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Single crystal In2Oa shows promise as a photoanode for the decomposition of water. Because of various 
difficulties in the preparation of the single crystal material, two simple techniques were developed for 
the preparation of polycrystalline In2Oa anodes. One method involves the thermal decomposition of the 
nitrate while the other utilizes the chemical vapour deposition technique. Voltammograms and 
photoresponse spectra of these anodes are compared to the single crystal material. Among other obser- 
vations, it is noted that the quantum efficiencies of the thermally decomposed films are comparable 
to the single crystal material. It is also shown that the on-set potential can be shifted to more negative 
values by forming the mixed oxide In2Oa/Y2Oa. 

1. Introduction 

Recently McCann and Brockris [ 1 ] reported that 
single crystal In~O3 grown by the vapour phase 
technique showed promise as an anode material 
for the photoelectrolysis of water. Because of 
the potential interest in this material and its mixed 
oxides, several simple techniques are described 
here for the preparation of polycrystalline sam- 
ples. Two techniques have been successfully 
employed. The first involves thermal evaporation 
and decomposition of aqueous solution of the 
nitrate and the second method utilizes the 
chemical vapour decomposition (CVD) of an 
appropriate organo-metallic compound, (indium 
acetylacetonate). While other procedures, such as 
the thermal decomposition of InCl3 (2, 3) and 
sputtering (4), have been described for preparing 
In2Oa films, the behaviour of such films as anodes 
in the photoelectrolysis of water has not been 
reported. 

2. Experimental details 

With the first method, photoanodes were prepared 
by evaporating a 0.1 tool dm -3 solution of 
In (NO3)a" 5H20 (available from Alfa/Ventron) 
onto 0.5 x 0.5 cm 2 platinum squares. Tile latter 
were cleaned prior to use by an ultrasonic treat- 
ment in methanol. The platinum squares were 
placed on an alumina supporting plate and brought 
to 400 ~ C with a Meaker burner. The indium nitrate 
solution was then applied dropwise to the platinum 
squares with care being taken to permit each drop 
to evaporate before applying the next. By success- 
ive evaporations multi-layer films were built up. 
On cooling to room temperature the films 
exhibited a yellow-brown colour. X-ray diffrac- 
tion patterns of the films indicated that they 
consisted of In203. Mixed In2Oa/Y203 oxide 
films were prepared by evaporating appropriate 
aqueous mixtures of the nitrates similar to the 
procedures described above. 

i" To whom all correspondence should be sent. 
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Fig. 1. I-V curves of the poly- 
crystalline IntO 3 with 5 and 
20 deposition layers. Electro- 
lyre 1 moldm -s NaOH, sweep 
rate 20 mV s -a . Xenon 
ilhtmination 0.2 W cm -~. 
Dotted curves represent dark 
conditions. 

With the CVD technique, indium acetyl- 
acetonate (Research Organic/Inorganic Corp.) 
was heated to 1950 C and carried by a dry nitrogen 
stream onto platinum square foils which had been 
heated to 400 to 450* C. 

Photoeurrent voltammograms were measured 
as previously described [2] using a platinum foil 
counter electrode in an NaOH electrolyte. All 
potential measurements were referred to the 
standard calomel electrode (SCE). 

3, Results 

Typical voltammograms of the evaporated In203 
films consisting of 5 layers and 20 layers, are 
shown in Fig. 1. The scan rate was 20 mV s "1 
and the Xenon light intensity was 200roW cm -2. 
It is seen that the onset potential is about -- 0.3 V 
(SCE) and the photocurrent density is about 
2 4 0 ~  cm -2 at 0 V (SCE). The quantum 

efficiency of the polycrystalline samples compares 
favourably with that for the single crystal In203 
(at the same applied bias) for which a photocurrent 
of 35/~A cm -2 at 25 mW cm -2 Xenon illumination 
was reported [1]. However, the effective surface 
areas of the polycrystalline films are higher and 
this may be responsible for this favottrable com- 
parison. 

The photocurrent spectra of  the evaporated 
5 and 20 layer specimens are shown in Fig. 2. The 
threshold wave length is about 520 nm corre- - 
spending to an energy gap of 2.38 eV which is 
consistent with that reported in the paper by 
McCann and Bockris [1]. As expected, the photo- 
current increases with applied anodic potential 
due to the increase in the depletion layer thick- 
ness. 

The current-voltage curves of a typical CVD 
In2Os sample is given in Fig, 3. The electrolyte 
was 0.I mol dm -3 NaOH, The scan rate was 
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Fig. 2. Photocur ren t  spectra o f  polycrystall ine In203 with 
5 (solid curves) and 20 (dot ted curves) deposit ion layers 
under  different bias potentials.  A = 0.0 V, B = 0.2 V, 
C = 0.4 V (SCE), respectively. 

50 mV S -1 and the Xenon light intensity was 
200 mW cm -2 . It is seen that the photocurrent is 
smaller than those of single crystal In203 and the 
multi-layer In~Oa samples discussed above. The 
corresponding photocurrent spectrum of the 
CVD sample at 0.5 V (SCE) bias potential is shown 
in Fig. 4. The spectral distribution differs from 
that shown in Fig. 2. This suggests that, depending 
on the method of preparation, the electronic 
structure of In2Os may be very different. The 
reported electronic properties of In2Oa are very 
diverse [1,3-5] which may be due to the 
mutli-valence states of the indium. 

The relatively small negative value of the onset 
potential prompted some investigations into means 
for improving this property (i.e. achieving a more 
negative value), since the onset potential deter- 
mines the required external bias. The flatband 
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Fig. 3. Cyclic vo l tammogram of CVD 
n-In20 a on pla t inum substrates.  Sweep 
rate 50 mV s -1 ; electrolyte 0.1 mol 
dm -3 NaOH. I l lumination intensi ty 
2 0 0 m W  cm -2. (1) represents I - V  
behaviour under  dark. (2) represents 
I - V  behaviour under  i l lumination. 
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Fig. 4. Photoresponse spect rum of  n - I n 2 0  a (CVD on 
pla t inum substrate),  taken at + 0.5 V (vs SCE) in 0.1 tool 
dm -3 NaOH. I l lumination in tensi ty  250 mW cm -2 before 
insert ion o f  monochromato r .  
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potential (Vfb), which is closely related to the 
onset potential, is expected to become more 
negative as the electron affinity (EA) of the 
semiconductor decreases according to the 
expression [6] : 

Vfb = EA + z3Efc -- Eo + VH 

where kEfe is the potential difference between 
the Fermi level and the bottom of the conduc- 
tion band, V H is the potential drop across the 
Helmholtz layer and Eo is the potential of the 
calomel electrode relative to the vacuum level 
(4.75 V for SCE). 

The electron affinity of the oxide semi- 
conductor is given by; 

UA = x(SC) -- 1/2 ~= 

(1) 

(2) 
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Fig. 5. I - V  curves o f  the IntO3.40% �9 
Y20~ solid solution electrode. Elec- 
trolyte 1 mol  dm -3 NaOH, sweep 
rate 20 mV s -~ . Solid curve under 
dark. Dotted curve under i l lumination.  
Xenon i l lumination 0.2 W era-2. 

where Eg is the energy gap and x(SC) is the 
electronegativity of the semiconductor. The 
latter is usually estimated by taking the geometric 
mean of the Mulliken electronegativities of the 
constituent atoms. With the above expressions 
in mind, consideration was given to Y203 since 
the atomic electronegativity of yttrium is less 
than that of indium [7] and the energy gap 
in the mixed oxide employed here is about the 
same as In203. 
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Pure Y203 tends to be very stoichiometric 
with a high resistance. However, the two oxides 
form solid solutions over the entire compositional 
range [9]. Several mixed In203/Y203 oxides 
were prepared by the previously described 
evporation technique. A typical voltammogram 
is shown in Fig. 5 for a 40% Y203/60% In203 
sample. As expected, the onset potential shifted 
to -- 0.6 V as compared to -- 0.3 V for pure 
In203. However, there was a reduction in photo- 

/ 
/ /  

/ / /  

/ 1 / 

/ / / 

l / /  

II j, 
C 

I I I I I I 
+0.6 +0.4 +0.2 0 -0 .2  -0.4 -0.6 

POTENTIAL, (VvsSCE) 

J 
-0.8 

Fig. 6. I - V  curves o f  the poly- 
crystalline In203 �9 40% Y20~ 
solid solution electrode after 
20 min operation. Solid curve 
under dark. Dotted  curve under 
i l lumination. 
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Fig. 7. I-V curves of the thermally grown 
Y203 from firing yttrium foil at 500 ~ C 
for 25 min. Electrolyte i mol dm -3 NaOH, 
sweep rate 50 mV s -1. Xenon illumination 
0.200 mW cm-L 

current (at 200 mW cm -2 Xenon illumination) 
and the sample showed some evidence of  corromon 
after a short period of  operation. On continued 
operation for 20 rain with the electrode biased 
at zero volt (SCE), the I -V  curves (Fig. 6) changed 
shape and new redox peaks appeared. Further- 
more, the surface of  the sample was markedly 
corroded. 

It should be mentioned that efforts have been 
made to improve the conductivity of  Y203 by 
adding impurities. Metal oxides such as RuO2, 
MnOz, Nb2Os, V2Os, Fe203, and PbO2 were 
used for this purpose. These powder oxides were 
well mixed with Y~O3 powder at about 0.01 to 
1 at % and then sintered at 1400 ~ C for 10h. 
Unfortunately, all of  these samples still showed 
a very large resistance and no photoeffect was 
detected. 

For purposes of  reference, Y203 anodes were 
prepared by firing yttrium foil (Alpha-Ventron 
Supplier) with a Meaker burner at 500 to 1000 ~ C 
over a period of  20 s to 30 min. All samples 
exhibited a high resistance (107 L2). The 
voltammetry curves for a sample prepared by 
heating to 500 ~ C for 25 min is shown in Fig. 7. 
Chopped Xenon illumination (200 mW cm -2) 

was employed. A large transient current was 
noted and is probably associated with a high 
recombination rate. 

Heat treatment of  Y203 in a reducing atmos- 
phere (e.g. H2) does not improve the electrical 
conductivity. It has been reported that non- 
stoichiometric Y203 exhibits p-type conduc- 
tivity [10, 11]. Work is underway to improve 
the n-type conductivity of  Y203 by ion implanation. 
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