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ABSTRACT

Photoelectrolysis is the direct use of light, 
absorbed by a semiconductor electrode, to produce hydrogen 
by the decomposition of water. It is shown that a similar 
process, photoelectrowinning, can be applied to the pro
duction of copper from solutions containing copper ions. 
Oxidized titanium and tungsten metals are used as the 
photoelectrodes. The current densities obtained are 
higher for oxidized tungsten than for oxidized titanium, 
because the bandgap is smaller. The highest anode current 
density at 1 V cell voltage and simulated solar illumina
tion is 0,35 mA/cm2, using a WOx anode for Cu photo
electrowinning.

A theory of the current—voltage characteristics 
of photoelectrolysis and photoelectrowinning cells is 
presented, which predicts the main features observed 
experimentally. The theory is based on Gerischer * s 
quantum.theory of electrolysis; it shows how the funda
mental materials parameters (such as electrode bandgap and 
electron affinity, and electrolyte concentrations and redox 
potentials) affect the current-voltage characteristics, 
a,nd hence the efficiency, of the system.



CHAPTER 1

PHOTOELECTROLYSIS AND PHOTOELECTROWINNING

The use of solar energy to drive a chemical 
reaction has long Been considered a desirable goal. For 
example, hydrogen produced from water by a solar process 
would have many uses. It could be burned directly as a 
nearly pollution-free fuel; used as a feed stock for the 
efficient synthesis of liquid hydrocarbon fuels from coal; 
or used in the manufacture of ammonia, an important 
ingredient in fertilizers.

Because of its versatility,„hydrogen has been a < 
primary interest in photochemical solar energy research. 
Early studies (see Archer 1975 for a review) relied upon 
the absorption of light by species in solution. In 1972, 
Fujishima and Honda reported that better results can be 
obtained by using a semiconductor electrode immersed in 
the solution to absorb the light. The excess carriers 
generated can induce an electrochemical reaction at the 
surface of the electrode. When the net cell reaction is 
the.splitting of water into hydrogen and oxygen, this 
process shall be referred to as photoelectrolysis.

In photoelectrplysis, hydrogen is deposited on the 
cathode., If copper ions are added to the electolyte,

1



copper is deposited instead. This is an alternative 
photochemical process of potential economic importance, 
which shall be referred to as photoe1ectrowinning. This 
process could be especially useful in Arizona, where there 
are abundant sunshine and a large mining industry in need 
of a pollution-free source of energy for the winning of 
copper.

The Observed Phenomenon
Figure 1 shows an experimental photoelectrolysis

cell incorporating an oxidized titanium (TiOx) anode, a
1 M KOH electrolyte, and a platinum cathode. Varying the
cell voltage produces the i-V characteristic shown in
Figure 2. The current with positive cell bias depends on
the illumination intensity, shown as a parameter in units

2of Suns Cone Sun is about 1 kW/m ). This current cor
responds to hydrogen evolution on the Pt cathode and 
oxygen evolution on the TiOx anode.

The dotted line'in Figure 2 shows the i-V charac
teristic obtained from a conventional electrolysis cell 
made by replacing the TiOx anode with a Pt anode. In this 
cell, current begins to flow when the voltage exceeds about 
1.6 V, which is the thermodynamic minimum of 1.23 V plus an 
overvoltage. The photoelectrolysis cell permits the 
decomposition of water at voltages less than 1.23 V. In 
the cell shown, the decomposition potential is about 0.5 V.
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Figure 1. An experimental photoelectrolysis cell —  Oxygen 
is evolved at the oxidized titanium anode, 
hydrogen at the platinum cathode.
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Figure 2. Comparison of current-voltage characteristics 
of a photoelectrolysis cell (solid lines) and 
a conventional electrolysis cell (dotted 
lines) t-- The illumination intensity in Suns 
(1 Sun = 1 kW/m ) is shown as a parameter on 
the solid lines. The cell illustrated is 
TiOx/1 M KOH / Pt; the TiOx electrode was made 
by heating titanium metal in air at 600°C for 
1 hour.



This means that in the photoelectrolysis cell, the energy 
consumed from the electric power supply could be as little 
as 0.5/1. 6 = 31% of that consumed by the conventional cell 
The additional 6 9% of the energy would come from the 
illumination. The difficulty, however, is that the anode 
current density would have to be extremely low. Conse
quently the ratio of anode to cathode area would have to 
be very high in order to get an acceptably high cathode 
current density.

For example, interpolating between the curves in 
Figure 2, at 1 Sun illumination and a cell voltage of

oabout 1 V, the anode current density is about 0.07 mA/cm .
The anode area would therefore have to be 286 times larger
than the cathode area in order to get a cathode current

2density of 20 mA/cm (a typical industrial figure— note
2 2 that 1 mA/cm is about 1 A/ft ). At this current density

a conventional cell would require a voltage of more than 
2 V, so the photoelectrolysis cell realizes a 5 0% saving 
in energy. The cost of such a large anode would, however, 
be prohibitive.

A photoelectrowinning cell can be made in a form 
similar to that shown in Figure 1 by simply adding copper 
ions to the electrolyte. Figure 3 shows the i-V charac
teristic of a cell incorporating an oxidized tungsten 
(WOx) anode, a 1 M H2 S04 + 0.1 M CuS04 electrolyte, and a 
copper cathode. The dotted curve was obtained from a
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Figure 3. Comparison of current-voltage characteristics of 
a photoelectrowinning cell (solid lines) and a 
conventional electrowinning cell (dotted 
lines) —  The illumination intensity in Suns 
(1 Sun = 1 kW/m^) is shown as a parameter on the 
solid lines. The cell illustrated is W0x/1 M 
H2 SO4 + 0.1 M CUSO4 /CU; the WOx electrode was 
made by heating tungsten metal in air at 500°C 
for 1 hour.



conventional electrowinning cell made by replacing the WOx
with a Pt anode. .

It is evident that this cell is a considerable
improvement over the TiOx photoelectrolysis cell. At the
same illumination and cell voltage, the anode current

2density is now 0.35 mA/cm — about 5 times as large as that 
in the previous cell. This means that the ratio of anode 
to cathode area could be reduced by the same amount, to 
about 57. A large-scale photoelectrolysis cell constructed 
in this manner might take the form shown in Figure 4. The 
electric power savings in such a cell would again be about 
5lQ.% . It would still not be possible, however, to operate 
this cell economically. More efficient electrode materials 
will have to be found before these processes will be 
suitable for industrial applications.

Outline of a Theory 
The physical mechanisms of photoelectrolysis and 

photoelectrowinning are essentially the same; the theory 
outlined in this section applies to both.

A photoelectrolysis cell can be thought of as a 
photovoltaic cell which has been taken apart and the two 
materials which formed the junction used as separate 
electrodes in an electrolytic cell. This is shown in 
Figure 5. The first part of this figure shows a conven
tional electrolysis cell with two metal electrodes
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Figure 4. Possible form of a large-scale, photoelectro
winning cell,-- The relatively small copper 
cathode, in the trench at left, is separated by 
a charge-transfer membrane from the broad, 
shallow basin at right, which contains the semi
conductor (possibly oxidized metal) anode. The 
cathode trench is a sulfuric acid solution, 
containing copper ions to be extracted. The 
electrolyte in the anode basin contains no 
copper. A cover (perhaps inflatable plastic) 
would be used if the oxygen-enriched air above 
the anode were to be collected.
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m = metal
n = n-type semiconductor 
p = p-type semiconductor

Evolution of photoelectrolysis cells from 
conventional electrolysis cell driven by ( 
Schottky, and (b) p-n photovoltaic solar 
cells.
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connected through a battery. In the second part of the 
figure, the battery is replaced by a solar cell. Two 
possibilities are indicated: either a p-n junction or a 
Schottky barrier cell. The last part of the figure shows 
the corresponding photoelectrolysis' cells, in which the 
p-n or metal-semiconductor junction in the photovoltaic 
device is exchanged for two electrode-electrolyte junctions. 
In our analysis of photoelectrolytic devices, we shall 
develop as far as possible the analogy with photovoltaic 
devices. The main difference is that we must focus upon a 
new type of junction: the interface between a solid 
electrode and a liquid electrolyte.

The fundamental act in an electrochemical cell is 
the transfer of an electron across the electrode-electrolyte 
interface. Consider, for example, .a reduction reaction in 
which an eledtron is transferred from the electrode to an 
ion in solution. The electron is originally in one of the 
allowed states, at the surface of the electrode; after a 
period of tjjrie it passes into one of the allowed states 
associated with the solvated ion. Such processes can be 
treated quantum mechanically by time-dependent perturbation 
theory. One of the chief results of this theory is the 
conservation of energy: the transition probability vanishes 
except for transitions between initial and final states of 
equal energy. Thus, charge transfer across the
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electrode-electrolyte interface can occur only between 
states of equal energy„

Consider the energies of electron states on a 
solvated ion. The ion plus its nearest-neighbor solvent 
molecules (the inner solvation-shell) can be thought of as 
a complex molecule immersed in a dielectric medium (the 
outer solvation-shell). There are two contributions to 
the electronic energy: a chemical contribution due to 
interaction with the inner solvation shell, and an 
electro static contribution due to interaction with the 
outer solvation-shell. The chemical contribution can in 
principle be calculated by applying the methods of molecu
lar spectroscopy (see Daniels and Alberty 1975, Chapter 15), 
particularly the Franck-Condon principle. Thus, the 
energy of a vacant electron state of the inner solvation- 
shell "molecule" is the energy released (electron affinity, 
including the electrostatic term) when an. electron makes 
a transition from the vacuum level (outside the solvent) to 
the state, with the nuclei fixed at their average posi
tions. Similarly, the energy of an occupied state is the 
energy required (ionization energy) to induce an electron 
transition from the state to the vacuum level.

The electronic energy levels depend on the vibra
tion state of the inner-shell nuclei, which determines the 
average position of the nuclei. The vibration (or 
polarization) state of the outer shell can also make a
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contribution to the electronic energy level through the 
electrostatic term. Since the vibrations of the solvent 
nuclei are thermally excited, there is a corresponding 
thermal distribution of electronic energy levels.

An electrode reaction is.one in which charge- 
transfer occurs betweeh a species in solution and an 
electrode:

A (solvated) + e(electrode) = D (solvated). (1.1)

The reaction can go in either direction. The species A, 
which is reduced when the reaction proceeds to the right, 
is called an acceptor; its vacant electron states are 
acceptor states. The species D , which is oxidized when 
the reaction proceeds to the left, is called a donor; its 
occupied electron states are donor states. D and A 
together form a donor-acceptor pair, or redox couple.

When the probability of electron transfer from the 
electrode to an acceptor equals that from a donor to the 
electrode, the system is in equilibrium. This occurs when 
the electrochemical potential associated with the redox 
couple is equal to the Fermi level in the electrode. The 
electrochemical potential is the free-energy (chemical 
potential1 change in reaction (1 .1 ), plus the galvanic 
potential at the interface. The free energy change in.
(1 .1 ) shall be called the redox level, relative to the 
electrode (an absolute scale is obtained by replacing the
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electrode with the vacuum level). Therefore, the galvanic 
potential at equilibrium is equal to the difference 
between the Fermi level in the electrode and the redox 
level in the electrolyte. When the electrolyte first 
contacts the electrode, spontaneous charge exchange occurs 
across the interface until a field builds up sufficient to 
provide this potential.

This picture assumes that the electrode-electrolyte 
equilibrium is governed by a single redox couple. In a 
real solution, however, there are always more than one 
redox couple present. A donor from one couple can give an 
electron to an acceptor from another couple, as well as to 
the electrode. Such exchanges will continue until, in 
equilibrium, the chemical potentials of all couples are 
the same, and equal to the Fermi level in the electrode. 
Thus, even when many redox couples are present, there is a 
single solution redox level.

Now consider what happens in ordinary electrolysis. 
Imagine a cell similar to Figure 1, but incorporating two 
metal electrodes. Figure 6 shows the associated energy 
leyels when the electrodes are short-circuited. The Fermi 
levels in the two electrodes and the solution redox level 
are all equal. The solution redox level lies somewhere 
between the hydrogen and oxygen levels— exactly where 
depends on the pH of the solution. The vacuum level is 
shifted by the fields in the double layers which form at



14

777777777777 eV.

Figure 6 . Energy-level diagram of a conventional
electrolysis cell in equilibrium, with metal 
electrodes short-circuited.
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the electrode-electrolyte interfaces. These double layers 
can be visualized as parallel-plate capacitors. One layer 
consists of the charge on the surface of the metal 
electrode; the other is the charge carried by the ions in 
the outer Helmholtz plane in the electrolyte.

When a voltage is applied across the cell, it 
diminishes the field in one double layer and increases it 
in the other. It does this by causing a migration of 
positive ions to the negative electrode (the cathode) and 
of negative ions to the positive electrode (the anode).
As long as the ions cannot discharge, they accumulate in 
the outer Helmholtz planes opposite their respective 
electrodes. From the symmetry of the situation it can be 
seen that the equilibrium fields in the double layers are 
both pointing either into or out of the solution. The 
accumulation of ions of different sign at the two inter
faces must therefore.weaken one field and strengthen the 
other.

As long as the applied voltage V is sufficiently 
small, the changes in potential across the two double 
layers will be symmetrical; half will be subtracted from 
one and added to the other. Eventually, however, one of 
the redox levels will reach the Fermi level in the 
corresponding electrode. Any further change in the field 
in this double layer would cause the discharge of the 
excess ions in the outer Helmholtz plane, and would thus
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be self-limiting. Further increase in cell voltage must 
therefore appear across the other double layer. This con- 
dition is shown in Figure 7.

When the cell voltage increases sufficiently to 
bring the other redox level in line with the Fermi level 
in its electrode, as shown in Figure 8 , then the ions of 
both redox couples can discharge and cell current flows.
The minimum cell voltage at which current can flow is 
thus the difference between the redox levels of the two 
couples which lie closest to the solution redox level: one 
below and one above. The form of the eurrent-voltage 
characteristic, is indicated in Figure 9.

Now suppose one of the electrodes, is a semi
conductor, Figure 10 shows the energy levels in 
equilibrium. Assume that the semiconductor is n-type 
and of sufficiently low conductivity that the shift in 
vacuum level at the semiconductor-electrolyte interface 
is due entirely to the field in the space-charge layer of 
the semiconductor. The shift in vacuum level at the 
electrolyte^metal interface is, as before, due to the 
field in the Helmholtz layer in the electrolyte. The cell 
is no longer symmetrical, and the polarity of the voltage 
applied to it will make a difference.

First let the semiconductor be made negative with 
respect to the metal, so that positive ions are attracted 
to it. As long as they cannot be discharged, there is an
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Figure 7. Energy-level diagram of a conventional
electrolysis cell, with an applied voltage just
large enough to fix one redox level.
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Figure 8. Energy-level diagram of a conventional
electrolysis cell, with voltage increased to 
the threshold at which current can flow.
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Figure 9. Current-voltage characteristic of a conventional 
electrolysis cell.
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evL

Figure 10. Energy-level diagram of a Schottky photo
electrolysis cell with n-type semiconductor 
electrode, in equilibrium, short-circuited.
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accumulation of electrons in the space-charge layer, 
diminishing the field. This tends to bring the redox 
level of the positive ions into line with the Fermi level 
in the semiconductor, as shown in Figure 11. The electrons 
which had been accumulating in the space-charge layer can 
now discharge the positive ions, so no further change 
occurs in the voltage across the space-charge layer. Any 
additional increase in cell voltage appears at the inter
face with the metal electrode, increasing the field until 
th_e redox level of the negative ions becomes aligned with 
the Fermi level in the metal, as in Figure 12. At that 
point, ions can be discharged at both electrodes, and 
current flows. The threshold cell voltage is the same as 
for the cell with two metal electrodes.

Next let the semiconductor be made positive with 
respect to the metal electrode^ It now attracts negative 
ions, and as long as they cannot be discharged, holes 
accumulate in the space-charge layer and the band-bending 
is increased. This continues until the redox level of the 
negative ions reaches the Fermi level in the semiconductor, 
as shown in Figure 13. At this point negative ions can be 
discharged by the holes, and the field in the space-charge 
layer becomes fixed. Further increase in cell voltage 
causes the field at the metal interface to diminish until 
the redox level of the positive ions lines up with the 
Fermi leyel in the metal, as in Figure 14.
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Figure 11. Energy-level diagram of a photoelectrolysis 
cell, with a negative applied voltage just 
large enough to fix one redox level.
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Figure 12. Energy-level diagram of a photoelectrolysis 
cell, with negative voltage increased to the 
threshold at which current can flow —  Current 
is limited by electron supply at semiconductor 
surface.
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Figure 13. Energy-level diagram of a photoelectrolysis
cell, with a positive applied voltage just
large enough to fix the field in the space-
charge region.
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Figure 14. Energy-level diagram of a photoelectrolysis 
cell, with positive voltage increased to the 
threshold at which current can flow —  Current 
is limited by hole supply at semiconductor 
surface.
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At this point current flows; the threshold voltage 

is the same as before. There is, however, an important 
difference. In the previous case (semiconductor cathode) 
positive ions were discharged at the semiconductor by 
electrons. Since these are majority carriers in an n-type 
semiconductor, their supply at the surface is not limited 
by transport through the bulk. The n-type semiconductor 
cathode behaves like a metal cathode. On the other hand, 
when the semiconductor is anode, negative ions are dis
charged at the semiconductor by holes. These are minority 
carriers and reach the surface mainly by diffusion from the 
Bulk. The rate of flow by diffusion saturates at a value 
which is proportional to the hole concentration in the 
bulk. If this.concentration is low, the anodic current 
will saturate at a correspondingly low value. The asymmetry 
of the i-V characteristic, shown by the 1 = 0  curve in 
Figure 15, mirrors the basic asymmetry of the cell.

• Now let the semiconductor be illuminated. If the 
photon energy, is greater than the band gap of the semi
conductor, electron-hole pairs are generated. This can be 
shown on the energy level diagram by splitting the Fermi 
level into electron and hole quasi-Fermi levels. The 
excess carriers will have the effect of diminishing the 
field in the space-charge layer. If the cell is open- 
circuited, the change in field is detected as a photo- 
yoltage, as in Figure 16. If the cell is short-circuited.



1 = 1

Figure 15. Current-voltage characteristic of a photo
electrolysis cell.
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Figure 16. Energy-level diagram of an illuminated photo
electrolysis cell, open-circuited.
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the photovoltage appears across the space-charge layer of 
the semiconductor, as in Figure 17. Note that the position 
of the redox levels relative to the band edges has not 
changed, but their position relative to the quasi-Fermi 
levels has changed by an amount equal to the photovoltage. 
The cell voltage, if further increased, appears mainly 
across the space-charge layer until the negative ion redox 
level reaches the hole quasi-Fermi level; then the ions 
ca,n discharge and no further change in space-charge layer 
voltage occurs (Figure 18]. Additional cell voltage will 
appear mainly at the metal interface, until the field is 
large enough to permit discharge of the positive ions which 
accumulate there. At this point (Figure 19) current can 
flow. The threshold cell voltage is reduced by an amount 
equal to the photovoltage.

If the cell wer,e open-circuited, the photovoltage 
would depend only on the intensity of the illumination. In 
the short-circuited cell, however, it cannot exceed the 
voltage V_ shown in Figure 16, since at that point the 
negative ions in the outer Helmholtz plane adjacent to the 
semiconductor will be discharged by holes, preventing the 
further accumulation of holes at the electrode surface.
Thus for an illumination intensity high enough to fix the 
photovoltage at V , the threshold voltage will be inde
pendent of intensity but will depend on pH (which affects
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Figure 17. Energy-level diagram of an illuminated photo
electrolysis cell, short-circuited.



31

\  \ \

Figure 18. Energy-level diagram of an illuminated photo
electrolysis cell, with a positive applied 
voltage just large enough to fix the field in 
the space-charge region.
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Figure 19. Energy-level diagram of an illuminated photo
electrolysis cell, with positive voltage 
increased to the threshold at which current 
can flow.
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V_). The threshold voltage will be lower in alkaline than 
in acid solutions, since is larger.

This section has outlined how electrolysis or 
electrowinning can be carried out at voltages less than 
the thermodynamic minimum cell voltage by using an 
illuminated semiconductor electrode. It should be 
emphasized that thermodynamics is not violated, since 
energy is introduced into the system in the form of the 
absorbed photons. Chapter 3 of this thesis presents a 
quantitative account of the theory which has been sketched 
here.

Review of Research 
The first observation of an electrochemical 

reaction caused by solar radiation is usually credited to 
E. Becquerel (1839) , who reported that currents caused by 
the dissolution of silver halide electrodes could be 
induced by exposure to the sun. The term photoelectrolysis 
wa,s apparently first used by Atkins and Poole (192 9) , who 
deposited copper from solution by the action of sunlight. 
This process is here referred to as photoelectr©winning, 
to distinguish it from the electrolysis of water to pro
duce hydrogen.

Brattain and Garrett founded modern semiconductor 
electrochemistry in 1955. Since then many attempts have 
been made to use semiconductor electrodes for solar energy
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conversion (Williams 1960, Anderson and Chai 1976). These 
"Becquerel effect" solar cells were intended to produce 
electricity rather than a chemical substance.

The current interest in photoelectrolysis was 
sparkec by Fuj ishima and Honda (1972), who communicated a 
discovery published in Japanese three years earlier 
(Fujishima, Honda, and Kikuchi 1969). They reported that 
water could be electrolyzed at cell potentials less than 
1.23 V if the anode were reduced single-crystal TiOg 
exposed to radiation of energy greater than 3 eV (the 
bandga,p of TiC^). . Since 1.23 V is the thermodynamic 
minimum for this reaction, and since the TiC^ did not 
dissolve, some of the energy to drive the reaction came 
from the light. They found, in fact, that the reaction 
could proceed at zero cell voltage if the anode and 
cathode compartments were separated and kept at suffi
ciently different pHs. Their results have been verified 
by Wrighton et al. (1975), Mavroides et al. (1975), Nozik 
(1975) , and Desplat (1976) .

Meanwhile, Fujishima, Kahayakawa, and Honda (1975)
constructed a working photoelectrolysis cell using as a
semiconductor anode the oxide film formed naturally on
titanium metal heated in air. Instead of an externally
applied potential a pH difference between the anode and
cathode compartments was used to provide the necessary

2bias. The collector had an anode area of 0.17 m and
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produced 1.1 liters of hydrogen per day when operated in 
natural sunlight. The estimated efficiency of conversion
from solar to chemical energy was 0.4%. This result is

. !
impressive because the method of preparing the semi
conductor electrode is simple, inexpensive, and could be 
easily adapted to mass production to cover large areas.

Several other methods have been used to prepare 
Ti02 electrodes. Mavroides et al. (1975) used hot-pressed 
powder discs, as well as single-crystals and oxidized metal 
electrodes. Hardee and Bard (1975) used chemical vapor 
deposition. Fujishiiria, Kahayakawa, and Honda (1975) used 
electrochemical anodization, as did Keeney, Weinstein, and 
Haas (1975). Gissler,1 Lensi, and Pizzini (1976) used a 
technique called plasma spraying.

From the experiments with TiC^r a qualitative 
theory of photoelectrolysis emerged (Ohnishi, Nakato, and 
Tsubomura 1975; Mavroides, Kafalas, and Kolesar 1976) .
The theory suggested that the efficiency of the process 
should be strongly influenced not only by the bandgap of 
the semiconductor. electrode, but also by its electron 
affinity. The bandgap determines what fraction of the 
solar spectrum can be used, and the electron affinity 
(together with the bandgap) determines how redox levels 
in the electrolyte line up with band edges in the electrode. 
This in turn influences the quantum efficiency of the. 
photoelectrochemical process, either because it determines
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the band-bending in the electrode at the point when current 
begins to flow, or because (as suggested in Chapter 3) it 
determines the exchange currents at the semiconductor- 
electrolyte interface.

An important test of the energy-level model of 
photoelectrolysis was to replace the TiC>2 electrode with 
SrTiO^-(Mavroides et al. 1976; Wrighton, Ellis, et al.
1976; Watanabe, Fujishima, and Honda 1976). TiG^ has a 
bandgap of 3.0 eV and an electron affinity of about 4.0 eV. 
SrTiOg has a bandgap of 3.2 eV and an electron affinity of 
about 3,8 eV, According to the model, the smaller electron 
affinity of SrTiO^ should result in a higher quantum 
efficiency at lower applied potential, because the band- 
bending at the electrode surface should be increased. This 
was observed. In fact, photoelectrolysis could be carried 
out using SrTiOg anodes at zero applied potential. The 

, cell efficiency was not improved, however, because the 
larger' bandgap of SrTiOg results in less of the solar 
spectrum being used.

The energy level model explains why several 
different methods can be used to bias a photoelectrolysis 
cell, If the electrode material is properly chosen (such 
as SrTiOg), then ho bias is required at all. If a bias 
is required, the most straightforward way to provide it is 
with an external power supply. Alternatively, the bias 
voltage can be derived from a pH difference between the
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anode and cathode compartments, or a p-type semiconductor 
cathode (rather than a metal) can be used in conjunction 
with an n-type semiconductor anode.

This last method was mentioned by Fujishima and 
Honda (1972), and has since been pointed out by several 
investigators. Experimental p-n photoelectrolysis cells 
were constructed by Yoniyama, Sakamoto, and Tamura (1975), 
by Nozik (1976), and by Tamura et al. (1977). The cathode 
in these cells was p-GaP and the anode was either n-GaP or 
n^TiC^- Nozik reported that the cells could operate at 
zero applied potential, as anticipated. The reports are 
ambiguous concerning the stability of GaP.

The energy level model suggests that much higher 
efficiencies than yet observed could be attained by 
proper choice of materials. Mavroides and associates 
(1975, 1976) estimate that the ideal anode material 
should have a bandgap less than 2 eV and an electron - 
affinity less than 3.7 eV. Clearly, a comprehensive 
materials search is called for, and metal oxides are a 
natural starting place. In addition to this thesis, 
several systematic studies of oxides have recently been 
published (Hardee and Bard 1977; Kung et al. 1977; 
Augustynski, Hinden, and Stalder 1977; Ginley and Butler 
1977; Butler, Ginley, and Eibschutz 1977). Several papers 
have also been published on individual oxides. TiC^ and 
SrTiOg have already been mentioned. Butler (1977) observed
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photoelectrolysis with WOg (bahdgap 2.8 eV), which we 
confirm in this thesis. Hardee and Bard (1976) and Yeh and 
Hackerman (1977) observed photoelectrolysis with Fe^O^, 
which is particularly interesting since its bandgap is 
2.2 eV. Stable oxide electrodes, on which photo
electrolysis can be observed, but which have bandgaps 
greater than 3 eV, including SnC^ (Kim and Laitinen 1975; 
Brighton, Morse, et al. 1976), KTaO^, and. KTaQ ^  NbQ 23 0̂  
(Ellis, Kaiser, and Wrighton 1976a).

After oxides, it is logical to extend the search 
to other metal chalcogenides (a chalcogen is an element 
from column six of the periodic tables O, S, Se, Te, Po). 
Systematic studies on this class of materials have been 
undertaken by Tributsch (1977) , Tributsch and Bennett 
(1977), Ellis et al. 1977), and by others. Most of this 
work is on photogalvanic rather' than.photoelectrolytic 
cells, Tributschrs approach, however, is applicable to 
any photoelectrochemical process. It is based on 
identifying the type of chemical bonding which makes for 
stability of the material under illumination.

1. These investigators reported excellent 
stability, which we were not able to confirm. The reason 
foj? the discrepancy is unknown.



39
The difficulty with most semiconductor electrodes 

is that they are unstable,"*" especially under illumination 
(Gerischer and Mindt 1968, Tributsch 1977). Attempts have 
been made to circumvent the problem by protecting the 
vulnerable material with a thin metal (Nakato, Ohnishi, and 
Tsubomura 1975; Bindra, Gerischer, and Kolb 1977) or oxide

I
coating (Gourgaud and Elliot 1977; Kohl, Frank, and Bard 
1977). An interesting hybrid cell has been constructed by 
Morisaki et al. (1976), who coated a p-n junction silicon 
solar cell with TiC^ (Si alone was tried by Candoa et al.
I1976J, and by previous investigators, and found to be 
unstable).

Electrodes can also be stabilized by adding to the 
electrolyte a redox couple which inhibits dissolution 
(Ellis, Kaiser, and Wrighton 1976b). This usually results 
in a photogalvanic rather than a photoelectrolytic cell.
It has recently been used, however, to stabilize TiC>2 in 
an acid electrolyte without affecting the electrolytic 
performance of the cell (Harris, Cross, and Gerstner 1977).

Another approach is to use stable, wide bandgap 
semiconductors, sensitized to light of sub-bandgap 
energies (Fujishima, Watanabe, et al. 1975; Watanabe,

1. Even TiC>2 is controversial in this regard 
(Harris and Wilson 1976, Bockris and Uosaki 1977).. Harris, 
Cross, and Gerstner (1977) claim that single-crystal 
rutile (Ti0 2 ). is stable in alkaline media, but slightly 
unstable in acid. We have confirmed this observation in 
our experiments with oxidized titanium metal.



Fujishima, Tatsuoki, and Honda 1976; Clark and Sutin 
1977). The theory of these processes is discussed by 
Gerischer and Willig (1976) and Meier (1976).

In support of the search for new electrode 
materials, a quantitative theory of photoelectrolysis is 
being developed. Gerischer (1975) has presented a theory 
for photogalvanic cells, which are very similar to photo- 
electrolytic cells. Anderson and Chai (1976) made an 
energy balance analysis which Nozik (1976) confirmed 
experimentally. Nozik used the theory to estimate the 
maximum possible efficiency of photoelectrolysis cells to 
be 45%. Laser and Bard (1976a, 1976b, 1976c) have pub
lished a detailed quantitative theory taking account of 
the electrode kinetics. They were able to compute an 
efficiency vs, potential curve which matches their experi 
mental results. This has also been done recently by 
Butler (19771. These developments are all based - on the 
early work of Gerischer (1960a, 1960b, 1961). The theory 
presented in Chapter 3 of this thesis, also based on 
Gerischer's work, allows calculation of the i-V charac
teristic of a photoelectrolysis cell from the basic 
materials parameters of the electrodes and electrolyte.



CHAPTER 2

OXIDIZED METAL ELECTRODES

Because of the success of oxidized titanium, and 
also because of the ease with which oxidized metal 
electrodes can be prepared, this class of materials was 
chosen for an initial survey.

Eighteen pure metals were oxidized by heating in 
air. The metals were yttrium (Y), titanium (Ti), zir
conium (Zr), hafnium (Hf), vanadium (V), niobium (Nb), 
tantalum (Ta) , molybdenum (Mo), tungsten (W) , iron (Fe), . 
nickel (Ni), platinum (Pt), copper (Cu), silver (Ag), 
aluminum (Al), lead (Pb), neodymium (Nd), and europium 
(Eu). Oxidized Cu, Pb, Al, Fe, and Eu electrodes were not 
stable. The. other oxides were stable under some conditions, 
some of them under all conditions. The so-called refractory 
oxides of Ti, Zr, Hf, and Ta seem to be particularly stable. 
All the stable oxides exhibited i-V characteristics typical 
of n-type semiconductors. Significant photoeffects were 
observed only in Ti and W oxides.

Survey: Experimental Procedure
and Results

Samples of each metal in the form of thin sheets, 
(about 10 mils thick) were cut into 2.5 x 0.5 cm strips.
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These were degreased with acetone and isopropyl alchohol, 
rinsed with de-ionized water, and dried with compressed 
nitrogen. They were then placed in a quartz tube electric 
furnace open to the air. Four specimens of each metal were 
prepared by heating for one hour at 4 00, 500, 6 00, and 
700°C. The,oxide layers formed in this way were of the 
order of 10-100 microns thick, judging from their color.
At high temperatures, a very thick crust was sometimes 
formed. Pb, Al, and Cu were heated on a hotplate rather 
than in the oven. Eu was not heated at all since it is 
very unstable and oxidizes readily at room temperature.

The cell consisted of a pyrex beaker containing the
electrolyte, the metal oxide electrode, and a platinum
electrode. The electrodes were submerged to a depth of

22 cm, so that the effective electrode area was 1 cm . 
Electrical contact was made by affixing an alligator clip 
to a portion of the electrode from which some oxide was 
removed to expose the bare metal. The electrolytes used 
were 1 M KOH and 1 M I^SO^, prepared with analytical grade 
chemicals and de-ionized water.

The cell i-V characteristics with and without 
illumination were measured using the set-up shown 
schematically in Figure 20. A potentiostat connected as a 
non-inverting amplifier was used to supply the cell voltage 
and to measure the current without affecting the i-V char
acteristic of the cell. The voltage and current were
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Figure 20. Experimental arrangement for recording i-V characteristics of photo- 
electrolysis cells.
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monitored with a digital voltmeter and recorded using an
X-Y recorder. Illumination was provided by a 150 W Xe lamp

2with a maximum output of more than 1 0  kW/m .
Each electrode was tested first in 1 M KOH in the 

dark, varying the cell voltage from +5 V down to zero, then 
from -5 V up to zero. This procedure minimized transients 
that may have been caused by adsorbed species on the 
electrode surface. A second curve was made under full 
illumination, and the entire procedure was repeated in 
1 M H2 S04 electrolyte.

Only Ti and W oxides exhibited large photocurrents. 
The i-V curves for these electrodes are discussed in detail 
in separate sections. The i-V curves of the other elec
trodes were substantially independent of illumination. The 
oxides of Cu, Pb, Fe, Al, and Eu were not stable enough to 
produce curves.  ̂ Pt and Ag did not form enough of an oxide 
layer, even at 700°C, to exhibit any semiconductor behavior.

Oxidized Titanium Electrodes 
It is well known that titanium oxides can be used 

for hydrogen production by photoelectrolysis. In this

1. Yeh and Hackerman (1977) found that oxidized 
Fe prepared by the same method used by us was very stable 
in a wide range of pH's. This confirms the observation 
of Hardee and Bard (1976), who used Fe2 0 3  prepared by 
chemical vapor disposition. The reason for our negative 
result is unknown.
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section it is shown that they can also be used for copper 
production by photoelectrowinning.

The current-voltage characteristics for these
processes were measured using the apparatus described in
the above section. In addition, the illumination intensity
was measured using a submersible photodiode. The cell
arrangement for illumination measurement is shown in Figure
21. The photodiode was placed directly behind the electrode,
which was lifted out of the way to take a reading. The
photodiode was calibrated by pointing it directly toward the
sun at its zenith on a clear day in Tucson, close to the
spring equinox. This level of illumination is approximately

21 Sun (about 1 kW/m ). Because our primary interest is in 
solar energy applications, the data will be presented in 
terms of this unit.

Photoelectrolysis curves were taken using both 
single and double compartment cells. A single compartment 
cell is exemplified by Figure 1. An example of a double 
compartment cell, used to study the effect of a pH differ
ence between the electrodes, is shown in Figure 22. This 
cell consists of two pyrex beakers connected by a salt 
bridge. The salt bridge is a piece of Tygon tubing filled 
with saturated KNOg solution, and the ends stopped with 
porous plugs (made from cotton).

Single-cell curves for TiOx vs. Pt in 1 M H2 SC>4 and 
in 1 M KOH are shown in Figures 23 and 24. Figures 25 and 26
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Figure 21. Experimental arrangement for illumination
measurement —  The submersible photo-diode is 
sealed in the L-shaped tube.



47

Figure 22. Double-compartment electrolysis cell —  The 
inverted U-shaped tube is the salt bridge.
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Figure 23. i-V characteristic of the cell: TiOx/1 M H2 S0 4 /Pt —  The oxide

electrode was made by heating Ti in air at 600°C for 1 hr. Parameter
is light intensity in Suns.



Figure 24. i-V characteristic of the cell: TiOx (1 hr. @ 600°C)/1 M KOH/Pt - 
Parameter is light intensity in Suns.
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Figure 25. i-V characteristic of the cell: TiOx (1 hr. @ 
600°C)/1 M H^SO^/Pt, with expanded current 
scale —  Parameter is light intensity in Suns.
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Figure 26. i-V characteristic of the cell: TiOx (1 hr. @ 
600°C)/1 M KOH^/Pb, with expanded current 
scale —  Parameter is light intensity in Suns
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shox similar curves taken over a limited voltage range,
using a magnified current scale. In all these families of
curves, the illumination intensity in Suns is given as a 
parameter. In Figure 27 the cell current is shown vs. 
illumination intensity at constant voltage (2 V), for the 
data of Figure 25 (acid electrolyte) and Figure 26 
(alkaline electrolyte).

Several observations can be made with regard to 
these figures:

1. There is no photoeffect when the oxide electrode is 
biased cathodically.

2. When the oxide electrode is biased anodically, the 
current reaches a plateau (saturates) at inter
mediate values of cell voltage.

3. The magnitude of the saturation current is propor
tional to illumination intensity.

4. .At high cell voltage the saturation is broken and 
• the current increases rapidly, independent of
illumination.

5. For a given illumination, the saturation current is 
higher for an alkaline electrolyte than for an acid 
electrolyte.

6 . The threshold voltage (the cell voltage at which 
the anodic current onset is observed) changes very 
little with light intensity.
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Figure 27. Current vs. illumination intensity at +2V for 
the cells: (a) TiOx/1 M H2 S0 4 /Pt, and (b)
TiOx/1 M KOH/Pt —  The data are taken from 
Figures 25 and 26.
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7. The threshold voltage shifts to lower values as the 

pH of the electrolyte is increased.

Curves obtained using double-compartment cells are 
shown in Figures 2 8 and 29. Figure 2 8 shows the curves for 
the cell:

TiOx/ 1 M H 2 S04 // 1 M H 2 S04 / Pt.

Since both electrodes are in the same electrolyte, the 
results are the same as in Figure 23. Figure 29 shows the 
cell:

TiOx / 1 M KOH // 1 M H2 SC>4 / Pt.

In this cell there is a pH difference of 14.3 between the
Ti and Pt compartments. The threshold voltage has been 
shifted about 0.9 V to the left. This corresponds approxi
mately to the pH difference between the compartments:
14.3 x .06 = .8 6 . The following observation can thus be 
made:

8 . A pH difference between compartment gives rise to
a proportional shift in the threshold voltage.

The reason for this shift is that a pH difference 
introduces a galvanic potential— as if a battery had been 
inserted in the circuit. As the reaction proceeds, the 
"battery" will run down because the pH difference will be 
eliminated. In order to maintain this difference, a base 
would have to be continuously added to one compartment and
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Figure 29. i-V characteristic of the cell: TiOx (1 hr. @ 600°C)Il M KOH II 
1 M H2S04IPt -- Saturated KN03 salt bridge. Parameter is light 
intensity in Suns. 
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an acid to the other. Part of the reaction energy is thus

4- —supplied by the recombination of H and OH to form H^O.
If copper ions are added to the 1 M H^SO^ electro

lyte , copper rather than hydrogen is deposited at the 
cathode. This is a photoelectrowinning cell. As in the 
case of photoelectrolysis, either a simple one-compartment 
cell or a two-compartment cell with a salt bridge can be 
used. For electrowinning, the cathode is copper rather 
than platinum.

Figure 30 shows the i-V characteristic of a single
compartment photoelectrowinning cell, using a TiOx anode, 
a Cu cathode, and a 1 M H^SO^ + 0.1 M CuSO^ electrolyte.
Only positive current is shown because driving negative 
current through the cell results in plating the TiOx with 
copper. Comparing Figure 30 with Figure 23, observe that:

9. The threshold voltage is shifted to lower values 
by the addition of copper ions to the electrolyte.

The current vs. light intensity characteristics of 
photoelectrolysis and photoelectrowinning cells are compared 
in Figure 31, in which the data are taken from Figures 23 
and 30. Observe that:

10. The slope of the i vs. I curve is increased by the 
addition of copper ions.

A double compartment photoelectrowinning cell using 
the same arrangement as for photoelectrolysis gives the i-V
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Figure 30. i-V characteristic of the cell: TiOx (1 hr. @ 
600°C)/1 M H2 SO4 + 0.1 M CUSO4 /Cu —  Parameter 
is light intensity in Suns.
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Figure 31. Current vs. illumination intensity at +2V for 
the cells: (a) TiOx/1 M H2 S0 4 /Pt, and (b)
TiOx/1 M H2 SO4 + 0.1 M CuS04/Cu —  The data 
are taken from Figures 23 and 30.
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curves shown in Figures 32 and 33. The curves in Figure 32 
are obtained with no pH difference between the compartments 
(1 M H 2 SO^ in both beakers). It is substantially the same 
as Figure 30. Figure 33 shows the curves obtained when the 
electrolyte in one anode compartment is 1 M KOH. As before, 
the threshold voltage is shifted about 0.9 volts to the 
left, corresponding to the pH difference between the cells. 
This cell would operate in sunlight with no electric power 
supply. A steady supply of acid and base would be required, 
however, to maintain the pH difference.

Oxidized Tungsten Electrodes
Tungsten oxide is superior to titanium oxide because 

it gives higher anode current densities at the same inten
sity of illumination. It has the disadvantage, however, 
that it can be used only in an acid electrolyte, being un
stable in a strong base. Also, its long-time stability in 
an acid has not been proven.

Figures 34 and 35 show the i-V curves for photo
electrolysis using a WOx electrode in a single-compartment 
cell with a Pt electrode and a 1 M H2 SO^ electrolyte. An 
interesting phenomenon occurs in this cell. The WOx 
electrode is normally deep blue in color, but just at the 
onset of gas evolution under negative cell bias, the 
electrode turns to a lustrous yellow. Since the gas evolved 
is hydrogen, this phenomenon is probably due to the
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Figure 32. i-V characteristic of the cell: TiOx (1 hr. @ 600°C)A M H2 S0 4 //
1 M H2 SO4 + 0.1 M CUSO4 /CU —  Saturated KNO3 salt bridge. Parameter 
is light intensity in Suns.



Figure 33. i-V characteristic of the cell: TiOx (1 hr. @ 600°C)/1 M KOH //
1 M H2 SO4 + 0.1 M CUSO4 /CU —  Parameter is light intensity in Suns.

ChM



Figure 34. i-V characteristic of the cell: WOx (1 hr. @ 500°C)/1 M H^SO^/Pt —  
Parameter is light intensity in Suns.
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Figure 35. i-V characteristic of the cell: WOx (1 hr. @ 
500°C)/1 M H2 S0 4 /Pt, with expanded current 
scale —  Parameter is light intensity in Suns
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formation of a hydrogen tungsten bronze (McHardy and 
Stonehart 1976, p. 216). The effect is fully reversible; 
the blue color returns as soon as the cell voltage is 
reduced below the gas evolution threshold.

Figure 36 shows the i-V curves for electrowinning 
using an oxidized tungsten anode, copper cathode, and 1 M 
H 2 S04 + 0.1 M CuSO^ electrolyte. This cell gave the best 
results of all those tried, in the sense that the anode 
current density was highest at a given cell voltage and 
illumination intensity.

In Figure 37 the current density is plotted as a 
function of illumination intensity at 2 V cell voltage, 
using data of Figure 23 (TiOx photoelectrolysis) and Figure 
34 (WOx photoelectrolysis). In Figure 38 a similar compari
son is made of the data from Figures 30 (TiOx photoelectro
winning) and 36 (WOx photoelectrowinning). The following 
observation can be made:

11. The slope of the current vs. light intensity char
acteristic is greater for WOx than for TiOx.

The reason for this is revealed by another experi
ment, in which a diffraction grating is used to provide 
monochromatic cell illumination. The cell current at 
constant cell voltage (2 V) is measured as a function of 
wavelength, and normalized to a standard light intensity. 
Single compartment cells are used, with 1 M ^SO^
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Figure 36. i-V characteristic of the cell: WOx (1 hr. @
500°C)/I M H2 S0 4  + 0.1 M CuS04 /Cu —  Parameter 
is light intensity in Suns.
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the cells: (a) TiOx/1 M H^SO^/Pt, and (b)
W0x/1 M H2 S0 4 /Pt —  The data are taken from 
Figures 23 and 34.
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Figure 38. Current vs. illumination intensity at +2V for
the cells: (a) TiOx/1 M H2 SO4 + 0.1 M CuS04 /Cu,
and (b) WOx/1 M H2 SO4 + 0.1 M CUSO4 /Cu —  The 
data are taken from Figures 30 and 36.



69
electrolyte and Pt counter electrode. The results are 
shown in -Figure 39. The absorption edge for the TiOx 
electrode is at about 3.0 eV, whereas for WOx it is at 
about 2.8 eV. The smaller bandgap of WOx results in fuller 
utilization of the solar spectrum.

Finally, the cell current is expected to be rela
tively independent of cathode area. This was checked by 
recording several i-V characteristics at constant light 
intensity, each time reducing the cathode area by pulling 
part of the cathode up out of the electrolyte. The results 
are shown in Figure .40. There is no effect on the i-V
characteristic until the cathode current density reaches

2nearly 20 mA/cm , at which point the cathode overpotential 
becomes significant. Thus:

12. At low current densities, the cell current at
fixed voltage is proportional to illuminated anode 
area but independent of cathode area.

The observations made in this section will be . 
compared with theory in Chapter 3.
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Figure 39. Current vs. wavelength of illumination at +2V 
for the cells: (a) TiOx/1 M H2 S04 /Pt, and (b)
W0x/1 M H2 S0 4 /Pt.
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Figure 40. i-V characteristics for the cell WOx/1 M H2 SO4 
+ 0.1 M CUSO4 /CU, at constant light intensity 
and varying cathode (Cu) area, shown as a 
parameter on the curves, in units of cm2.



CHAPTER 3

THEORY

The cost of operating an electrolysis cell is fixed 
primarily by the current-voltage characteristic. This in 
turn is determined by the properties of the cell materials. 
The same is true for photoelectrolysis. The basic 
materials parameters of the electrodes (such as bandgap and 
electron affinity) and of the electrolyte (such as concen
trations and redox potentials of the dissolved species) 
determine the efficiency of the cell. The relationship 
between these parameters and the current-voltage charac
teristic is the subject of this chapter.

Current-Voltage Characteristics 
of Electrolysis Cells

The current-voltage characteristic of an electroly
sis cell is:

v = +VQ + n1 (i1) - n2 (-i2) + IR/ (3.1)

where V is the cell voltage, I the cell current, R the cell 
resistance, the anode overpotential, n2 the cathode 
overpotential, i^ and i^ the anode and cathode current 
densities, and is the cell decomposition voltage, which 
is the difference between the standard electrode potentials 
for the anode and cathode reactions. The positive sign is

72
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chosen for positive current, and the negative sign for 
negative current. If R is ignored and the electrode areas 
are assumed equal, then

v = +vo + n1(i) - n2( - i ) , (3.2)

where i is the cell current density.
The theoretical task is to identify the factors 

which determine the anode and cathode overpotentials. 
Although many kinds of overpotential may be encountered 
(see Vetter 1967), only concentration and activation over
potentials will be included in this analysis. The origin 
of these two types of overpotential is apparent in the 
Arrhenius law of chemical reaction rates (Daniels and 
Alberty 19 75, Chapter 10),

E
Rate 'v c exp (- —j|) , (3.3)

k

where c is the concentration of reacting species and is 
the activation energy. Both c and E can be changed by 
adjusting the electrode potential, which thereby controls 
the current.

The relation between n and c comes about as follows 
(Horiuti 1970, p. 551). Let the reaction mechanism consist 
of a sequence of steps, one of which is rate-determining. 
Then the other steps are in quasi-equilibrium. As long as 
the charge-transfer step is not rate-determining, it is in 
quasi-equilibrium, and the Nernst equation applies:



where n is the number of electrons transferred in the 
charge-transfer step. Since cell current is proportional 
to reaction rate, Equation (3.3) shows that

i ~ c ~ exp . (3.5)

Thus, there is an exponential relationship between cell 
current and overpotential if the charge-transfer step is 
not rate-determining.

If the charge-transfer step ij5 rate-determining, 
then it is not in quasi-equilibrium, and the Nernst 
equation cannot be applied to it. The effect of the over
potential on the activation energy must then be taken into 
account. This is best done using a quantum-mechanical 
model of the charge-transfer process.

The quantum theory of electrolysis was originated 
by Gurney in 1931 (Gurney 1931, 1932, 1936). It received 
little attention, however, until the early 60's, when 
Gerischer (1960a, 1960b, 1961) published a series of 
articles on the subject. Since then a great deal of 
literature has appeared. Particularly noteworthy are the 
work of Levich (1970), Dogonadze (1971), and their co
workers; and of Bockris and co-workers (Matthews and 
Bockris 1971, Appleby et al. 1972) . We shall mainly follow
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the development given by Gerischer in the articles cited 
above.

The barrier which an electron at the surface of an 
electrode must cross in order to reach a positive ion in 
solution is a composite of the potential due to the 
electrode, that due to the individual ion, and that due to 
all the other ions, as illustrated in Figure 41.

An electron can cross the barrier in two ways: by
hopping over or by tunnelling through. It can hop over 
only if it has enough kinetic energy. The probability of 
this is roughly proportional to the Boltzmann factor:

exp (- £7p) /

where $ is the work function of the electrode. Lacking 
sufficient kinetic energy, the electron can still cross the 
barrier by tunnelling. The probability of this is roughly 
proportional to the Gamow factor:

exp (- /2m<5) ,

where w is the width of the barrier, equal to the distance
from the electrode surface to the outer Helmholtz plane.
Using typical values for w and $, Vetter (1967, p. 121)

qhas estimated that tunnelling is at least 1 0  times more 
probable than hopping. Consequently, electron exchange 
across the interface is by tunnelling. This has the
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Figure 41. Composite potential seen by an electron at the 
surface of an electrode —  The electrode con
tributes a square well, the ion in solution a 
coulombic potential, and all the other ions in 
the outer Helmholtz plane together contribute 
a uniform electric field like that of a 
parallel-plate capacitor.
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important corollary that electron exchange can only occur 
between levels of equal energy.

To understand this, consider the simple model shown 
in Figure 42. The electrode is represented by a square 
well with walls of height E^, equal to its electron 
affinity (the energy from vacuum level to the bottom of 
the conduction band). Before time zero there- are no ions 
in the vicinity of the electrode. At t = 0 an ensemble of 
ions suddenly appears at a distance w from the electrode 
(in the outer Helmholtz plane). Simultaneously, an 
electric field appears between the electrode surface and 
the outer Helmholtz plane, which is similar to the field 
in a paralle1-plate capacitor. The interface potential due 
to this field is denoted by <j>. Each ion is represented by 
a delta-well potential of strength q . Within the ensemble 
there is a distribution of different q-values, with a 1 
corresponding distribution of ion energy levels, . The 
density of acceptor states at energy E + ec}> will be pro
portional to the number of ions in the ensemble possessing 
the corresponding q.

For times greater than zero there is a probability 
that an electron will make a transition from the electrode 
to an ion. The transition probability per unit time can be 
calculated by treating the ion potentials as a time- 
dependent perturbation:
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Figure 42. Model of the electrode-ion system —  A square- 
well (Sommerfeld) model is used for the 
electrode, and a delta-well model for the ion. 
The situation before ions appear is depicted 
in (a); the situation after is shown in (b). 
The field caused by the presence of the ions 
is like that in a paralle1 -plate capacitor; it 
is indicated by the interface potential ecf).
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0 for t < 0
V(t) = { (3.6)

-q 6 (x-w) for t >_ 0 .

According to the standard theory of such processes (Schiff 
1968, Messiah 1966), the probability vanishes rapidly for 
transitions between states of different energy. Hence the 
rule stated above: transitions occur only between states
with adjacent energy levels. For such states the transi
tion probability per unit time is given by Fermi's Golden 
Rule:

w = 4^ D (E+etf)) |H(E) | 2, (3.7)n a
where D^(E+e#) is the density of acceptor states at energy 
E+ec|) and H (E) is the matrix element for the transition. It 
is not difficult to compute this matrix element for the 
simple model shown in Figure 42.

The current associated with such transitions is:

d"̂  1
~  = e w (E) De (E) , (3.8)

where D^(E) is the density of occupied states in the 
electrode (e stands for electron). Thus:

i ' = 1 |H(E) | 2D (E+ecf)) D (E)dE. (3.9)n E a e

This is a cathodic current, since the ion is reduced, i.e., 
converted from an acceptor into a donor. The opposite 
transition leads to the anodic current:
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t • = 2 rre
h

f |H(E) |2 Dd (E+e(j))Dh (E)dE (3.10)

where Dd (E+ecf>) is the density of donor states in the outer 
Helmholtz plane and D^(E) is the density of unoccupied 
states in the electrode (h stands for hole). The net 
current crossing the interface is the difference between 
the anodic and cathodic components:

i ' = i* - i' . (3.11)

The current depends on the overlap between the 
density of states functions (D̂  (E+ecf)) and D^(E) for anodic 
current, (E+ecf)) and D^(E) for cathodic current) . This
overlap is in turn determined by the electrode potential,
(}> = cf)e + n/ because this potential appears across the 
Helmholtz layer and shifts the energy levels in the 
electrolyte relative to those in the metal. The i-n char
acteristic of the electrode is obtained by performing the 
integrations in Equations (3.9) and (3.10).

with the electrolyte, are needed. A derivation of these 
functions has been given by Gerischer (1960a). The result 
for a single redox couple, assuming a harmonic approxima
tion for the vibrations of the inner-shell "molecules," is:

(E) and (e), the densities of states associated

C 2
Da (E) = TffSr exp[" 4irLkT (3.12)



d , do
Dd (E) 47rLkT 0Xp [ 4 7rLkT ] (3.13)

where and are the concentrations of acceptor and 
donor species per unit area at the electrode surface. Eao
and E , are: do

Eao = AUo - L (3‘14)

Edo = AUo + L' (3-15)

AUo is the difference between the ground-state energies of 
the acceptor and donor inner-shell molecules. L is called 
the reorganization energy; it is best treated as a quantity 
to be determined experimentally (Memming and Mollers 1972) .

The redox level on an absolute scale is the free 
energy change in the reaction:

A (solvated) + e(vacuum) = D (solvated) (3.16)

The free energy of an electron at the vacuum level is zero 
on the absolute scale. The free energies of the A and D 
species can be calculated using

y = UQ - kT • £n (3.17)

where Uq is the ground state energy of the species and Z 
is the partition function for the vibration states.
Equation (3.17) is derived by Reif (1965, pp. 320-322) .
Thus

efR = "" (yD " V
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In the harmonic oscillator approximation,

Z = /47rLkT. (3.19)

Equation (3.18) is thus the Nernst equation:
C ,

e£R = e<5R - kT £n — , (3.20)

where efR = Avq . 6 R is the standard potential of the redox 
couple on an absolute scale (Lohmann 1967), related to the 
potential vs. SHE by:

<SR (absolute) = CR (vs. SHE) + 4.5 V. (3.21)

As shown by Gerischer (196 0a), the redox level ER = 
e<SR plays the role of a Fermi level for the redox system. 
Thus the probability that an electron state of a redox 
system is occupied is

Dd (E) i
D (E)+D, (E) E -E

d 1 + exp(-E_)

= F(Er-E) (3.22)

where E is the energy of the state and F is the Fermi 
distribution function. The total density of redox states 
is defined by

Dr (E) = Da (E) + Dd (E). (3.23)



Thus:
" , Dd (E) = F(Er-E) Dr (E) (3.24)

Da (E) = [1-F(Er-E)]Dr (E). (3.25)

There is never a single redox system in any electro
lyte; nevertheless, there is always a single redox level, 
which can be calculated by applying (3.20) to any one of 
the redox systems present. If there are n redox systems, 
the total density of states is:

n
D (E) = Z D . (E) . (3.26)
r i=i ri

Equations (3.24) and (3.25) still apply. Thus, if ER lies 
between E° and E?+  ̂ (the standard redox levels of the ith 
and [i + 1 ]th systems), then the systems 1 , 2 , ..., i will
consist almost entirely of acceptors, and the systems 
i+1 , i+2 , ..., n will consist almost entirely of donors.
This is illustrated in Figure 43.

(E) is analogous to the density of states 
function Ds (E) for a solid. Ds(E) can be derived from the 
band structure (Kittel 1976, p. 135). The densities of 
occupied and vacant electron states in a solid are:

De (E) = F(0-E) Dg(E) (3.27)

Dh (E) = [1-F($-E)] Ds(E), (3.28)

where $ is the work function of the solid.
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Figure 43. Multiple redox systems in solution —  The area 
under the peaks shown by dotted lines is 
proportional to the number of redox pairs 
present in solution. The area under the dark 
peaks with solid lines is proportional to the 
number of donor species; under the light peaks 
it is proportional to the number of acceptor 
species.
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To evaluate Equations (3.9) and (3.10), we can make 

-use of Equations (3.27), (3.28), (3.24), and (3.25)
(remembering to replace E in the last two equations with 
E+e$). For example, (3.9) becomes

?' = f |H(E) |2 DY.(E+e4))D (E) [1-F(E -E-e4>) ] •% E r s k

F(0-E)dE. (3.29)

Er and 0 are related by

ER = $ + e<j)e, (3.30)

where ^  is the equilibrium interface potential. There
fore

i' = - ^  / |H (E) | 2D (E+e4) ten) D (E) • n E r e s
[1 - F(0-E-en)]F(0-E)dE, (3.31)

where o =  < P  ~  (Pe-

Exchange Currents 
The value of this integral when n = 0 is the

exchange current for a single charge-transfer step. The
integral can be evaluated approximately by identifying a 
combination of integrands which is like a delta-function,
i.e., which is a sharply-peaked function of E (varies 
rapidly compared to the other integrands), and which is 
itself integrable.

The combination which should be chosen depends on 
whether the electrode is a metal or a semiconductor. If a



86
metal, then Dg (E) is large in the vicinity of E = $, and 
the main contributor to the integral will occur there. The 
"delta-function" is then

[1-F($-E)]F($-E) = F'(*-E). (3.32)

This function, the derivative of the Fermi equation, is 
sharply peaked about E = $, with a maximum value of 1/4, a 
width of 4kT, and an area equal to kT. Using this as the 
"delta function," both (3.9) and (3.10) reduce to

V  = 2-jp-T |H(») |2 Dg (»)Dr (t+e(i.e) . (3.33)

A more elaborate approximation is given by Gerischer 
(1960b) in his original derivation.

If the electrode is a semiconductor, then $ lies in 
the bandgap and D^(E) = 0 when E = $. The main contribu
tions to the integral will come at the band eges E^ and 
E^, rather than at the Fermi level. Separate exchange 
currents exist in the valence and conduction bands. The 
exchange-current integrals can be approximately evaluated 
by the use of the "delta functions"

Ds(E)F($-E) (conduction band)

Ds(E)[1-F($-E)] (valence band).

The integral of the conduction-band delta-function (which 
has its peak at Ê ,, approximately) is the equilibrium 
electron concentration at the surface of the electrode.
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denoted by . The valence-band delta-function is peaked 
at approximately E^, and has an area equal to pg, the hole 
concentration at the surface. The approximate exchange 
currents are thus:

^  |2 Dr (EC)ns <3"34>

lH(V  ̂ WPs- (3-35)
Current-Overpotential Relations 

To evaluate (3.31) when n 7̂  0, additional approxi
mations are required. The most important, suggested by 
Gerischer (1960b, 1961), is to expand D (E +n) in a Taylor 
series about ER, thereby introducing the symmetry factor 
6 . For a metal, the result is:

i ' = V  {exp[(1-3)A] - exp(-BA)}, (3.36)

where A = en/kT is the dimensionless overpotential. In the
harmonic oscillator approximation, the symmetry factor is

E —E E —E,
6  =  =  1  +  • ( 3 - 3 7 )

Then, since E_ = AU = E + L = E - L, it turns out that R o ao do
8 = 1/2.

Equation (3.36) gives the current due to a single 
charge-transfer step. It should be noted that the exchange 
current i' depends on the concentration of reacting species
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through D (E ). The effect of the concentrations can be
accounted for, and the overall current due to the entire 
reaction sequence calculated, by the method of Bockris and 
Reddy (1970). The result is:

i = iQ [exp(aA) - exp(-aA)], (3.38)

where the transfer coefficients a, a are related to the 
symmetry factor, and iQ is related to V . For details, the 
reader is referred to Bockris and Reddy (1970) , Chapter 9.

In order to obtain a reasonably simple expression 
for the cell current-voltage relationship, Equation (3.38) 
will be approximated by:

r

i (A) =
any negative value if A < - A
0 if - Ac < A < A^
any positive value if A >_ A^. (3.39)

This approximation is shown in Figure 44. Such an approxi
mation is, of course unnecessary for computer studies.

A similar derivation can be carried out for the 
current-overpotential relative at a semiconductor electrode 
The result is

1 = ^  + ip , (3.40)

where i^ is the current due to charge exchange with the 
conduction band, and i^ is due to charge exchange with 
the valence band. These currents are:
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Figure 44. i-A relation for an idealized metal electrode.
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n = inQ[exp(acpA) - —  exp(-a^pA)] (3.41)i

i P*
p = ipo[p“ exp(otypA) - exp(-avpA) ] (3.42)

where p is the fraction of the interface potential which 
occurs in the electrolyte (for a metal, p=l), and n*, p* 
are the non-equilibrium carrier concentrations at the 
electrode surface.

the transfer coefficients , a.̂ , a^, and and the
exchange currents i and i . The main differences are:no po

1. The symmetry factors Bc and By (on which the a^'s 
and oty's depend) are evaluated at the conduction- 
and valence-band edges, respectively, rather than 
at the redox level. Because of this, they are not 
equal to 1 /2 .

2. The exchange currents depend exponentially on the 
difference between the conduction-band edge 
(electron affinity) of the semiconductor, and the 
redox level of the electrolyte:

Expressions similar to those for the metal hold for

(3.43)

(3.44)

Thus, by making the electron affinity smaller than
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the redox level, the ratio i /i can be madepo no
large. It will be shown that this lowers the
threshold voltage at which a photocurrent can flow.

3. For a wide-bandgap semiconductor, different redox
couples may enter into the determination of the
conductor-band parameters oĉ, and inC)/ and the
valence-band parameters olt and i . This isV no
illustrated in Figure 45.

To bring out the dependence of n*/n^ and p*/ps on 
n, it will be assumed that the excess carriers are in 
quasi-equilibrium, so that Boltzmann statistics apply. Then

ns n* exp[-(1-p)A] (3.45)
s

Pg P *—— - — - exp[+(1-p)A] , (3.46)
ps p

where n, p, n*, p* represent carrier concentrations in the 
bulk.

Following Dewald (1959), we shall find the ratios 
n*/n and p*/p at the inside edge of the space-charge layer 
of an illuminated electrode. The derivation will be done 
for n-type material (a parallel derivation can be given 
for p-type).

Assuming low-level injection, the majority-carrier 
concentration is unaffected by illumination, thus

n* = n . (3.47)
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Figure 45. Current integrals at semiconductor electrolyte 
interface, in which the conduction- and 
valence-band components involve different 
redox couples —  Only equilibrium is shown.
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The minority-carrier concentration will, however, rise sig
nificantly. To find a relation between p* and p, an equa
tion expressing the steady-state minority-carrier balance 
on the space-charge layer is written:

Net pair generation Minority-carrier flux 
rate within space = out of space-charge 
charge layer layer.

The result is

where
= 1 +  & (3.48)

iL = Yl (3.49)
L

ig = + Vg)ep. (3.50)
P

I is the intensity of the illumination, and y is a factor 
converting this to an equivalent current:

ee: A
y g_ tl„ exp(-aw) ] _ (3.51)

he 1+aLP
is the most important factor affecting y; it is the 

fraction of the incident radiation with energy greater tnan 
the bandgap of the material. A is a mean wavelength of the 
incident radiation, and a is a mean absorption length.
The width of the space-charge layer is w. is the hole
diffusion length in semiconductor, the hole lifetime, vg 
the surface recombination velocity, and p the equilibrium 
hole concentration in the bulk.
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The expressions for the conduction and valence band 

currents .are:
in = ino[exp aA - exp(-bA)] (3.52)

1 + - exp (-cA)
^  = ipo{   I } (3‘53)

exp (-dA) + P°-
s

where a, b, c, d are constants related to p and the four 
a's (transfer coefficients) for the semiconductor:

a = pac (3.54)

b = l-p+pac (3.55)

c = 1-p+p (ctv+av) (3.56)

d = 1 - p + pa^. (3.57)

Equations (3.40) , (3.52), and (3.53) represent the
i-A relation for one semiconductor. This is shown 
schematically in Figure 46. The overpotential Aq is de
fined by

i(-AQ) = 0. (3.58)

Aq is thus the open-circuit steady-state photopotential 
which appears at the illuminated interface due to the 
presence of light-generated excess carriers. This photo
potential can provide some or all of the driving force for 
electrolysis.
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Figure 46. i-A relation for an n-type semiconductor 
electrode.
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To find an expression for Aq, it is necessary to 

solve Equation (3.58). To get an idea what factors in
fluence it can be assumed that p = 0. One can then
solve for A ; the result shows that A can be increased by o o
increasing i /i , which can be done by decreasing thepo no u 3

electron affinity of the electrode compared to the redox
level of the electrolyte.

Thus, in our model, the current density attainable
on the semiconductor is determined mainly by the bandgap
(through its effect on e and hence i ); and the thresholdG Li
potential is determined mainly by the electron affinity
(through its effect on i /i and hence A ).po no o

The cell current-voltage characteristic is obtained 
by combining Equations (3.39), (3.49), (3.52), and (3.53)
according to Equation (3.2). The result is simply the 
semiconductor current-overpotential characteristic split 
into two branches, the threshold voltages of which depend 
on the cell decomposition voltage vq (modified by any 
galvanic potential v which may exist due to a pH differ
ence between the electrode compartments), the metal over
potentials A^ and A^, and the photophotential Aq . Thus:

i, (v-w ) if v > v ,L T —  +

i (v) = 0 if v < v < v ,—  +

i_ (v+co_) if v £ v_, (3.59)

where v = eV/kT is the dimensionless cell voltage, i^ is
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given by Equations (3.40), (3.52), and (3.53); and

a) = v - v + A + o g c
w = v + v + A- o g a
v+ = w+ - Ao

v = -co — A .- - o

Comparison with Experiment 
For comparison with experiment, the negative- and 

positive-current branches of Equation (3.59) will be con
sidered separately. For v << v_, the negative current 
branch reduces to

i(v) = -ipQCexp[-(c-d)v]

-inQ B exp(-bv). (3.64)

A simple exponential relationship exists if one of the 
terms in Equation (3.64) is dominant. Figure 4 7 shows that 
such a relationship is obtained experimentally.

For v > v+, the current is positive. This branch 
of the current-voltage characteristic can be conveniently 
compared with experiment as follows. The current- 
ill uminati on (i-I) characteristic at fixed voltage is 
plotted for several different values of the cell voltage. 
The slope of this characteristic can be used to compute 
a quantity which should vary exponentially with cell 
voltage. At fixed voltage, the current given by Equation

(3.60)

(3.61)

(3.62)

(3.63)
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Figure 47. Plot of £n |i| vs. |V|, for negative V, for 
the same cells as in Figure 48.



(3.53) increases linearly with illumination intensity I. 
The slope of the i-I characteristic at fixed v is

Figure 48 shows that such a relationship is obtained 
experimentally.

with the twelve observations made in Chapter 7:
1. There is no photoeffect when the oxide electrode is

that majority carriers, whose concentration is unaffected 
by illumination, are consumed by the cathodic reaction.

2. When the oxide electrode is biased anodically, 
the current reaches a plateau (saturates) at 
intermediate cell voltages.

(3.65)

where

iLo = is (exp(cu)+)-l] (3.66)

D = exp (-dw+) . (3.67)

Rearranging Equation (3.65) leads to

F(v) iLO + is D exp(-dv). (3.68)y - r ( v ) ipo

The results of this chapter will now be compared

biased cathodically.

This is evident in Equation (3.64). The reason is
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Figure 48. Plot of T(V)/ (y-F(v)) vs. V for positive V, 
for the cells (a) TiOx/1 M H^SO^/Pt, and (b) 
WOx/1 M H^SO^/Pt —  The data are taken from 
Figures 23 and 34.
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This behavior is exhibited by Equation (3.53). The 

reason is that the current is limited by the diffusion- 
controlled flow of minority carriers in the bulk of the 
electrode.

3. The magnitude of the saturation current is pro
portional to the intensity of the illumination.

The current at a given cell voltage is proportional 
to the illumination intensity, the constant of proportion
ality being F(v):

i (v ) = r(v) I + id (v), (3.69)

where i^ (v) is the current which flows in the dark. The 
reason for Equation (3.69) is that the anodic reaction rate 
is proportional to the minority carrier (hole) concentra
tion at the surface, which in turn is proportional to 
illumination intensity.

4. At high cell voltages the saturation is broken, and 
the current increases rapidly, independent of light 
intensity.

This probably occurs because at high voltages the 
anodic reaction can proceed by charge exchange with the 
conduction band rather than the valence band. There are 
two possible mechanisms for this, only one of which is 
included in Equation (3.59). This is the effect of the 
fraction of the overpotential which appears across the
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Helmholtz layer. The other reason, probably more important, 
is tunnelling across the space-charge layer (Pettinger, 
Schoppel, and Gerischer 1974; Pettinger, Schoppel,
Yokoyama, and Gerischer 1974; Boddy 1968). This has not 
been included in the present theory.

It should be noted also that the positive current 
increase is less pronounced in double-compartment than in 
single-compartment cells. This may be due to the different 
potential distributions in the two kinds of cells. The 
porous plugs of double-compartment cells are regions of 
relatively low conductivity, which may take up most of the 
cell potential once current has started to flow.

5. For a given illumination intensity, the saturation 
current is higher for an alkaline electrolyte than 
for an acid.

Equation (3.65) shows that if i ^  is small compared 
to the other term in the denominator, then

yi
r ~ i— pv ~i-  • (3.70)LO S

Since i ^  increases with pH, F does also.
6 . The threshold voltage changes very little with 

light intensity.

According to Equation (3.58) this is true if
i _/i _ is much larger than i /i . The physical reason, as po no ju s
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suggested earlier, is as follows: the photovoltage cannot
increase much beyond the point at which negative ions in
solution can be discharged by holes, because this process
limits the hole concentration. The limiting effect is
strong if i^o is large. The hole concentration is also
limited by recombination with electrons. This effect is
enhanced if the concentration of electrons is high, which
will be true if they are unable to discharge positive ions
in solution, i.e., if inQ is small. Thus the combination
of large i and small i causes the hole concentration, ̂ po no
and hence the photovoltage, to become fixed at its threshold 
value, independent of light intensity.

7. The threshold voltage shifts to lower values as 
the pH of the electrolyte is increased.

Increasing the pH increases the solution redox
level Er which, according to Equations (3.43) and (3.44),
increases i /i . This increases A , thus reducing the po no o 3

threshold voltage v , according to Equation (3.62).
8 . A pH difference between compartments gives rise to 

a proportional shift in the threshold voltage.

This occurs because a pH difference creates a 
galvanic cell potential v^, which shifts the threshold 
according to Equations (3.60) and (3.62).

9. The threshold voltage is shifted to lower values 
by the addition of copper ions.
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Adding copper ions, like increasing the pH, in

creases Er. The cause is thus the same as that of 7 above.
10. The slope of the i vs. I curve is increased by

the addition of copper ions.

This effect is similar to that remarked in 5 above,
and a similar explanation is postulated. Adding copper
ions increases E„, which increases i . Furthermore, iTR po Lo
is decreased because the decomposition potential vq for 
copper electrowinning is less than that for water electrol
ysis. According to (3.70), both of these factors will 
tend to increase T.

11. The slope of the i vs. I curve is greater for WOx 
than for TiOx.

As noted earlier, the bandgap is less for WOx than 
for TiOx; consequently, , and hence T, is greater.

12. At low current densities, the cell current at fixed 
voltage is proportional to the illuminated anode 
area, but independent of the cathode area.

The anode current saturates because of minority 
carrier transport limitations, whereas the cathode current, 
having no such limitations, increases exponentially. 
Consequently the anode overpotential dominates until the 
cathod current density is very large.



CHAPTER 4

CONCLUSION

An experimental and theoretical study has been made 
of the current-voltage characteristics of photoelectrolysis 
and photoelectrowinning cells using oxidized metal 
electrodes. Emphasis has been on the application of these 
cells to the utilization of solar energy. The main results 
of this study are:

1. Photoelectrolysis can be applied to the production 
of copper as well as hydrogen.

2. Tungsten as well as titanium can be oxidized to 
make a photosensitive electrode. The current 
densities obtained using oxidized tungsten are 
higher because the bandgap is smaller.

3. A theory of the current-voltage characteristics of 
photoelectrolysis cells has been developed, based 
on Gerischer1s quantum theory of electrolysis.
The theory predicts the main features observed 
experimentally.

The practical application of photoelectrolysis re
quires the discovery of electrode materials on which higher 
current densities are possible under terrestrial insolation. 
A systematic search for such materials has been initiated
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by surveying eighteen oxidized metals. The superior per
formance -of tungsten over titanium is encouraging, but not 
sufficient to make the process economical. Future research 
should continue, as its first priority, the search for new 
electrode materials. The gueston of why our oxidized ion 
electrodes were unstable should be resolved. The search 
should be extended to oxidized metal alloys, and to 
materials other than oxides, such as metal sulfides, 
carbides, and nitrides. A critical review of the litera
ture of these inorganic materials, with special reference 
to values of the bandgap, electron affinity, and conduc
tivity type, would be useful.

Additional experimental work should be done to 
develop the theory of photoelectrolysis. Many of the 
explanations offered in this thesis are frankly speculative 
to test them, measurements must be made of the parameters 
in the theory. Electrolyte quantities which should be 
measured are concentrations, redox potential, and re
organization energies. Electrode quantities are bandgap, 
work,function, electron affinity, and conductivity. An 
attempt should be made to determine the reaction mechanism;

The theory should be developed to the point that 
the i-V characteristics of photoelectrolysis cells can be 
predicted with confidence from the basic parameters of the 
cell materials. Such a theory could be used to estimate 
the optimum values of these parameters, to assess the
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ultimate potential of photoelectrolysis and photoelectro- 
winning as practical processes for the utilization of solar 
energy, and to guide the search for new materials that will 
fully utilize this potential.



LIST OF SYMBOLS

Symbol Definition
A Acceptor species
a Mean spectral absorption function
c Concentration
ca Concentration of acceptor species per unit area

in Helmholtz plane
c^ Concentration of donor species per unit area in

Helmholtz plane
D Donor species
D^ Density of unoccupied (acceptor redox states
D^ Density of occupied (donor) redox states
De Density of occupied (electron) electrode states
D^ Density of unoccupied (hole) electrode states
D̂ _ Density of redox states
0^ Density of states in electrode
E Electron energy, measured downward from vacuum

level
<5 Electrode potential
e Electron charge

Ea Activation energy

Eao Electronic ground-state energy of acceptor molecule

Ec Conduction band edge

Edo Electronic ground-state energy of donor molecule

ER Redox level

108



109
Symbol Definition
Ey Valence band edge
F Fermi distribution function
H Transition matrix element
I Light intensity (after reflection)
I Current
i Current density
i^ Anodic current density
±2 Cathodic current density
i 1 Current density due to a single step of a multi-

step reaction
i^ Dark current
iL Current equivalent of light intensity
iLo Current equivalent of minimum illumination inten

sity for positive valence-band current
i Conduction-band currentn
i Conduction-band exchange currentno
i Valence-band currentP
i _ Valence-band exchange currentpo
i Current equivalent of diffusion plus surface re

combination constants
L Reorganization energy
Lp Hole diffusion length
n Number of electrons transferred in electrode

half-reaction
n Electron free-carrier concentration in bulk
n* Electron free-carrier concentration under illumina

tion



Definition
Electron free-carrier concentration at surface
Hole free-carrier concentration in bulk
Hole free-carrier concentration under illumination
Hole free-carrier concentration at surface
Strength of delta-well potential
Resistance
Cell voltage
Decomposition voltage
Surface recombination velocity
Transition probability per unit time
Width of Helmholtz layer
Width of space-charge layer
Partition function for molecular vibration states 
Anodic transfer coefficient 
Cathodic transfer coefficient 
Symmetry factor
Conversion factor from light intensity to light 

current
Slope of i vs. I characteristic at constant voltage 
Dimensionless overpotential
Dimensionless anodic overpotential on metal 

electrode
Dimensionless cathodic overpotential on metal 

electrode
Dimensionless negative overpotential on illuminated 

electrode



1 1 1

Symbol Definition

CG Fraction of photons with energy 
landgap

greater than

n Electrode overpotential
T Mean wavelength of net incident radiation

y Chemical potential
p Fraction of interface potential on electrolyte side
V Dimensionless cell voltage

Dimensionless onset voltage for positive current
0) Dimensionless onset voltage for negative current

Vo Dimensionless decomposition voltage
V g Dimensionless galvanic voltage
0 Work function
4) Interface potential

Equilibrium interface potential

w+ Dimensionless voltage shift for positive current
w_ Dimensionless voltage shift for negative current
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