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Abstract Active ferric tungstate was prepared by fusing
an equimolar mixture of tungsten oxide and ferric oxide
at 1100 °C and annealing at 800 °C for 20 h. Analysis of
the electrode material by X-ray diffraction showed that
its composition was Fe,WOg4. When this material was
illuminated by visible light in 0.1 M NaOH solution, an
anodic photocurrent at a positive potential of 0.5V
(SCE) was obtained. Therefore, this material is consid-
ered as an n-type semiconductor. The d.c. conductivity
of this material at 25 °C was 4 x 107® Q' cm™". In the
dark, unexpectedly high anodic currents were observed
at positive potentials of 0.8 V (SCE) in 0.1 M NaOH.
These currents are attributed to the existence of a high
density of electron-hole recombination centers within
the band-gap of ferric tungstate. When dimethyl vio-
logen (DMV) was used as an electroactive compound in
the electrolyte, the anodic photocurrents increased sig-
nificantly. The oxidation of DMV is thus expected to
compete with the electron-hole recombination process.
Furthermore, the process of electron-hole recombina-
tion was also predicted from the shape of the photo-
current transients under interrupted illumination. These
transients exhibited first-order relaxation effects in the
region of the onset time of the photocurrents. The band-
gap energy of Fe,WOg was found to be about 1.5 eV
and its flat-band potential in 0.1 M NaOH was about
—0.3 V (SCE). The photoelectrochemical properties of
ferric tungstate are explained according to the formalism
of the band model of the semiconductor/electrolyte in-
terface.
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Introduction

In the last two decades, a great deal of research has been
devoted to the study of electron transfer at illuminated
semiconductor electrodes. One of the aims of this re-
search was to make possible the use of such electrodes as
half cells in electrochemical photo-voltaic cells [1-5]. It is
recognized that three phenomena prevent practical ap-
plication of such cells:

1. Small band-gap electrodes undergo corrosion an-
odically or cathodically in aqueous solutions as a result
of photocurrent flow [6-10].

2. On the other hand, although wide band-gap
semiconductors are known to be stable under illumina-
tion, they have the disadvantage of absorbing small
portions of solar light.

3. Another important criterion is the thermodynamic
incompatibility of the energy levels of the conduction
and valence bands of the semiconductor at its surface
with respect to the redox potentials of the electrolyte
[11, 12].

The above phenomena have been studied extensively,
and several promising suggestions for overcoming
problems of photocorrosion have been put forward in
the literature [13—17]. However, problems caused by the
width of the band-gap and/or positions of the energy
levels of a semiconductor at its surface with respect to
the redox potentials of an electrolyte make it difficult to
find convenient solutions. Studies of alternative semi-
conductors have been carried out in order to reach the
required conditions of active photoelectrodes. Among
these are studies of transition metal oxides. While simple
oxides, e.g. TiO, and Fe,Os3, have been extensively
studied [11, 18-20], compound oxides, e.g. strontium
titanate and iron titanate, have had little attention [12,
21-23]. Regarding ferric tungstate, several studies on its
solid state chemistry have dealt with structural [24-27],
magnetic [28, 29] and electrical properties [30-32].
However, little electrochemical information is available
in the literature about tungstates in general [30, 33].



It is the purpose of this paper to study the photo-
electrochemical properties of ferric tungstate electrodes.
This study includes the current-voltage characteristics
and the determination of both the band-gap and the flat-
band potential of ferric tungstate.

Experimental

Electrode preparation and characterization

Equimolar amounts of a-Fe,O3 and WO; were mixed by grinding.
A sample of 0.2 g of this solid mixture was fused inside a platinum
crucible of 3 mm diameter and 1.5 mm depth. Fusion was per-
formed at 1100 °C for 20 min. The fused material was annealed in
a stream of oxygen at 800 °C for 10 h and quenched in air to room
temperature. Electrical connection to the ferric tungstate electrode
was made by soldering the back of the platinum crucible to a
copper rod. The crucible and the part of the copper rod to be
inserted inside the electrolyte were covered with silicone rubber.
The material was identified by X-ray diffraction using a Philips
X-ray diffractometer (Model pw 1729) equipped with a copper Ka
radiation source. Measurements were undertaken in the range of 20
4° to 80 °0.

Photoelectrochemical measurements

Electrical conductivity was measured by the two-probe technique
where the sample was inserted between two tungsten electrodes. A
potential of 0.5 V was applied between the two tungsten electrodes
and the current was measured at 25 °C by an electrometer.

Experiments were carried out inside a three-electrode electro-
chemical cell. Ferric tungstate served as the working electrode, a
platinum foil of area 1 cm? as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. Current-voltage
curves were obtained using an EG & G potentiostat model 273A.
Illumination was performed using a 150-W xenon lamp equipped
with a monochromator (model QYR-20 from Photochemical Re-
actor, UK).

The light intensity of the lamp was determined by potassium
ferrioxalate actinometry [34]. Adapting this method, a 0.006 M
solution of potassium ferrioxalate was irradiated at various wave-
lengths, and thereby the light intensity of the lamp at each wave-
length was determined.

Electrolytes were either 0.1 M NaOH or 0.01 M dimethyl vio-
logen (DMV) in 50 mM phosphate buffer (pH 7) in 0.1 M KNO;
solution. All reagents used in this study were analytical grade.

Results and discussion
Material characterization

The X-ray powder diffraction pattern for the present
electrode material is, as expected, in agreement with that
reported for ferric tungstate of the structure Fe,WOg [35].

The d.c. conductivity of Fe,WOq was 4 X
10°°Q Lem™ at 25°C; therefore this material is a
typical semiconductor.

Steady-state photocurrent-voltage curves

Figure 1 illustrates the current-voltage curves of a ferric
tungstate electrode in 0.1 M NaOH. Appreciable hys-
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Fig. 1 The current-voltage curves for ferric tungstate electrode under
illumination (— — —) and in the dark ( ). Electrolyte was 0.1 M
NaOH. The sweep rate was 120 mV/S. The light intensity was 1 mW/

e’ at wavelength 576 nm

teresis between the forward and reverse sweeps was
observed, both in the dark and under illumination. In
the forward scan, the current was observed to remain
stationary up to 0.8 V (SCE) in the dark, while under
illumination it remained stationary up to 0.5 V, and this
was followed by an almost exponential increase. This
anodic photocurrent requires that the holes in the va-
lence band take part in the transfer reaction. The holes
in the valence band suggest that the material is an n-type
semiconductor. This is supported by conclusions from
the flat-band measurements. Bharati and Singh [31] have
reported that Fe,WOg is a p-type semiconductor.
However, other studies by Leiva et al. [30] indicated that
Fe,WOg an n-type material. The discrepancy between
these reports could possibly be due to the wide range of
stoichiometry exhibited by this material [36-39].

Figure 1 shows also that the anodic dark currents are
relatively high. Such behavior is unusual for an n-type
semiconductor, as the holes which are responsible for
this dark current are the minority carriers. This high
dark anodic current could be attributed to the existence
of a high density of electron-hole recombination centers.
In the case of a semiconductor-electrolyte junction, the
term recombination centers has been used to describe
either traps located in the bulk of the semiconductor or
energy levels at the semiconductor/electrolyte interface.
Lattice impurities and defects are the main origins for
such recombination centers. These centers could act ef-
fectively in the process of electron-hole recombination,
in which case they become responsible for the generation
of low photocurrents and high dark anodic currents.

Another important factor that would increase the
dark anodic currents is the corrosion effects. It is pos-
sible that the process of electrode preparation could
have produced some oxides in which the metal ions have
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lower oxidation states e.g., Fe>". These oxides could be
produced during the fusion process by some oxygen loss.
As the X-ray diffraction analysis showed the diffraction
pattern of FeWOg only, the concentration of any lower
oxides must be very small (<1%). During the anodic
scan, these lower oxides would be oxidized in the dark,
and therefore the anodic current would be increased.

In the backward direction, the current also increased
slowly up to —0.8 V (SCE) in the dark and in the light,
and the break-down occurred beyond this potential. The
considerably slower increase of current with cathodic
voltage is possible only if a large number of energy levels
at the surface and deep traps are present in the material,
which was the case with our sample.

Figure 2 demonstrates the considerable improvement
in the magnitude of the photocurrent brought about by
using DMV electrolyte instead of NaOH. This im-
provement, which was achieved at the expense of an
increased cathodic dark current, is attributed to the ca-
pability of DMV to introduce surface states through an
adsorption process. These states could introduce a new
set of levels situated near the valence band, and therefore
compete with pre-existing electron-hole recombination
centers. Figure 2 also shows strong relaxation effects in
the currents. These effects are attributed to the electron-
hole recombination process as explained in the next
Section.

According to the formalism of the semiconductor/
electrolyte band model, the photogenerated current is a
result of the appearance of the photogenerated holes at
the surface of the semiconductor and the driving of the
photogenerated electrons to the Pt electrode. At the
semiconductor an oxidation process takes place and at
the counter electrode a reduction process. Therefore, the
expected redox reaction in the case of NaOH electrolyte
is, at the semiconductor electrode
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Fig. 2 The photocurrents and the dark currents transients of a ferric
tungstate electrode in 0.1 M NaOH and 0.01 M DMV. The electrode
was biased at 1.0 V (SCE) and illuminated by 1 mW/cm? at 576 nm

1
20H (aq) +2h" — EOz(g) + H,0(1) (1)
and, at the Pt electrode,
2H,0(1) + 2~ — Hy(g) + 20H (aq) (2)

The net result of these reactions is the dissociation of
water into its components.

In the case of DMV the following redox reactions are
expected:

V*(aq) + h* — V**(aq) (3)
and
V**(aq) + ¢~ — V'(aq) (4)

where V™ is the radical cation of DMV, which is 1,1’-
dimethyl 4,4’-bipyridinium ion, and V™ its dication ion.
The redox reaction of DMV is highly reversible, and
both the radical cation and the dication are stable in
aqueous media [40]. The occurrence of these redox re-
actions can produce electrical energy. It is the purpose of
most of the research carried out in the field of photo-
electrochemistry to maximize the efficiency of such redox
reactions to make good utilization of solar energy con-
version.

Photocurrent behavior under interrupted illumination

Figure 3 shows the photocurrent transients as measured
under chopped (576-nm) illumination at 1.0 V (SCE)
biasing potential. This photocurrent corresponds to the
oxidation of water according to Eq. 1. As the light was
turned on, the photocurrent, instead of suddenly in-
creasing to the saturation value, reached about 75% of
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Fig. 3 Photocurrent transient behavior in 0.1 M NaOH at 1.0V
(SCE) under 576-nm interrupted illumination



its saturation value instantaneously, then increased
rather nonlinearly during a period of 50 s, until it
reached saturation. The difference between the values of
the photocurrents in the nonlinear region and the satu-
ration value could be attributed to the back transition of
the photogenerated electrons from the conduction band
to some levels of lower energy. These levels could be
located either deep in the energy gap or at the surface.
The origin of such energy levels is usually due to
chemical impurities, lattice defects and/or adsorbed
species at the surface. The back transition of the pho-
togenerated electrons from the conduction band to the
lower energy levels, causing electron-hole recombina-
tion, is called carrier relaxation effect. Close examination
of the photocurrent in the curved region showed agree-
ment with the exponential form for first-order carrier
relaxation, i.e.

I = L exp(t/7;) (5)

where I; the photocurrent in the curved part during
illumination, /,; the value of the photocurrent at the
onset time of the process of carrier relaxation and 7; is
the time of recombination between electrons and holes
during deexcitation of the photogenerated electrons
from the conduction band to lower energy levels. The
relationship between the logarithm of the photocurrent
and the time is linear as shown in Fig. 4a. The slope of
this figure gives a value of 2.5 x 107 s for the recom-
bination time. Upon turning the light off, the photo-
current decay transient was quite similar to the current
transient observed upon illumination. The relaxation
current in this case is described as:

(6)

where /4 is the value of the current in the curved part
after turning the light off, 7,4 is the preexponential fac-
tor, and t4 is the recombination time associated with
transition of an electron from the lower energy levels to
the conduction band. The relationship between the
logarithm of I and the time is also linear as shown in
Fig. 4, with a slope 74 of 3 x 107> s. The similarity be-
tween t; and 74 signifies that the process of carrier re-
laxation is reversible.

Iy = Iyg exp(—t/14)

Energy of the band gap

Generally, the semiconductor-electrolyte interface can
be treated as a Schottky barrier. Thus according to
Ginly and Butler [12, 20], the photocurrent, J, is given
by the following relation,

(—ocWo[V - Vfb]l/z)
[1+aLp]

J =q¢o |1 —exp (7)

were ¢, is the photon flux, L, is the hole diffusion
length, Vp, is the flat-band potential, I, is the width of
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Fig. 4a, b The logarithm of the photocurrent versus time with a the
light on and b the light off. The data were taken from curved parts of
the photocurrent transient of Fig. 3

the depletion layer, ¢ is the electronic charge and « is the
optical absorption coefficient. Close to the band gap, the
optical absorption coefficient, «, is given by:
o= A(hv — Eg)"/ /hv (8)
where /1 is Planck's constant, v is the frequency of
light and E, the band-gap energy. If the exponential is
expanded for aW, < 1, then the relationship between
(Jhv)'? and hv should be linear. This relationship is
shown in Fig. 5. The value of the energy gap as deter-
mined from the intercept with the abscissa of this figure
is ~1.5eV. This value is in good agreement with the
reported value of the energy gap of Fe,WOq [31].
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Fig. 5 The photoresponse of Fe;WOg at 1.0 V (SCE) as a function of
photon energy. The electrolyte was 0.1 M NaOH. The light intensity
was fixed at 1 mW/cm? for each light wavelength

Flat-band potential

A simple relationship between the photocurrent and the
applied potential was derived by Ginly and Butler [12,
20]. This relationship was obtained by expanding the
exponent in Eq. 7 for oW, (V-Vi)"/?> < 1. The rela-
tionship between the applied potential and photocurrent
becomes:

VT = (/2 Woqep,)’ 9)

Therefore the flat-band potential can be determined
by extrapolation of the plot of the square of the pho-
tocurrent against the applied potential as shown in
Fig. 6. The value of VW is =2—0.3 V (SCE) in 0.1 M
NaOH. This value indicates that the energy of the
conduction band is not compatible with the hydrogen
ion reduction at zero bias, and this process of photo-
dissociation of water would require a high bias for
operation.

Conclusions

1. The Fe,WOg is an n-type semiconductor.

2. The photogenerated currents are relatively small,
possibly because of the carrier relaxation phenomena.

3. The value of the band-gap energy predicts good uti-
lization of the solar spectrum; however, the process of
photoinduced electrolysis of water would require a
large applied potential because of the relatively low
negative value of the flat-band potential.
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Fig. 6 The square of the photocurrent versus applied potential for an
FeoWOq electrode at 1 rnW/cm2 of 576-nm incident light. The
electrolyte was 0.1 M NaOH. The intercept of the straight line with
the potential axis is a measure of the flat-band potential (Eq. 9)
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