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The energy efficiency of a polycrystalline ZnO photoanode in an electrolyte solution containing redox agents

was investigated by measuring the temperature change of the electrode surface.

The results of photothermal

measurements show that the energy efficiency depends on the kind of redox agents used. Reducing agents with
more positive potentials gave larger energy efficiencies, but the potential must be negative enough to decreasc

ZnO dissolution.

A number of photoelectrochemical cells using semi-
conductor electrodes have been reported for the photo-
decomposition of water and the conversion of solar
energy into electricity.1~1? The energy conversion and
quantum efficiencies of photoelectrochemical cells are
needed for effective utilization of solar energy. How-
ever, during the course of a photoelectrochemical reac-
tion only a portion of the photons absorbed by the
semiconductor can be utilized by the electrode reac-
tion, while the remaining portion is converted to
heat. Thus, photothermal measurements of a semi-
conductor electrode during the course of electrolysis
can be used to determine the energy efficiency (i.e.
the ratio of the chemical or electrical power output
to the radiant power input).

We have developed a new method to determine
the quantum efficiency and the energy efficiency by
measuring the temperature change of the surface of
a semiconductor electrode with a thermistor.18-21)
When a semiconductor is illuminated with a pulse
of monochromatic light having a photon energy E
and an average absorbed intensity I for a period of
time ¢, the relationship between the temperature change
and the applied potential is represented by Eq. 1,
which applies in a limited photocurrent region

AT Q...+ TAS
AT It
where AT is the temperature change of the semi-
conductor surface with an applied potential 7 (uvs.
a reference electrode), AT° is the temperature change
of the semiconductor surface for an open circuit, AS
is the entropy change of the semiconductor electrode
reaction, Q. is the heat evolved in the semicon-
ductor due to radiationless processes, 7 is the quantum
efficiency of the photoelectrode reaction, and Vg is
the flatband potential (vs. a reference electrode).
Under constant illumination conditions, i.e. Elt=
constant, a plot of E(AT/AT®) vs. (V—Vg) vields
a straight line, whose slope is the quantum efficiency,
7 and whose intercept gives the quantity (Q,, -
TAS)/It and also E(AT/AT®) when V=V,
The energy conversion efficiency, therefore, can be
obtained when we know the value of the entropy
change TAS associated with the electrode reaction.
In previous papers,'8-21) we investigated only the
quantum efficiency of photoelectrode reactions from
the slope of the linear plot of E(AT/AT®) vs. (V—
Vgp), but we had not made a detailed analysis of the

E + 7e(V—"Vrs), 1)

energy efficiency.

In this paper, during the course of photoelectro-
chemical reactions at a ZnO polycrystalline electrode
in an electrolyte solution containing redox agents,
we determined both the quantum and energy efficien-
cies. The significance of the intercept and the value
of energy efficiency are discussed from the point of
view of redox potential.

Experimental

The semiconductor electrode used was a sintered poly-
crystalline ZnO prepared by pressing reagent-grade ZnO
powder at a pressure of 150 kgf/cm?' and then heating at
1300 °C for 3h in air. After making an ohmic contact
with an In-Ga alloy, a copper wire was attached with silver
epoxy resin. All surfaces except one were covered with
epoxy resin. The exposed polycrystalline face of ZnO was
etched in concentrated HCI for 10s, and then washed with
water. The procedure for the photothermal measurement
was described in previous papers.'®-2D) A platinum elec-
trode was used as the counter electrode and a saturated cal-
omel electrode (SCE) was the reference electrode. A po-
tentiostat (Nikko Keisoku) was used to control the potential
of the ZnO electrode with respect to SCE. The supporting
electrolyte was 0.2 M Na,SO, (1 M=1moldm=3) and all
the redox agents used were of reagent-grade.

Results and Discussion

Figure 1 shows the plots of E(AT/AT®) vs. V during
the course of photoelectrochemical reactions of the
ZnO polycrystalline electrode in the electrolyte solu-
tion containing one of four different kinds of reducing
agents. The electrode was irradiated for 10s with
monochromatic light provided by a 340 nm inter-
ference filter. The values of E(AT|AT®) were dif-

ferent for each reducing agent at a given potential.

The slopes of the linear plots of E AT/AT® vs. V,
i.e. the quantum efficiencies of the photoelectrode reac-
tions, were 0.90 for each reducing agent except S2-
for which the slope was 0.80. In the case of S2~ the
smaller value might be due to the optical absorption
of sulfur generated by the oxidation of sulfur ion at
the electrode/electrolyte interface. The values obtain-
ed by extrapolating the linear portion of E(AT/A T°)
vs. V to the flatband potentials which were obtained
from the onset potentials of the photocurrents de-
pended on the kind of reducing agent. The onset
potential was the lowest potential at which a photo-
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Fig. 1. Normalized temperature change vs. potential of

a ZnO polycrystal electrode.

Curve 1: 0.5M Na,S, curve 2: 0.5M Na,S,0,,
curve 3: 0.5 M H,Q, curve 4: 0.5 M KBr in 0.2 M
Na,SO,.
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Fig. 2. The state of heat generating during the course
of photoelectrode reaction.

current was measurable. As shown in Fig. 1, the
onset potentials in the case of S2-, S,0,%-, H,Q, and
Br- were —1.0, —0.60, —0.50, and —0.50V us.
SCE, respectively. That of S?*~ was more negative
relative to others because of the higher pH value of
this electrolyte.

The heat generated during the course of the photo-
clectrode reaction consists of five components evolved
in the processes shown in Fig. 2, namely (1) radia-
tionless transition within the conduction band (i.e.
when the photon energy absorbed is in excess of the
band gap energy), (2) electron-hole recombination,
(8) electron transport from the surface to the bulk
through the space charge layer in the conduction
band, (4) charge transfer reaction between the hole
in the valence band and the redox species in the elec-
trolyte solution, and (5) entropy change of the redox
reaction. The Joule heat in the solution due to the
current flow is very small and can be neglected.

When one photon with energy E is absorbed by
the electrode surface, the photoelectrochemical reac-
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tion proceeds with a quantum efficiency 7 at an applied
electrode potential V, and the heat generated by the
five processes discussed above are as follows: (1) E—
E, (Eg: the band gap of the semiconductor), (2)
E, (1—7n) (if the semiconductor is not a fluorescent
or phosphorescent material), (3) 7e(V—V5g), (4)
7(E,—Egy) (Eg: redox potential, E,: energy position
of the valence band), and (5) »TAS.

In the supporting Na,SO, electrolyte solution, the
photoelectrode reaction results in the dissolution of
the ZnO electrode,??

ZnO + 2p* — Zn®* + 40,

However, when electrolyte solution contains a redox
agent, the oxidation of the reducing agent and the
dissolution reaction proceed competitively. It is prob-
able that ye(E,—F;) and TAS represent the heat
due to these two photoelectrode reactions. Therefore,
by using the competitive oxidation ratio?? of a reducing
agent «(0=a=<1) and the five types of heat losses,
Eq. 1 can be as follows;
ITE(AT|AT®) = (E—Eg) + Eg(1—-7) + no(Ev—Ex)

+ 9(1—«)(Ey—Ep) + naTAS

+ (1 —)TAS" + 7e(V—Vyp), (2)
where E; is the decomposition potential of ZnO (the
value thermodynamically calculated?® is +0.65V us.
SCE), AS is the entropy change of the oxidation
reaction of a reducing agent, and AS’ is the entropy
change of the dissolution reaction of ZnO.

From the measurement of reaction heat (Peltier
heat) by using a platinum electrode,?® the values
of TAS for the redox reaction employed were found
to be a fairly small fraction of E(AT/AT®). For
example, the Peltier heat for the oxidation of S%*-
and H,Q) was below one fifth of that for the oxidation
of Fe(CN)g~ which was the biggest value, 0.4 eV,
we observed. However, it was difficult to determine
the accurate value of the Peltier heat for each electrode
reaction by a metal electrode. Therefore, we could
not say the exact values for the Peltier heat, but we
thought that TAS and TAS’ in these cases might
be negligible.

When the quantum efliciencies of photoelectrode
reactions are the same in different electrolyte solutions,
the value of the intercept at the flatband potential,

Q = (E—E;) + Eg(1-7)

+ 72(Ey—Eg) + (1—a)(Ey—Ep), ®)
is expected to depend on the competition ratio «,
and the redox potential E;. Q was plotted against
redox potential in Fig. 3 for H,Q, S,0,2-, SO,%-,
and S?- all which have more negative redox potentials
than the decomposition potential of ZnO, 0.65V us.
SCE. As shown in this figure, Q was smaller as the
redox potential was more positive. The nearly linear
relationship between the redox potential and Q is
evident. The slope of this line na is about 0.85, a
value almost the same as the quantum efficiency in
each electrolyte solution which was 0.90. Therefore
the competitive ratio was close to 1, and we conclude
that the main photoelectrode reactions in these solu-
tions are as follows:
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Fig. 3. Relationship between Q and redox potential.
No. 1: 0.5 M Na,S, No. 2: 0.5 Na,SO,, No. 3: 0.5 M
Na,S,0;, No. 4: 0.5 M H,Q, No. 5: 0.5 M KBr,
No. 6: 0.5 M KCI in 0.2 M Na,SO,.

H,Q + 2pt — Q + 2H+
285,0,% + 2pt —— 5,04,
25042~ 4 2pt —— S,042,
S + 2pt —— S.

In case of Br~ and Cl- which have a more positive
oxidation potential than the decomposition potential
of ZnO, +0.65V vs. SCE, Q was smaller as the redox
potential was more positive, but the degree of the
decrease in @ was smaller in comparison to that
for H,Q, S,03%, SO42-, and S2- which have more
negative redox potentials. This suggests that the com-
petitive ratios of Cl- and Br— are small, and that in
these solutions the dissolution reaction of ZnO is faster
than the oxidation of Cl- and Br-. In this figure,
it is evident that Q depends on the competition ratio
and redox potential of the reducing agents.

From the point of view of thermodynamics24:26)
a reducing agent with a redox potential more negative
than the decomposition potential of a semiconductor
can decrease photoelectrocorrosion of the semiconduc-
tor. In fact using the rotating ring-disk electrode
technique, we reported that a reducing agent with
a more negative redox potential has a larger com-
petition ratio and can better stabilize the ZnO elec-
trode.?? The present measurements confirm this rela-
tionship for the stabilization of the ZnO electrode.

The electrochemical photocell in which a photo-
semiconductor works with a counter electrode in a
redox couple solution is called as the regenerative
photocell. In the photocell absorbed light energy is
converted to electrical energy. The ideal maximum
energy conversion efficiency ¢, is represented as fol-
lows,

_ |Erp—Eg]|

P E x 100 (%), 4

where FEgp is the flatband potential, E is absorbed
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TaBLE 1. ENERGY EFFICIENCIES FOR THE PHOTOOXIDATION
OF EACH REDUCING AGENT ON ZnO POLYCRYSTAL
ELECTRODE

Redox agent (E,us.SCE)/V Q[eV  é+/%  ¢v/%

S2- —0.72 3.50 2.8 7.9
SO, —0.22 3.25 10.8 10.7
S,0,%- —0.16  3.15 12.5 12.2
H,Q +0.08  2.85 20.8 16.1
3.6— Erg—E,
Br=""5 o2 x100 (%), gv=128"Eel 100 (%)

light energy. |E;z—E;| means the maximum photo-
voltage in the regenerative cell.

On the other hand, from the photothermal data
the energy conversion efficiency ¢, can be obtained
by using the value of Q,

_ E-Q
ér = 5

x 100 (%) . Q)]

The energy efficiencies for the reducing agents S2-,
SOz%*-, S,0,;2-, and H,Q under irradiation of mono-
chromatic light 340 nm (3.6 eV) were given from the
values of Q as shown in Table 1.

The meaning of ¢, can be considered as follows.
When the competitive oxidation ratio « is 1.0, the
value of Q is expressed from Eq. 3 as below,

Q = 9(Ey—Eg) + E — Egy. (6)
Therefore
E—Q  7{E,—(E,—Fg)}
E E : @

Since lEg—EVI equals almost to the flatband poten-
tial, the next equation is given,
E-Q - 7| Erg—Eg| . ®)

E E
Therefore, from Eq. 8 the energy efficiency ¢, can
be derived as the product of the quantum efficiency
(which is obtained from the slope of the photothermal
measurement) and the maximum photovoltage under
monochromatic light irradiation. In the case of ZnO,
the value of quantum efficiency is near 1, so ¢, is
expected to equal to ¢,. In Table 1 energy efficien-

cies ¢, are also shown.

The values of ¢, and ¢, are similar in the case of
each reducing agent. It was ascertained that a re-
ducing agent with a more positive redox potential
gave larger energy efficiency.

We conclude that the photothermal measurement
technique provides information on the energy efficiency
and the stabilization of a semiconductor electrode by
redox agents.
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