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Abstract: Irradiation of an n-type semiconductor SrTiO; electrode in an electrochemical cell is shown to result in the sus-
tained conversion of H,O to H; and Os. In 9.5 M NaOH oxidation occurs at the photoelectrode at potentials more positive
thanca. —1.3 V vs. a saturated calomel electrode (SCE), and H; evolution is observed at the Pt electrode which is not illumi-
nated. Results reported herein show for the first time that the electrolysis of H,O can be driven photochemically without any
external bias. The photoeffect obtains upon irradiation with light of shorter wavelength than 390 nm which corresponds
closely to the known absorption edge for the valence band to conduction band transition in SrTiO;. The photocurrent reaches
its maximum value near 330 nm and the response is nearly constant with increasing excitation energy. Quantum efficiency
for electron flow is found to be 1.0 + 0.20 upon irradiation with light of shorter wavelength than 330 nm at applied potentials
of 21.5 V. Current efficiency is excellent, producing H; and O; in the correct stoichiometric ratios. Photoelectrode stability
has been confirmed by experiments carried out in oxygen-18 labeled H,O and by the lack of weight loss in the SrTiOs.

Sustained, photoinduced conversion of H>O to Hy and O»
using electrodes as photoassistance agents has recently been
demonstrated using either Sb-doped SnO,? or reduced
TiO,* as the photoelectrode. These n-type semiconductor
electrodes of the rutile structure® are unique in that they do
not undergo decomposition upon irradiation when used as a
photoelectrode in aqueous media.® Photoeffects on semicon-
ductor electrodes have been studied for some time,” and the
initial results with TiO,® have sparked considerable inter-
est*8-11 in this material as a possible candidate for the pho-
toelectrode in optical to chemical energy conversions using
photoelectrochemical cells. In this report we present our re-
sults for a reduced SrTiO; photoelectrode which show that
it will also serve as a photoelectrode for the electrolysis of
H,O, reaction 1.

HzO“’H2+ l/202 (1)

Like TiO; and SnO,, SrTiO; is extremely robust, and this
reasoning alone led to our initial optimism concerning the
prospects for its use as photoelectrode material. The SrTiO3
has the simple cubic perovskite structure,'? and when re-
duced is an n-type semiconductor.

Naturally, stability alone does not ensure that an elec-
trode will be an optimum photoelectrode. Two other proper-
ties will define the efficiency of any electrode system used
as a photoassistance agent in an optical to chemical energy
conversion. One property of concern is the excitation wave-
length necessary to run the reaction and the other is the en-
ergy required from an external power supply (other than
the light). It is the hope of the investigators in this field that
these three properties (stability, wavelength response, and
current-voltage) can be manipulated to create an efficient
device. Substantial photocurrent can be expected from a
semiconductor photoelectrode by a valence band (VB) to
conduction band (CB) transition, and typically onset of
photoeffects corresponds to the absorption edge of the VB
— CB transition. At standard conditions H,O can be re-
versibly electrolyzed at a potential of 1.23 V, but the sus-
tained electrolysis may require ~1.5 V. Thus, an optimum
photoelectrode would have a band gap (here taken to be
equal to the VB — CB absorption edge) which is not small-
er than 1.5 eV. However, a value substantially larger can
“waste’” light energy into heat.

With regard to applied potentials from an external power

Scheme I

electrolyte
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supply in a photoelectrochemical cell (refer to Figure 1),
net optical to chemical energy conversion obtains when the
applied potential is less than 1.23 V. Ideally, a photoelectro-
chemical cell should operate with no external bias. For a
semiconductor having a band gap larger than 1.5 eV the ap-
plication of a potential is theoretically not necessary, but
may be required to overcome cell impedances. Also, an ap-
plied potential may be required to achieve an effective de-
pletion region at the surface of the electrode exposed to the
electrolyte. It is known that a positive bias on an n-type
semiconductor is favorable for the observation of photocur-
rents since the minority charge carriers, holes (h*), tend to
go to the surface while the electrons (e™) go toward the
bulk of the semiconductor, Scheme 1.7 Such inhibition of
h*-e~ recombination is seemingly a requirement in any ef-
ficient photoinduced electron transfer process which is en-
dothermic. Neither TiO, (band gap = 3.0)!3 nor SnO;
(band gap ~ 3.5)'4 has been shown to efficiently photoassist
reaction 1 at zero bias. In this report we show that SrTiO;
(band gap = 3.2-3.4)!3 is nearly equivalent to TiO; and su-
perior to SnO; with respect to wavelength response, and
with respect to current-voltage properties SrTiOj is superi-
or to either TiO; or SnO;. To our knowledge, this repre-
sents the first study of SrTiO; as the photoelectrode in an
electrochemical cell.

Results

a. Apparatus and Electrodes. All experiments have been
carried out using a photoelectrochemical cell as shown in
Figure 1. The Pt electrode has typically been a piece of Pt
wire about 50 mm long and 1 mm in diameter. The variable
applied potential source used was a Hewlett-Packard Model
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Figure 1. A typical photoelectrochemical cell. This is the type of cell
used in the present work except that the SCE was often not present in
the circuit.

6241A. Potential of the Pt or SrTiO; electrodes relative to
the saturated calomel electrode (SCE) was monitored using
a Hewlett-Packard Model 7044A x-y recorder and the cur-
rent was measured by monitoring the potential drop across
a resistor of a known value (typically 100 Q) using either a
Varian Model A-25 recorder or the x-y recorder. The irra-
diation source has been either a (1) Spectra Physics Model
164 argon ion laser tuned to the 351, 364 nm doublet emis-
sion or (2) a Bausch and Lomb mercury light source
equipped with a 200-W Osram superhigh-pressure Hg arc
lamp focused onto the photoelectrode. Quantum efficiency
measurements were done using the laser source or the
Bausch and Lomb source fitted with a monochromator.
When the full output of the Bausch and Lomb source was
used, 18 cm of H,O was employed to filter out near-ir irra-
diation to prevent excessive heating of the photoelectrode.
In all cases where light intensities were measured ferrioxa-
late chemical actinometry!'¢ was used.

The SrTiO; was single-crystal material typically about 5
X 5 X | mm in dimensions for most experiments. A powder
pattern confirmed its identity.!” Semiconductivity of the
SrTiO; was achieved by reduction with H, for 4 h at
1050-1100 °C. The resulting crystal is blue-black in ap-
pearance. A gallium-indium eutectic was rubbed onto the 5
X S surface of the SrTiO3z and a copper wire was attached
to this using conducting silver epoxy. The exposed metal
was insulated by coating with a generous amount of ordi-
nary epoxy. The electrode was encased in a glass tube in
order to maintain its position in the cell. Data were collect-
ed using electrodes prepared from four different crystals of
SrTiOs; designated as A, B, C, and D.

Relative photocurrent as a function of incident wave-
length has been determined by using the excitation optics of
an Aminco-Bowman SPF-2 emission spectrometer equipped
with a 150-W Xenon excitation lamp. The photoelectro-
chemical cell was simply positioned in the sample compart-
ment of the Aminco such that the SrTiOs electrode was in
the light beam. Correction of the response curve for varia-
tion in light intensity striking the electrode was accom-
plished by determining the relative light intensity at the
sample in the 230-600-nm range using rhodamine B as a
quantum counter.!?

b. Stoichiometry and Electrode Stability. When the
SrTiO3 n-type semiconductor electrode in a cell as in Fig-
ure 1 is irradiated, current flows such that electrons flow
from the SrTiO; towards the Pt electrode. In 9.5 M NaOH
gas evolution at each electrode is very obvious when the ap-
plied potential (+ lead to SrTiO;) exceeds ~0.05 V (corre-
sponding to an onset of photocurrent at an applied voltage
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Table I. SrTiOj; Electrode Stability?
Expt Crys- SrTiO3 weight, g Moles of SrTiO3 Mog: of
no. tal Before After Before After evolved
1 A 0.0599 0.0593 3.26 X 3.23 X 1.53 X
1074 10—4 10—4
2 B 0.1669 0.1635 9.26 X 8.91 X 5.99 X
10—4 104 104
3 C 0.3097 0.3097 1.69 X 1.69 X 1.70 X
1073 10-3 10—4
4 D 0.3734 0.3739 2.04 X 2.04 X 1.55 X
1073 10-3 10-3

@ These data were collected under variable conditions but at ap-
plied potentials of less than 3.0 V and where the stoichiometry was
shown to correspond to the electrolysis of H,0.

of SrTiOs of —1.3 V vs. SCE, vide infra). We have observed
absolute photocurrents of ~150 mA and current densities of
over 200 mA /cm?. These currents, as far as we can tell,
could be increased by increasing the light intensity. Using a
cell without the SCE, purged with Ar, sealed, and fitted
with gas collection chambers over both Pt and SrTiO;, we
have been able to determine the identity of the gases by
mass spectroscopy with a Hitachi-Perkin-Elmer RMU-6
mass spectrometer. With 9.5 M NaOH in H»'*0/H,0 (Y%
by volume) as solvent, H; is evolved at the Pt electrode and
a mixture of isotopes of O; are evolved at the SrTiO;. The
statistical ratio of gases expected is '®0, (100), '6Q!'8Q
(40.4), and 180, (2.4), and we found 'O, (100), 16080
(36.6), and 80, (3.8). The oxygen-18 labeling experiment
confirms that H,O is being oxidized and the O, evolved is
not coming from decomposition of the SrTiO;. Electrode
stability was confirmed directly by measuring weight loss of
a SrTiO; crystal for situations where the amount of O,
evolved is of the same order of magnitude as the amount po-
tentially available from the semiconductor. The results are
shown in Table I. Actually, the resiliency of the SrTiQ; is
much larger than that reflected by the data in Table 1. The
weight loss in the crystal is likely due to the partial loss of
material when the SrTiO; crystal is recovered from the
electrode and the gallium-indium eutectic and epoxy are
scraped from the surface. No SrTiO; photoelectrode has
ceased operating due to decomposition of the SrTiO;. The
major problems associated with maintaining a constant
photocurrent for a long period are (1) variations in excita-
tion source intensity, and (2) deterioration of the epoxy in-
sulation followed by chemical attack on the silver epoxy,
gallium-indium eutectic, or copper wire. By all reasonable
measures, the SrTiO3 is indestructible under conditions
where the electrolysis of H,0 can be photoassisted.

Data in Table II show several sets of stoichiometric mea-
surements for integrated current, H, production, and O,
production. In strongly alkaline solutions the ratio of moles
of electrons to moles of H, to moles of O3 is very nearly
4:2:1 as expected for the electrolysis of H,O, reaction 1. In
less alkaline media the electrons to H> balance remains
close to 2:1, but the amount of O, found is less than expect-
ed. We suspect that the deficiency of O can be accounted
for, at least in part, by the formation of H,O,. That is, reac-
tion 2 may obtain to some extent. Evidence for H,O; pro-
duction has been obtained in acidic solutions where H,O, is

2H20 - Hz + HzOz (2)

relatively stable. The H>O; was detected by an iodometric
titration!® and was found to account for a substantial frac-
tion of the O, deficiency. In more basic solutions H>O, does
decompose into O, and H,O but we would not have collect-

Wrighton et al. | Strontium Titanate Photoelectrodes



2776

Table II.  Stoichiometry of SrTi03 Photoassisted Electrolysis of H,O
Moles X 10*

Crys- Applied? Av current,¢ Irrdn
talé Electrolyte potential, V mA time, h Electrons H, 0,
A  9.5MNaOH 1.0 0.60 21.1 5.8 3.1 1.5
B 9.1 MNaOH 2.8 3.36 1.24 1.6 0.90 0.43
B 9.1 MNaOH 1.3 1.50 6.12 34 1.6 0.78
B 9.1 M NaOH 0.0 0.37 10.2 1.4 0.78 0.35
B 0.07 M NaOH 2.8 4.53 3.60 6.1 2.9 1.1
B 1.0 M HCIO, 1.0 1.0 5.75 2.1 1.1 0.37
C 9.1 MNaOH 1.0 3.60 3.00 4.0 2.1 0.92
C 9.1 M NaOH 0.0 0.13 65.0 32 1.7 0.78
D 9.1 M NaOH 0.5 19.2 8.4 60 32 16

@ Cf. Table I for weights of these crystals of SrTiOs. ? Positive lead to SrTiO;. ¢ Determined by measuring potential drop across a 100-Q
resistor in series. 4 Irradiation source is the full output (H,O filtered) of the super-pressure 200-W Hg lamp focused on the photoelectrode.
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Figure 2. Photocurrent vs. applied potential (+ lead to SrTiOs3) for
crystal B (Table I) in 9.5 M NaOH. Light source is the 200-W sup-
erhigh-pressure Hg lamp. The power supply is simply in series in the
external circuit.

ed the O, under the conditions of our experiments, since we
collect the Oy and Hj in 10-ml graduated cylinders immedi-
ately above the electrodes. In all cases, though, the stoichi-
ometry is fairly close to the expected, and at this point there
is every indication that the SrTiOs does serve as a photo-
assistance agent for the electrolysis of H,O.

¢. Current-Voltage Properties. First, the photocurrent as
a function of applied potential has been measured in 9.5 M
NaOH, Figure 2. As the applied potential (+ lead to
SrTiO3;) is increased, the observed photocurrent increases
rapidly, and at potentials exceeding ~2.0 V there is a con-
stant photocurrent. The paints to note here are: (1) there is
a reasonable photocurrent (~10% of the maximum) at zero
applied potential; (2) there is a sharp increase in the photo-
current with increasing applied potential, at 0.25 V ~50%
photoeffect obtains; (3) there is no increase in photocurrent
above 2.0 V. A perfect electrode system would show the
onset of a dark electrolytic decomposition of H,O at 1.23 V;
thus, the effect of light phenomenologically has been to re-
duce the required decomposition voltage to zero or less, but
the maximum photocurrent still does not obtain at zero ap-
plied potential. However, the results here for SrTiO; are
substantially better than those reported for TiO28 or SnO;.3
The current-voltage curve for SrTiO; (crystal B of Table I)
vs. SCE is shown in Figure 3 and shows an onset of photoef-
fect near —1.3 V in 9.5 M NaOH. The current-voltage
curve is independent of the excitation wavelength. The cur-
rent-voltage data given in Figures 2 and 3 show that the
onset of photocurrent for SrTiOs is at more negative po-
tentials and the photocurrent increases more sharply with

o
L4 +

Figure 3. Current-voltage curve for SrTiO; (crystal B). Potential of
SrTiO; photoelectrode is shown relative to the SCE. The solution is 9.5
M NaOH.

increasing applied potential than for either the TiO; or
Sn02.2°

We have had some difficulty in obtaining the now repro-
ducible data shown in Figures 2 and 3 and have traced the
problems, we feel, to instability of the SCE in 9.5 M NaOH
and to the manner in which the contact to the SrTiO; crys-
tal is made. The first data were recorded using a SrTiO;
electrode where the contact was made using the gallium-
indium eutectic and then attaching the copper wire using
the silver epoxy. The electrode was then demounted and
when reassembled the copper wire was attached with only
the silver epoxy. Without the gallium-indium -eutectic
backing, substantially higher potentials (~400 mV) were
required to make the electrode give the same photocurrents
as previously obtained. Demounting the crystal and putting
the gallium-indium backing on the crystal regenerated the
optimum current-voltage properties shown in Figures 2 and
3. At optimum conditions crystals C and D have current-
voltage curves similar to those given for crystal B. The point
of emphasis here is that cell impedances should be mini-
mized to achieve optimum current-voltage curves. The re-
sistances of the electrodes exhibiting optimum current-volt-
age properties have been determined to be quite small, 5
Q. The determination was made by first establishing a sec-
ond good contact to the electrode by rubbing the gallium-
indium eutectic onto the surface of the SrTiOj; typically ex-
posed to the electrolyte. The resistance was then measured
using a Simpson meter by attaching one probe to the copper
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Table IIL. Light Intensity Effect on Maximum Photocurrent®
Rel light Neutral® density ~ Max photocurrent,
intens screens, OD mA
1413 None 17.4
79.4 1.25 1.12
17.8 1.90 0.278
1.0 1.25 + 1.90¢ 0.017

@ Maximum photocurrent recorded in 9.5 M NaOH at an ap-
plied potential of 2.0 V (+ lead to SrTiO3). # Neutral density
screens having the indicated optical density were placed in the
light beam to vary the intensity striking the electrode. ¢ Two
screens placed ~2.5 cm apart in the light beam.

lead of the electrode and touching the other probe to the
gallium-indium contact.

At low light intensities the impedance to current flow
rests mainly in the fact that holes are not produced at a suf-
ficiently fast rate to allow a substantial current to flow. At
the high light intensity extreme, impedances to current flow
are just those associated with any conventional electro-
chemical cell, and variations in the circuit resistances would
be manifested as variations in the slope of the current-volt-
age curve in the region where the photocurrent increases
approximately linearly with increasing applied potential.
Since the 100-Q resistor used to measure the current may
be a significant resistance in the circuit, we determined a
decomposition current-voltage curve using a 5-, 15-, 100-,
and 8200-Q dropping resistor at a light intensity such that
the maximum photocurrent was ~5 mA. The 5- and 15-Q
resistors gave similar curves but each yielded a more steeply
rising photocurrent than the 100-Q resistor. For example, at
0.25 V applied the photocurrent with a 100-Q resistor was
44% of the maximum, while with the 15-Q resistor the 0.25
V applied yielded a photocurrent of 67% of the maximum.
As expected, the 8200-Q resistor was found to be a severe
impedance to current flow. At potentials where polarization
of the photoelectrode is complete it is expected that the cur-
rent will depend only on the light intensity. We find the
same relative photocurrent for the 5-, 15-, and 100-Q drop-
ping resistors above the potential where the electrode polar-
ization is complete, and additionally, the maximum photo-
current with a 15-Q dropping resistor varied nearly linearly
with a 1000-fold change in light intensity, Table III.

One point should be made firmly. The current-voltage
curves show that a sizable photocurrent obtains at zero ap-
plied potential. The electrode processes corresponding to
this current flow are the same as those occurring at the po-
tentials where the maximum photoeffect obtains. This con-
clusion is unequivocally established by data in Table II that
show that the stoichiometry at zero applied potential corre-
sponds to the electrolysis of HyO. Thus, the SrTiOs pho-
toelectrode is demonstrated to sustain the photoinduced
conversion of H,O to H; and O, without the need of an ex-
ternal bias. The stoichiometric determination is required
since it has been shown that photocurrents found at zero ap-
plied potential for TiO, may correspond to the reduction of
dissolved O»*!0 or other impurities* and not the reduction
of H,O.

d. Wavelength Response and Quantum Efficiency. The
band gap of SrTiO; corresponds reasonably well to the
onset of photocurrent that we find, Figure 4. The photocur-
rent for SrTiO; increases in the near-uv and levels off above
~330 nm. Like TiO,* and Sn0O,,? SrTiO; photoelectrodes,
then, do not efficiently use the solar irradiation. Moreover,
the threshold of 400 nm far exceeds the minimum energy
required for the photoelectrolysis of H,O. Photoresponse of
the SrTiOs, though, is at substantially lower energy than
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Figure 4. Relative photocurrent as a function of the wavelength of the
incident light for SrTiOj crystal D (a), C (b), and B (c). Data points
are taken every 10 nm and (O) are observed response and (®) are
values corrected for variation in incident light intensity with wave-
length.

SnO; and compares well with TiO,. It is interesting to note
that while the essential wavelength dependence of the three
SrTiOs crystals is invariant, there are some minor differ-
ences in the curves shown in Figure 4. We do not under-
stand the source of these fluctuations in wavelength proper-
ties.

In view of the apparent changes in the stoichiometry with
variation in NaOH concentration (Table II), we examined
the relative quantum efficiency for electron flow as a func-
tion of NaOH concentration. We simply measured the pho-
tocurrent at an applied potential where the maximum pho-
toeffect obtains in all cases. Data are given in Table IV that
show in the range 0.025-9.1 M NaOH the maximum quan-
tum efficiency is constant. Indeed, even the decomposition
current-voltage curves are quite similar for all concentra-
tions studied. Only with the 0.025 M NaOH solution did we
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Table IV, Relative SrTiO; Photocurrent as a Function of NaOH
Concentration?

Reading no. NaOH, M Photocurrent, mA £ 0.2
1 0.91 2.65
2 4.55 2.75
3 9.10 2.40
4 0.18 2.75
5 9.10 2.30
6 0.025 2.30

@ Experiment carried out with a Pt-wire dark electrode and crys-
tal B of Table I as the photoelectrode. An applied potential of 2.8
V (+ lead to SrTiO3) was used to ensure that maximum photoef-
fect obtained for each solution. Conditions are exactly the same for
each reading except for NaOH concentration. Photocurrent was
recorded after 30 min of equilibration, and the reading no. is given
in the sequence actually recorded.

Table V. Quantum Efficiency for Electron Flow for SrTiO3
Photoelectrodes

Wavelength,
Crystal nm Intensity (einstein/min) & £20%7

B 351, 364% 4.47 X 10°8 0.11
2.92 X 10~6 0.13

8.16 X 1077 0.11

C 351, 364% 1.83 X 1076 0.18
313¢ 1.35 X 1077 1.05

254¢ 1.13 X 1077 0.98

D 313¢ 1.35x 1077 1.15
254¢ 1.13 X 1077 0.94

@ All data are at 25 °C in 9.5 M NaOH solutions. The current
was determined by measuring the potential drop across a 100-Q re-
sistor in series in the circuit. The applied potential is that necessary
to achieve the maximum photocurrent (1.5-2.0 V); cf. Figure 2.
5 Doublet emission from argon ion laser. ¢ Bausch and Lomb
source with monochromator.

note that the photocurrent rises less steeply with increasing
applied potential than the more concentrated solutions. The
measurable difference in current-voltage properties is likely
a logical consequence of increasing the cell resistance by de-
creasing the ion concentration in the solution. Also, the flat-
band potential of the photoelectrode is a function of pH and
ion concentration which may result in alteration of the cur-
rent-voltage curves.

Absolute quantum efficiency for electron flow has been
measured with three different crystals and three different
excitation energies. Data are summarized in Table V for the
several determinations that we have made. As reflected by
the quantum yield data and the data given in Figure 4,
every photon of wavelength shorter than 330 nm incident on
the SrTiO; photoelectrode produces an electron in the ex-
ternal circuit, when the applied potential is 21.5 V. While
we feel that every photon absorbed corresponding to a VB
to CB transition results in one electron when the applied po-
tential exceeds ~1.5 V, the light of wavelength longer than
~330 nm is not absorbed totally efficiently within the de-
pletion region resulting in observed quantum efficiencies of
less than unity in the 390-330-nm range. Thus, for excita-
tions at or above 330 nm in energy the quantum efficiency
for H, formation is at the theoretical limit of 0.5 at applied
potentials exceeding 1.5 V. At lower applied potentials the
quantum efficiency can be determined from the current-
voltage curves like that shown in Figure 2. For example, at
0.25 V applied, the photoeffect is ~50% of the maximum
and the quantum efficiency for H, formation is therefore
only 0.25.

Discussion

In the Results section we have included some consider-
able discussion of the differences between SnO,, TiO,, and
SrTiO; photoelectrodes. We now wish to discuss the optical
energy conversion efficiency of the SrTiO; system. It
should be emphasized at the outset that the SrTiO; photo-
electrode system is not an efficient device for the conversion
of unperturbed, terrestrial, solar energy to chemical energy.
This statement follows from the well known fact that only
~3% of the solar energy comes from light of shorter wave-
length than 400 nm.2! Thus, the wavelength response of the
SrTiO; photoelectrode limits its utility as an efficient solar
energy device. However, the discussion below will show that
the SrTiO; photoelectrode system is an impressively effi-
cient photochemical storage system for ultraviolet light.

The overall efficiency of the energy conversion by the
photoassisted electrolysis of H,O is governed by the quan-
tum efficiency, the energy of the excitation light, the ap-
plied potential required, the current efficiency, and the re-
coverable energy from the photogenerated fuel. The data in
Table II support the contention that the current efficiency
is essentially 100%, and we will assume for the remaining
discussion that the current efficiency is 100%. Observed
quantum efficiency is wavelength dependent, Figure 4, but
the increase from the onset at 390 nm to the maximum effi-
ciency at ~330 nm is quite sharp, and, consequently, we
will make estimations of the maximum optical conversion
efficiency assuming incident light of 330 nm. We will as-
sume that the maximum recoverable energy from Hj and
50, is the standard free energy of formation of liquid
H,0, 56.7 kcal/mol.?2 The maximum optical conversion ef-
ficiency, nmax, will depend on applied potential since the
quantum efficiency is dependent on the applied potential.
We choose to define the optical energy conversion efficien-
cy, 1, as indicated in eq 3.

[energy stored as Hy] ~ [energy in from power supply]
[energy in from light]

(3)
The value of 7 can be calculated from data given in the re-
sults using eq 4 and the quantum efficiency for electron
flow, &; the applied potential from the power supply, Vappi;
the energy from the light, 330 nm = 86.7 kcal/einstein; and
the energy from the Hy = 56.7 kcal /mol.

[8][(0.5)(56.7) = (23.07)(V appy)] @)
[86.7]

The factor of 0.5 is introduced to account for the fact that
two electrons flow per molecule of H,, and 23.07 is the con-
version factor to change volts to kilocalories/mole.

Obviously, when the applied potential from the power
supply exceeds ~1.23 V the efficiency of the storage of opti-
cal energy is not positive. Using a current-voltage curve like
that shown in Figure 2 reveals that the nmax occurs at an
applied potential between 0.25 and 0.40 V. The largest
value of nmax that we have observed is ~0.20. This repre-
sents an exceptional increase over the ~0.02 nmax that we
obtained from the TiO»* using the same definition for opti-
cal storage efficiency. Conversion of light energy to useful
chemical energy with the 20% efficiency reported here is an
especially noteworthy achievement since the product (H3) is
actually a useful form of chemical energy.

If we consider the total energy conversion efficiency
(electrical + optical), Ty, as defined in eq 5, we have ob-
tained values of Tn as high as 0.26.

. [2](0.5)(56.7)]

T 1(86.7) + (2)(23.07)Vapp)] )
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Thus, the total energy input is fairly efficiently converted to
a useful chemical energy source in the form of Hj. These
considerations merely show that electrode photoassistance
agents do provide viable mechanisms for storage of optical
energy. It is wholly inappropriate at the present time to
make detailed, rigorous comparisons of TiO,, SnO,, and
SrTiOs, since the ultimate efficiencies are likely to be a sen-
sitive function of electrode preparation and cell design.
Nonetheless, the SrTiO; does have the best demonstrated
efficiency.

The high energy conversion efficiencies claimed here are,
in part, a consequence of the very small bias required from
an external power supply. We are currently undertaking de-
tailed studies of the photoelectrodes in order to probe the
properties which influence the current-voltage characteris-
tics. While the usefulness with regard to solar energy will
remain minimal unless wavelength response is substantially
red-shifted, the optical to chemical energy conversion effi-
ciency can be improved for SrTiO3 by simply attempting to
photoassist a more endothermic reaction than the electroly-
sis of H,O.

Note Added in Proof: Findings similar to those reported
here have just appeared in a preliminary communication: J.
G. Mavroides, J. A. Kafalas, and D. F. Kolesar, Appl.
Phys. Lett., 28,241 (1976).
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Abstract: The characterization and calorimetric results are reported for the following reactions: [PtCly(olefin)], + 2py —
2[PtCl,py(olefin)] (1); [PtClypy(olefin)] + P(OCgHs)s — [PtClopy(P(OC¢Hs)3)] + olefin (2); [PtClopy(P(OCgHs)3)] +
P(OCg¢Hs)3 — [PtCly(P(OC¢Hs)3)2] + py (3). The enthalpies of the reactions are, within 6%, the same in benzene and di-
chloromethane and the relative displacement energies are triphenyl phosphite > ethylene > cyclooctene > cis-butene > sty-
rene > cyclopentene > nitrostyrene > cyclohexene. The displacement energies of Ag(I), Pd(II), Rh(I), Pt(II), and Ni(0) are
compared and discussed. The coordination chemical shift of the olefin increases and the platinum-coupling decreases as the
metal-olefin interaction increases. All three reactions proceed to completion when equimolar amounts of reactants are
added, and reaction 3 has a rate constant of 8.9 £ 0.6 and reactions | and 2 have rate constants >80 1. s~! mol~!, A thermo-

dynamic description of the trans effect is given.

We have been interested in obtaining enthalpic and ki-
netic data on the formation and displacement of olefins with
metals which may provide insight into the variety of cata-
lytic processes which involve metal-olefin compounds. Ini-
tial studies involved common chelating polyolefins coordi-

nated to palladium(II)! and rhodium(1),? with subsequent
studies on silver(I)? and palladium(II)* monoolefin com-
pounds. Platinum(II) olefin compounds have a long history,
are exceptionally stable, and have been studied extensively
by a variety of physical techniques. We were therefore very
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