the radar images. Thus, in contrast to oth-
er regions on Venus, where craters seem
to imply a quiescent surface history, this
portion of the planet appears to have ex-
perienced tectonic modification at least
as severe as that seen on Mars, and per-
haps similar to that associated with ter-
restrial plate tectonic activity.

Summary. The recent radar images of
Venus suggest the following features and
interpretations.

1) Circular features'in some areas may
be of impact origin. If so, their existence
implies relatively quiescent surface modi-
fication processes.

2) A great trough-like depression near
0°,76°W suggests extensional tectonic ac-
tivity.

3) Two types of central volcanism (one
forming single large constructs and one
forming clusters of smaller peaks) are
suggested by the interpretation of fea-
tures near 10°S,40°W and 10°S,10°E.

4) A region of mountainous terrain and
sharply defined lineaments may indicate
compressional tectonism, although ex-
tension could also explain these features.

5) Large expanses of moderate or high
reflectivity suggest bouldery surfaces, a
point well illustrated by images of the sur-
face of Venus returned by the Soviet
spacecraft Venera 9 and Venera 10.

In conclusion, the radar images in part
seem to indicate that some regions of Ve-
nus have remained little altered since a
period of intense bombardment similar to
that recorded by the many large impact
craters on the moon, Mercury, and Mars.
On the other hand, there is evidence in
other regions that Venus has been a geo-
logically active planet, forming diverse
landforms, and perhaps rivaling the earth
in the breadth of features portrayed on its
surface. The possibility of studying fea-
tures remarkably like those on the earth
make Venus an exciting candidate for fu-
ture exploration.

MicHAEL C. MALIN
R. STEPHEN SAUNDERS
Planetology and Oceanography Section,
Jet Propulsion Laboratory,
California Institute of Technology,
Pasadena 91103
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Photoassisted Electrolysis of Water by Visible
Irradiation of a p-Type Gallium Phosphide Electrode

Abstract. Photoelectrolytic decomposition of water with visible irradiation is dem-
onstrated in a cell made of p-type gallium phosphide as the cathode and platinum as
the anode. A maximum energy conversion efficiency of 0.1 percent is achieved with an
external bias of 1.3 volts. The stability of the electrode is demonstrated, and the results
are discussed in terms of a composite energy diagram.

Of the various schemes to convert solar
energy into chemical energy, photoas-
sisted electrolysis of water is beginning to
show promise as a practical method. Pho-
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toassisted electrolysis of water by ul-
traviolet irradiation of n-type semicon-
ductor electrodes has been demonstrated
in a number of systems (I, 2). The signifi-
cance of a photoelectrolytic device for
the conversion and storage of solar ener-
gy was emphasized in a number of publi-
cations during the last few years (3). Such
a system must fulfill three basic require-
ments: (i) it must bring about the light-

Fig. 1. Current-voltage and conversion effi-
ciency-voltage diagrams for a cell made of Zn-
dopped GaP, (111) as the cathode and Pt foil
as the anode. The electrolyte was 1072M
NaOH + 0.5M Na,SO,. The light source was

an attenuated, water-filtered, 75-watt Xe lamp.
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induced decomposition of water to H,
and O,; (ii) it must exhibit catalytic be-
havior, with water being the only con-
sumed product; and (iii) it must have posi-
tive energy conversion efficiency for so-
lar radiation.

We have found that an electrochemical
cell with p-type GaP as the cathode and
Pt foil as the anode meets all three re-
quirements. This cell configuration differs
from earlier cells (¢) in which n-TiO, and
p-GaP electrodes were used. The current-
voltage behavior of a Pt p-type GaP cell
is shown in Fig. 1. The onset of the dark
electrolysis occurs at about 1.7 volts,
whereas the onset of the light-assisted
electrolysis occurs at about 1.0 volt and
saturates at about 1.4 volts. The current
saturation level is proportional to the light
intensity. When current flowed in the sys-
tem, a strong evolution of H, on the cath-
odic-biased GaP electrode and of O, on
the Pt electrode was observed.

The energy conversion efficiency of ra-
diant energy into chemical energy, n, was
calculated according to the following for-
mula (2):

_ 1. (1.48 — V) X 100
1,

where [ is the current flowing in the sys-
tem (in milliamperes per square centime-
ter), V is the cathodic bias on the GaP
electrode, and I, is the intensity of the
light incident on the sample (in milliwatts
per square centimeter). The 1.48 term is
derived from the heat of formation of wa-
ter at 25°C. Therefore, with respect to the
conversion of solar energy into chemical
energy, the efficiency will be positive for
applied voltages less than 1.48 volts. This
means that for an applied voltage of less
than 1.48 volts, the energy of combustion
of the photolytically formed H, will be
greater than the electrical energy sup-
plied to the photoelectrolysis system. Of
course, any practical system for solar en-
ergy conversion will have to take into ac-
count the associative efficiencies of the
subsequent use of the H,; we are con-
cerned here only with the chemical ener-
gy available in the H,. The conversion ef-
ficiency, for a water-filtered, 75-watt Xe
light source, as a function of the applied
voltage, is also shown in Fig. 1. The effi-
ciency peaks at ~ 0.1 percent for a 1.3-
volt bias. The p-type GaP cathode was a
(111) surface of a Zn-doped crystal grown
by aliquid encapsulation method (5) with
a carrier concentration of 10'® holes per
cubic centimeter and a resistivity of 0.01
ohm-cm. This resistivity is much too low
to account for the photoeffect we see in
terms of simple photoconductivity.
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We checked the stability of the elec-
trode by passing 100 coulombs of elec-
tricity, using a high-intensity light source
which produced an average current den-
sity of S ma/cm?2. Under these conditions
the sample did not show any signs of dis-
solution or corrosion. The mirrorlike sur-
face showed no visible alteration, and no
measurable change in sample weight was
found; atomic absorption spectroscopy
revealed that less than 1.5 X 10~7 mole of
Ga was present in the 0.5M H,SO, elec-
trolyte. We did not observe any signifi-
cant changes in performance with chang-
ing pH. However, significant changes
were observed as a function of crystal
preparation, doping level, surface condi-
tion, and orientation.

The current-potential curves of the
GaP electrode and the Pt electrode were
measured against standard calomel elec-
trodes. From this information and the
flat-band potentials measured by Mem-
ming (6), the combined energy diagram
given in Fig. 2 was constructed.

It can be seen from Fig. 2 that the bias is
needed, both to lower the Fermi level of
the Pt electrode below its overpotential
for O, evolution and to increase the band-
bending of the GaP. The fact that it is nec-
essary to increase the band-bending from
about 0.5 to about 1.0 volt in order to
achieve photocurrent saturation indi-
cates that the GaP crystals used in these
experiments had very poor diffusion
lengths for the minority carriers. Current
saturation would be expected to occur
at about 1.0 volt of bias for higher-qual-
ity GaP. Similar studies were made on p-
type GaAs, InP, and GaAlAs, but all of
these required higher applied voltage for
photoelectrolysis. Clearly, more efficient
devices, based on p-type semiconductor
electrodes, will require flat-band poten-
tials that are more positive than the O,
electrode and smaller band-bending nec-

essary to achieve the light-limiting charge
separation.

Since we have been able to determine
the combined energy diagram for the Pt
p-type GaP system, we can estimate the
theoretical limits of this system for GaP
electrodes with a quantum efficiency for
charge separation of unity with the band-
bending at zero bias condition. For Air
Mass 2 solar irradiance, I, = 74 mw/cm?;
I, should be about 7.5 ma/cm? (7) and V
should be about 1 volt in order to produce
aconversion efficiency of about 4 to 5 per-
cent. ‘

MicHA ToMKIEWICZ*
JERRY M. WOODALL
T. J. Watson Research Center,
International Business Machines
Corporation, Yorktown Heights,
New York 10598
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