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Photochemical properties of sintered iron(Ill) oxide
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The photochemical properties of vacuum deposited films and of sintered and doped iron(IIT) oxide have
been studied. From the wavelength dependence of the photopotentials we know that photo-activity of the
electrochemical cell with the iodine/iodide redox couple starts at the same wavelength, 600-650nm, as
the absorption of light and the photoconductivity of vacuum deposited films. Open circuit potentials of

about 400 mV have been observed with the visible radiation from a 150 W xenon lamp. In neutral
solution photocorrosion was too small to be observed.

1. Introduction

Alpha-iron(IIl) oxide is antiferromagnetic and has
semiconductor properties [1, 2]. Hardee and Bard
[3] have found that Fe,Q, films prepared by
chemical vapour deposition (CVD technique [4])
show photocurrents at wavelengths lower than
about 550 nm. The authors estimate the band gap
of these films at 2.2 eV. This value corresponds to
the band gap of 2-2.2 eV observed in single crystals
[3, 6] . Photo-assisted electrolysis of water with
single crystal a-Fe, 05 as well as with sintered
a-Fe, 03 has been discussed [5-8] . The flat band
potential (— 4.7 eV) of sintered material seems to
be approximately the same as that in single
crystals [5-10].

The papers mentioned above do not show
whether a large enough photopotential can be
achieved by appropriate doping, so that iron(III)
oxide might become a possible material for the
production of electrochemical solar cells. In the
past we have succeeded in producing an interesting
electrode material by sintering doped tin dioxide
[11-13]. Sintering is an easy method for pre-
paring differently doped materials. We have ex-
amined a number of iron(III) oxide electrodes
prepared this way. The main results can be sum-
marized as follows:

(a) Photoconductivity of a thin film of Fe,04
starts at 625 nm and is proportional to the applied
voltage.

(b) From pure sintered Fe,05 in neutral I,/1",
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K(l solution we do not obtain a constant redox
potential.

(c) After doping with 1% and 5% SnO, or 1%
Ca0, however, the redox potential becomes
constant.

(d) Open circuit photopotentials of about
400 mV were observed with the visible radiation
from a 150 W xenon lamp (approx. 0.21 W cm™2,
350 nm < A <650 nm).

(e) Absorption of light and photoconductivity
of vacuum deposited films start at the same wave-
length, 600-650 nm, as the phdtoresponse of sin-
tered electrodes in iodinefiodide solutions.

(f) From X-ray data we know that the sintered
iron(IIT) oxide is a~Fe,03. The densities of the

samples lie between 4.8 and 4.9 g cm™.

2. Absorption spectrum

Pure iron oxide (p.a. Merck) was vacuum de-
posited from a tungsten boat source onto tetrasil
quartz [14]. These approximately 50 nm thick
films were brown. Heating to 600° C for three
hours changed their colour to red.™ The absorp-
tion spectrum shows a shoulder at 19kK and a
first maximum at 25 kK. Because it is similar to
the spectrum published by Gardner, Sweet and
Tanner which was recorded by a different tech-
nique [15], it is not shown here.

* From X-ray data we know that impure a-Fe, O, was
obtained. Some tungsten contamination cannot be

excluded.
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3. Photoconductivity

As mentioned above, sintered a-Fe,0; (p.a. Merck)
does not show a constant potential in neutral I,/I”,
KCl solution. We have therefore examined the
photoconductivity of the undoped material to

find out in which region of the absorption spec-
trum a photo-effect can be observed. Iron(I1I)
oxide was vacuum deposited from a tungsten boat
onto pyrex glass and heated to 600° C for three
hours. Contact was made by applying silver epoxy
resin. Photoconductivity was measured with mono-
chromatic light of different wavelength, applying
the following potential differences: E; = 50V,

E, =100V, E; =150V,E, =200V, E5; =250V.
In order to minimize the dark conductivity we
worked with very thin layers. The room tempera-
ture resistivity of a-Fe,0j3 is approximately

10" ©Q cm. This can be lowered to about 4  cm
by addition of titanium dioxide [19]. To eliminate

Table 1. Composition of the electrolyte solutions

(nm)

Fig. 1. Photoconductivity of vacuum deposited
iron(III) oxide films normalized for constant
photon flux. The following potential differences
were applied: £, =50V, E, =100V, E, =
150V, E, =200V, E, =250V.

the dark current, the light beam was chopped and
the small photocurrents were measured with a
PAR 186 lock-in amplifier.

The monochromatic light intensities used were
low [Jg(A) <13 mW cm™2], therefore the number
of carriers produced is proportional to the number
of photons absorbed and the observed photo-
conductivity can be normalized to a constant
photon intensity (Fig. 1). The photoconductivity
increases with increasing potential difference. The
onset of photoconductivity is just below 600 nm.
We know therefore that irradiation leads to a
photo-effect over the entire absorption spectrum,
except from the small portion at 15 kK.

4. Photopotentials and photocurrents
The photopotential 5 of a photo-electrochemical

cellis defined as the difference between the potential
¢aark Of an electrode in the dark and the poten-

Number
Electrolyte I II m v v
I, 1072 1073 107 107 1072
I 10t 10! 10™ 1 1
KCl 1 1 1 1 i
Relative transmission
for visible light 43% 66.2% 100% 99.7% 67.8%

350 < A < 650nm
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Table 2. Reversible redox potentials of the solutions ¢yey
and dark potentials of the semiconductors ¢gey, versus
SCE; 25° C

Electrolyte Psem (MV)*

¢’rev

(mV) 1%8n0,  5%Sn0, 1% CaO
I 337 314 310 322
i 300 215 237 305
I 274 174 120 128t
v 186 50 105
v 216 107 124 210

In all cases we obtained constant redox potentials
which, however, in some cases are not completely
reproducible.

Dark current of 0.4 uA has been measured.

tial ¢y of the same electrode under illumination:
N = Paark — bin-
The magnitude of the photopotential is expected
to depend on the electrolyte and on the doping
[20-23]. Therefore we have examined three
differently doped iron oxide electrodes (1% SnO,,
5% Sn0,, 1% Ca0) in the five solutions given in
Table 1.

To prepare the electrodes, the iron oxide
(Merck p.a.) was mixed with an appropriate
amount of Sn0O, (Merck) or CaO (Merck p.a.). The
ground material was pressed into tablets and sin-
tered in air at 1350° C for 12 h. To avoid cor-
rosion at the contact with a copper wire the tablet

Table 3. Slopes dn/dl,ey. Theoretical value [20-23] 25.52mV

Electrolyte

Electrode 1 i I v A

1% Sn0, 24.7  19.1 17.8  24.2  white light

5% Sn0O, 226 196 208 white light

1% CaO 34.5 306 229 white light
39.1 360 nm
35.2 400 nm
36.6 450 nm
40.8 500 nm
38.7 550 nm
31.7 600 nm

had to be protected by casting it in epoxy resin.
Good results were obtained by pressing the tablet
very strongly to the bottom of a graphite cylinder
to which a little Araldite had been applied. The elec-
trode was then centered in a teflon mould which
was carefully filled with Araldite. Photopotentials
were measured against the SCE using monochro-
matic light and white light (350 nm <\ < 650 nm)
of different intensities. The experimental set-up

is shown in Fig. 2. Table 2 shows the reversible
redox potentials of the solutions as well as the
dark potentials of the semi-conductor electrodes in
these solutions.

In Fig. 3 the observed photopotentials are
plotted versus the logarithm of the relative light
intensities for an electrode with 1% SnO, and
1% CaQ. 100% relative light intensity corresponds
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REC
mv-METER
Pt/SCE
- - Cu-WIRE Ry |
ARALDITE—-——~
e ~|- = Ag-EPOXY
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! SCE
SEMICONDUCTOR N,

) Fig. 2. Electrode and experimental

Xe % LIIKQ % set-up for the observation of photo-

.g_.n_._ R o) | S e potentials and photocurrents. Xe =

£ F 150W or 300 W high pressure xenon
12 lamp; F., F, = filters; SC = semi-
P; Fy, By
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Fig. 3. Photopotentials of sintered iron(III) oxide in different electrolytes versus the relative light intensity. Left, 1%

Sn0,; right 1% CaO.

to about 0.163-0.251 W cm ™, The data for the
tin-doped electrodes can be accurately described
by the linear relationship [24, 25, 28] :

n=alnlg+h

Some of the data obtained from the electrodes
doped with 1% CaO show significant deviation
from this linearity. We are not yet able to interpret
this deviation [26]. The slopes of the different
curves are given in Table 3. They lie between
19mV and 41 mV. The theoretical value is
25.5mV. The redox potentials of solutions I to V
are between — 4.9 and — 5.1 eV, relative to vac-
uvum potential, if that of the normal hydrogen
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electrode is assumed to be —4.5e¢V [27]. Com-
paring this data to the flatband potential reported
for pure a-Fe,03 [3, 7, 8] we cannot explain the
observed photopotentials. It seems that the flat-
band potential of our doped material is less nega-
tive than — 4.7 eV. From the wavelength depen-
dence of the photopotential plotted in Fig. 4 we
know that photo-activity of the electrochemical
cell starts at the same wavelength as the absorption
of light and the photoconductivity of vacuum
deposited films. Although our system has not been
optimized for the observation of photocurrents,
we wish to point out the remarkable dependence
of these currents on the composition of the electro-

3
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T
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Fig. 4. Photopotentials of sintered iron(III) oxide observed with monochromatic light of a 150 W xenon lamp. Doping:

1% Cao; electrolyte 1II (Table 1).
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Fig. 5. Current-voltage characteristics for the different
electrolytes given in Table 1. Doping: 1% CaO. I and II
with a 300 W xenon lamp. IIL IV, V with a 150 W xenon
lamp.

lyte solution. For the 1% CaO case some data are
given in Fig. 5.
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