for our purpose. Only light which has
been absorbed can be used. Absorption
of light is therefore of fundamental
importance. In the diagram above I
refer to wvisible 1light. Absorbed
light of 1longer wavelengths than
about 1000 nm is not stored as elec-
tronic energy. It is directly trans-
formed into energy of nuclear motions
which means that it is transformed
into heat in less than 1 ps. Approxi-
mately 60% of the incoming solar
energy is of shorter wavelength than
about 1000 nm. It can be used in
photoelectrical, in photoelectroche-
?i?al and in photochemical devices

Electronic energy can be transformed
into heat, electron hole pairs and
chemical bond energy. This cor-
responds to a common classification
of useful energy [1,2]:

heat - electrical energy - chemical
energy.

Electrolysis of water by means of
electricity produced in solar cells
is feasible nowadays. It depends
mainly on economic considerations
whether this option will be used on a
large scale. Let us therefore focus
on thermochemical and photochemical
options and start to discuss the in-
fluence of heat on matter.

The internal energy of matter rises
when matter is supplied with energy.
This can happen in several ways:

- The simplest possibility is to
increase the temperature. This
means sensible heat.

- A more involved possibility is
connected with phase transitions
such as melting of ice. It is
called latent heat.

- Complexity increases in case of
heat of adsorption and heat of
desorption.

- It increases even more in chemi-
cal transformations which means
the formation of new compounds.

All these principles can be used in
solar energy conversion systems de-
pending on the applications envisa-
ged. The main advantage of phase
transitions with respect to sensible
heat is that higher energy storage
densities at medium storage tempera-
tures can be obtained. A nice demon-
stration example working at 52 °C is
a mixture of 92% sodium acetate + B%
sodium formiate [3]. Higher energy
densities can be obtained by using
heat of adsorption and heat of de-
sorption as e.g. in zeolite-water +
heat = zeolite + water [4]. The
highest energy storage densities are
obtained in chemical transformations.
There are different possibilities
available:

Cleavage of addition compounds (AH®):
A*B —— A + B

LiC2-(3CH,NH, ) + (122 kJ/mol
LiCe-(3CH,NH, )} — LiC{ + 3CH,NH,

NiCZ, - (6NH, ) + ( 62 kJ/mol NH,)
— Nicz,-{2NH,) + 4NH,

MgH, + { 75 kJ/mol MgHz}
— Mg + I-l2
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Dissociation of a compound (AG®,gas):
A—B — A + B

H,0 + {228 kJ/ mol Hz} —_—
H. % 3d2 0

More complex reactions (AG°,gas}:
AX + B — A + BX

COo, + 2H,0 + { 688 kJ/mol CH,OH}) —
CH,OH + 3/2 0,

Cleavage of addition compounds is
possible at relatively low temperatu-
res, 200 - 300 °C, while dissociation
of water or carbon dioxide reduction
occur above approximately 3000 oK.
Cyclic thermochemical reactions have
been developed to lower this tempera-
ture to about 1100 K. As an example,
a metal or a metal oxide is heated
with water to produce MO + H,. In a
second step, MO is decomposed into M
+ 1/2 o [5]. One should realize that
in photochemical and in electrochemi-
cal devices it is possible to run
these reactions at room temperature.
It is therefore interesting to ask
for the ©basic difference between
thermochemical and photochemical
reaction pathways.

COMPARISON:
THERMOCHEMISTRY/PHOTOCHEMISTRY

In thermochemical reaction pathways
unspecific nuclear motions are exci-
ted according to Boltzmann's energy
distribution law while. in photochemi-
cal - and often also in electroche-
mical - pathways specific electroni-
cally excited states can be involved.

Thermochemical Photochemical

T Electronically exciied siate

Siates of nuclear

motlons
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Figure 2
Comparison of thermal and electronic
excitation of matter.

States of nuclear motions are random-
ly excited according to Boltzmann's
energy distribution law by heating
matter. Absorption of photons in the
near IR, in the visible and in the UV
part of the solar spectrum leads to
electronically excited states, far
away from thermal equilibrium.

After absorption of light the energy
of the photon is first stored for
some nanoseconds or microseconds as
kinetic energy o©f the electrons.
Following the absorption, there are
three types of relaxation processes
which can occur:

- The electronic energy is trans-
formed into heat,

- or it is emitted as photons;

- the third possibility is that it
is captured in an intermediate
relatively 1long 1living state
from which a chemical reaction
can occur, such as the primary
steps in the natural photosyn-
thesis of plants.

These three types of relaxation pro-
cesses are shown in Figure 3. The
maximum thermodynamic efficiency of a
photoreaction is 71%. This limit is,
however, unrealistic. If we imagine a
single threshold device it is about
29%, the same as for solar cells. In
a real system we have some further
losses which make it realistic to ex-
pect that solar energy storage devi-
ces of about 16% storage efficiency
should become possible [6,7].

Transformation

of electronic excitation energy in
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electronically excited state
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Figure 3
Relaxation processes of electronical-

ly excited states showing that
excitation energy can result in heat,
in luminescence or in chemical
energy.
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It is very interesting to realize the
close connection between photochemi-
cal and electrochemical redoxreac-
tions. As shown in the figure below
electrons are moving from one elec-
tronic state to the other in both
cases, without involving nuclear
motions. This is the so <called
Franck-Condon principle which plays
an important role in the theory of
photochemical and of electrochemical
reactions.
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Figure 4
Comparison of photochemical and elec-
trochemical redox reactions.

PHOTOELECTROLYSIS OF WATER WITH
MICROELECTRODES

Imagine conventional photoelectroly-
sis of water with three or four
macroscopic photocells in series as
shown in figure 5. This solar energy
conversion system would certainly
work with several percent storage
efficiency. In order to reduce system
costs, it would be interesting to
miniaturize the electrodes so that no
macroscopic wiring would be necessa-
ry. A system with three or four
microelectrodes in series and an ion
permeable membrane is shown schemati-
cally in the lower part of this fi-
gure. It would certainly be a
challenging engineering problem to
realize such a device.

Photoelectrolysis of Water
with Microelectrodes

Conventional: Makroelectrodes
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Figure 5
Photoelectrolysis of water with con-

ventional macroelectrodes and a fu-
turistic device with microelectrodes
which needs no macroscopic wiring.

An even more exciting possibility is
to reduce the size of the electrodes
down to molecular scale which means
to use them as photocatalysts. Diffe-
rent attempts have been made in this
direction with partial success [8-
11]. The bottleneck in these experi-
ments has always been the oxygen
production from water. We have
successfully worked on this reaction
[1,12] so that it has become inte-
resting to try and realize water-
splitting or CO, reduction. Qur
research approach is explained in
Figure 6. For the reductive part we
rely on systems developed by other
research groups [8-11] while the
oxidative part is designed according
to a system developed in our labora-
tory [12]. The problem to be solved
is to connect the oxidative part
which delivers the two electrons and
the two protons to the reductive
part. To unterstand the system, it is
important to realize that the redox
potential of small metal clusters is
very different from the redox poten-
tial of the bulk metal [7,13,14].
Another important point is that the
photooxidative and the photoreductive
reactions must not take place simul-
taneously since the modified zeolite
can act as an electron storage de-
vice.
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Complete photoredox system for water-
splitting and carbon dioxide reduc-
tion. Electrons are moving through a

modified zeolite while protons are
transported through ion permeable
membranes.

The attractive aspect of this ap-
proach is that the reductive, the
oxidative and the electron conducting
parts can be studied separately. To
develop our understanding of the oxi-
dative and of the electron conducting
parts, we have made photochemical,
spectroscopic and theoretical studies
[1,12,15,16].
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