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Mechanism of Stabilization of ZnO Photoanodes in High pH Solutions
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Stabilization of ZnO photoanodes was investigated using ZnO thin film electrodes under controlled
potential in various pH solutions; the effects of light intensity and agitation were also studied. The
photocorrosion of ZnO photoanodes was suppressed at sufficiently cathodic potentials and/or at low light
intensity. Agitation of solution also suppressed photocorrosion. On the basis of the experimental results, the
mechanism of the stabilization in high pH solutions is discussed and a model is proposed.

Zinc oxide (ZnO) is one of the most popular semi-
conductor photoelectrodes. Although it shows a large
anodic photocurrent, it has been difficult to use ZnO
for solar energy conversion? or photoelectrochemical
synthesis29 because of its photocorrosion.5-19 We
recently showed that ZnO photoanodes could be sta-
bilized in high pH solutions,!!+12 but the mechanism
of the stabilization still remains unknown. On the
other hand, the photocorrosion of ZnO can be used for
other applications such as imaging systems,'® and
micro-processing of ZnO for optoelectric devices.14:19
In these systems, it is necessary to control film
thickness, and therefore speed of the photocorrosion,
during the photoetching process. Thus it is still
important to understand the details of the mechanism
of the photocorrosion of ZnO photoelectrodes. In the
present work we studied the effects of pH of the
solution, electrode potential, light intensity, and
agitation of the solution on the photocorrosion of ZnO
photoelectrode. We have developed a new simple
technique for monitoring the dissolution of ZnO
electrode. ZnO thin films on transparent SnO2-coated
glass were used as photoelectrodes. A change in
thickness of the ZnO film was detected by observing a
change in interference colors. In addition, the surface
morphology could be monitored with a scanning
electron microscope. The experimental results are
explained in terms of competition between the photo-
corrosion of ZnO and the oxidation of hydroxide ion
in the electrolyte solution.

Experimental

A ZnO thin film was deposited onto a SnOz-coated glass
(Asahi Glass Co., Ltd.) by a spray-pyrolysis technique.1¢
Figure 1 shows the structure of the ZnO film electrode. The
thickness of the film was estimated to be 200120 nm. X-Ray
diffraction analyses showed that the c-axis was oriented
vertically to the surface. The photocorrosion of ZnO was
investigated under a controlled bias in a solution of NaClO4
(0.2 mol dm~3) containing an adequate amount of NaOH for
pH control. A He-Cd laser (Kinmon Denki Co., Ltd. wave-

length 325 nm, output 8 mW) was used as a light source; the
diameter of the light beam was controlled with a quartz lens
so that the incident photon flux was maintained constant.

The amount of charge passed, C, which resulted in the
dissolution of the irradiated spot of the ZnO films, can be
calculated as follows:

_ m2d.-D-n.F
C= ™Y (1)

Here r is beam diameter, d thickness of the films, D the
specific gravity of ZnO, n number of electrons transferred, F
the Faraday constant, and M formular weight of ZnO. For
n=2, r=1.240.1 mm, and d=200+20 nm, C is 2—4 mC.
However, the photocurrent from SnO2 must be taken into
account as a background. Thus, characterization of the
electrode surface was carried out after a charge of 5 mC was
passed, which took several minutes under the present
conditions.

The relation between the interference color and the
thickness of the film can be written as follows

4.n.d=@2-M+1)-2 (2)

Here, d is the thickness of the film, n the refractive index of
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Fig. 1. The structure of the ZnO film electrode. 1:
ZnO film, 2: SnO layer, 3: glass substrate, 4: laser
beam.
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ZnO, A the wave length of the interference light, and M an
integral constant. Since the refractive index of ZnO is about
2.0, A=8.d when M=0, and a change in 4 of ca. 40—50 nm
can be detected by the observation with naked eyes. Thus a
thickness change of 5 nm could be easily detected. When the
interference color of the irradiated spot was the same as that
of the substrate SnOq film, it was judged that the ZnO film
had completely been removed. When there was no change in
the interference color after the irradiation, it was regarded
that photocorrosion did not occur. Between these two cases,
it was concluded that incomplete photocorrosion had
occurred.

Results

Figure 2 shows the typical current-time curves for
the following three cases; no ptotocorrosion, in-
complete photocorrosion and complete photocorro-
sion. Since the power of the light beam was 8 mW and
the irradiated area was 1.3+10-2cm?2, the light
intensity was calculated to be 0.6 Wcm—2. The
quantum efficiency of the ZnO photoelectrodes used
here is 40—70% in ordinary circumstances. However,
the total quantum efficiency was decreased to 10—20%
under these experimental conditions, because the light
intensity was so high that the recombination of the
carrier occurred. In addition, Iy, was not saturated at
the potential regions employed here. Thus, it is
reasonable that the Iy, values observed here were
smaller than that expected from the amount of
incident photons. When the photocorrosion did not

occur (Fig. 2(a)), I» was almost constant. Figure 2(b) -
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Fig. 2. Typical current-time curves: light intensity
0.6 Wcm=2. (a) pH 13, —0.3 V vs. SCE: no pho-
tocorrosion. (b) pH 12, —0.1 V vs. SCE: incomplete
photocorrosion. (c) pH 11, 0.0 V vs. SCE: complete
photocorrosion.
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corresponds to the cases with incomplete photocorro-
sion. Iy initially showed a large decrease and then
became almost constant. These two results imply that
reaction other than photocorrosion takes place at the
electrode surface. This reaction is the oxidation of
OH" ions to gaseous oxygen. However, we could not
visually detect gas evolution because of the small
photocurrent. Figure 2(c) shows the case of complete
photocorrosion; I exhibited a large decrease after an
initial small increase. The photocorrosion roughens
the electrode surface, and thus increases the surface
area. This is the reason why I, increases at first. The
thickness of the ZnO film decreases with the occur-
rence of photocorrosion, and consequently I de-
creases. A small constant I, is probably due to Iy, from
the SnO; substrate.

It was found that pH of the solution, electrode
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Fig. 3. Summary of the effects of pH and potential.
O: complete photocorrosion. @: incomplete photo-
corrosion. @: no photocorrosion.
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Fig. 4. Photocurrent-time curve in a pH 12 solution,
light intensity 0.6 W cm~—2. (a) potential —0.3 V vs.
SCE. (b) potential —0.2V vs. SCE. (c) potential
—0.1V vs. SCE.
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potential, light intensity and agitation of the solution
affected the photocorrosion of ZnO. The effects of the
electrode potential and pH of the solution are sum-
marized in Fig. 3 (light intensity 0.6 Wcm~2, in
stationary solution). The effect of electrode potential
was apparent in the region near 0 V vs. SCE. The Ipn
increases with the electrode potential in this potential
region. From pH 7 to 10, the photocorrosion was
observed for all the applied potentials. The photo-
corrosion was incomplete at —0.3 V vs. SCE for pH 11
and at —0.2 to —0.1 V vs. SCE for pH 12. The photo-
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Fig. 5. Photocurrent-time curve in an agitated solu-
tion, pH 12, light intensity 0.6 W cm~2. (a) potential
—0.1V vs. SCE. (b) potential 0.0 V vs. SCE.
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Fig. 6. Photocurrent-time curve in pH 12 solution,
light intensity 0.1 W cm~2. (a) Potential —0.1V vs.
SCE. (b) Potential 0.0V vs. SCE.
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corrosion was not observed at —0.3 V vs. SCE for pH 12
and in the potential region from —0.3 to —0.8V vs.
SCE for pH 13.

The effects of agitation and light intensity are
shown in Figs. 4—6. Photocorrosion was observed in
a stationary solution of pH 12 when the light intensity
was 0.6 W cm~2 and the electrode potential was —0.1 V
vs. SCE (Fig. 4(c)), but it was not observed when the
solution was agitated (Fig. 5(a)) or when the light
intensity was 0.1 W cm—2 (Fig. 6(a)).

Discussion

Here we consider the competition reaction between
the photocorrosion and the oxidation of OH™ ions in
order to explain the experimental results observed.
The photocorrosion of ZnO and the oxidation of OH™
can be summarized by Egs. 3—8.

ZInO+hy —— ZInO +pt+e” 3)
ZnO +2p* — Zn?* + .0 (slow) (4)
OH +p* —— .OH (slow) (5)
Zn?* + nH0 —— Zn?*(H20)» (fast) (6)
2.0 — O¢ (fast) (7

2.0H —— H20 +1/20: (fast) (8)

We did not consider the chemical dissolution of ZnO
which takes place at extremely high pH and low pH.
The rate-determining step of the photocorrosion is
given by Eq. 4 and that of the oxidation of OH™ by Eq.
5. Now, we write the rate of the reaction (4) as V1 and
that of the reaction (5) as V2. According to this model,
the current efficiency of the ZnO decomposition, Cq
becomes as follows,

V1
Ca= Vit Ve ©)
The steady state is attained with respect to the
surface concentrations of OH™ ion and p* when the
photocurrent is constant with time. These conditions
are satisfied when the thickness of the ZnO films is
sufficiently larger than that of the space charge layer,
or when the photocorrosion does not occur. The
following relations hold under the steady state;

L=Vi+V1, (10)

=V (11)
Here I, and f denote the photocurrent density and the
current density induced by the flux of OH™ ion,
respectively. We obtain the following equation by
using Egs. 9—11.
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S (12)

This analysis shows that Cq is determined by I, and f. I,
is a function of the electrode potential and the light
intensity. The flux f is a function of the thickness of
the diffusion layer (d), concentration of OH™ ion in
bulk ((OH™}v) and at surface ((OH™)). The condi-
tions where the photocorrosion does not occur, that is,
Cs=0 can be realized when I,=f. When diffusion
along the surface is neglected, f can be approximately
expressed as

f:—g—-'F'([OH—]b —[OH™]) (13)

Here D is the diffusion coefficient of OH™ ions, F the
Faraday constant. We write the f as fmax when [OH™];
is zero. Under the conditions where d and [OH™]; are
constant, fmax 1s constant. When I, is equal or smaller
than fmax, I,=f is approximately realized, and conse-
quently Cq becomes zero. When I, is larger than fax,
I,=f cannot be realized then Cua=1—fmax/1,>>0, and
photocorrosion occurs.

From the experimental results, we can make a
quantitative analysis. The diffusion coefficient of
OH™ ion, D, was estimated from the molar conductiv-
ity, to be ca. 3X10-5cm2?s=2. The thickness of
diffusion layer, d, can be estimated from the time
needed for the photocurrent to become constant. It
was ca. 3X10-3cm when the light intensity was
0.6 Wcm~2 for pH 12 ((OH™ [,=1X10-2mol 1-1), and
photocorrosion was not observed. Under this condi-
tion, fmax becomes ca. 1X10-3 A cm—2. We can compare
this estimation with the results of Figs. 4(a) and 4(b).
Photocorrosion was not observed for Fig. 4(a) where
I,=8.8X10 A cm~2, and photocorrosion was observed
for Fig. 4(b) where I,=1.2X10-3 A cm~2. These results
support our competition model.

In an agitated solution of pH 12 (Fig. 5), photo-
corrosion was not observed even when I, was
3.0X10-3 A cm~2 (Fig. 5(a)), but was observed when I,
was 4.2X10-3 A cm~2 (Fig. 5(b)). This result shows
that the fmax value was 3—4 times larger than that in a
stationary solution. This is because d was decreased by
the agitation.

In the case where the light intensity was 0.1 W cm~2,
photocorrosion did not occur when I, was 6.6X10—4
A cm-2 (Fig. 6(a)), but was observed when I, was
8.8X10-4 A cm~2 (Fig. 6(b)). From the time needed for
the photocurrent to become constant, d was estimated
to be 4X10-2cm, and fmax was calculated to be
7X10-4 A cm=2. This fmax value is smaller than that
estimated from Figs. 4(a) and 4(b). In the potential
region employed in these experiments, the photo-
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current was not saturated, so a large part of the energy
of the incident photons was converted into heat. Thus,
there was heat convection around the irradiated spot.
In a stationary solution, this heat convection reduces
the thickness of the diffusion layer. Thus when the
light intensity is large, heat convection will be intense
and the thickness of the diffusion layer will be small.
Hence fmax for the light intensity of 0.1 W cm—2 became
smaller than that for the light intensity of 0.6 W cm—2.

Conclusion

Photocorrosion of ZnO is suppressed when the
concentration of OH™ ion at the surface is large or
when the concentration of p* at the surface is small.
These results can be explained in terms of competition
reaction between the oxidation of OH™ ion and the
photocorrosion of ZnO.

We would like to thank Professor B. H. Loo for his
kind advice and appreciate financial support from the
Ministry of Education, Science and Culture, Grant-
in-Aid.

References

1) A. J. Bard and M. S. Wrighton, J. Electrochem. Soc.,
124, 1706 (1977).

2) J. R. Harbour and M. L. Hair, J. Phys. Chem., 83, 652
(1979).

3) W. P. Gomes, T. Freund, and S. R. Morrison, J.
Electrochem. Soc., 115, 818 (1968).

4) S.R. Morrison and T. Freund, J. Chem. Phys., 47, 1543
(1967).

5) H. Gerischer, J. Electrochem. Soc., 113, 1175 (1966).

6) H. Gerischer, J. Electroanal. Chem., 82, 133 (1977).

7) T. Kobayashi, H. Yoneyama, and H. Tamura, Chem.
Lett., 1979, 457.

8) S. R. Morrison and T. Freund, Electrochim. Acta, 13,
1343 (1968).

9) J. Domenech and A. Prieto, J. Phys. Chem., 90, 1123
(1986).

10) K. Micka and H. Gerischer, J. Electrochem. Soc., 38,
397 (1972).

11) A. Fujishima, T. Katoh, E. Maekawa, and K. Honda,
Bull. Chem. Soc. Jpn., 54, 1671 (1981).

12) J. Lee, T. Katoh, A. Fujishima, and K. Honda, Bull.
Chem. Soc. Jpn., 57, 1179 (1984).

13) M. Okano, K. Itoh, E. Kikuchi, and A. Fujishima, J.
Appl. Phys., 62, 2143 (1987).

14) M. Okano, K. Itoh, A. Fujishima, and K. Honda,
Chem. Lett., 1986, 469.

15) R. Tenne, V. Marcu, and N. Yellin, Appl. Phys. Lett.,
45, 1219 (1984).

16) K. L. Chopra, R. C. Kainthla, D. K. Pandya, and A. P.
Thakoor, “Physics of Thin Films,” ed by G. Hass, M. H.
Francombe, and Y. L. Vossen, Academic Press, New York
(1982), Vol. 12, p. 167.

17) D.Bahnememn, A. Henglein, and L. Spanhel, Faraday
Discuss. Chem. Soc., 78, 151 (1984).





