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Abstract. Water splitting by means of semiconducting photoelectrodes and
solar light represents a promising alternative to conventional fossil fuel economy.
In this process the photoactive electrode absorb sunlight directly thus initiating the photochemical reaction which create excess electrons in the conduction
band of the semiconducting electrode. Titanium doped iron oxide seems to
be a promising semiconducting material for photoelectrodes. Consequently, we
investigated the eﬀect of Ti doping on the structure, electrical and photoelectrochemical properties α-Fe2 O3 . The Ti doped α-Fe2 O3 were prepared by a
slightly modiﬁed mixed oxide route, consisting in a prolonged mixing of the raw
materials in a high energy planetary ball mill until the particles decreased to
the nanometric sizes. Optimum results were obtained for samples doped with
5 at. % titanium and sintered at 1200◦ C. Photocurrents as high as 8.4 mA/cm2 ,
for illumination from a 300 W xenon lamp, were recorded for such samples. It
is hoped that such photoelectrodes show promise for water splitting.

1. Introduction
The Sun represents the most important source of energy for our life and therefore
harvesting the solar energy attracted the attention of scientists, economists and even
politicians. Besides the progress made in the art and science of photovoltaics [1-5],
where the sunlight is directly converted into electrical energy, there is an alternative
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method of collecting the solar energy and convert it into chemical energy that can be
easily stored. This is the water splitting to give H2 and O2 by means of photoelectrochemical cells (PEC), which use a photoactive semiconducting electrode that can
absorb sunlight and stimulate photochemical reactions by creating excess electrons in
the conduction band, thus leading to the generation of hydrogen [6-8]. In this way
the water splitting by PEC becomes one of the most promising means of producing
hydrogen from a renewable source, a process that simple involves the breaking of
water molecules into hydrogen and oxygen using sunlight. The most important class
of materials, largely investigated as semiconducting photoelectrodes in PEC cells, is
undoped and doped oxides of transition metals [9-11]. The ﬁrst reported semiconductor electrode was the well known TiO2 , successfully used by Fujishima and Honda
for water splitting some thirty years ago [12]. Since then the scientiﬁc and engineering interests in semiconductor photoelectrodes have signiﬁcantly grown up and many
studies have been devoted to this subject [13-25]. Though titania based photocatalysts proved to be good enough for hydrogen production by water splitting [7, 13, 25],
the search for other more eﬃcient photoelectrodes continues. A promising material
that can possible replace titania is iron oxide, α-Fe2 O3 , which fulﬁlls most of the requirements of a good photocatalyst. This oxide is the most abundant transition metal
oxide on our planet, has desired electrical and chemical properties, is nontoxic, cheap
and, most of all, has a lower band gap of only 2.2 eV as n-type semiconductor [26-33].
The conversion eﬃciency for hematite is relatively low due to its low light absorption
and the high rate of electron-hole recombination. Therefore, it was suggested that
conversion eﬃciency of hematite could be increased by doping with diﬀerent ions as
Mg, Zn, Si, Nb, W, Ta, Ge and some others [30, 33, 35-41]. It was thus reported an
enhancement of about 65 % of the photocurrent density of silicon doped α-Fe2 O3 for
which a current density of 2.2 mA/cm2 at 1.23 VRHE was recorded [31]. Much higher
densities of 3.7 mA/cm2 were reported by Khan and Akikusa on nFe2 O3 ﬁlms at 0.7
V bias [27]. Values as high as 4 to 6 mA/cm2 were reported by Sartoretti et al. [34]
in their report on 2002, obtained on Ti 5 % doped αFe2 O3 photoelectrodes.
In pure stoichiometric state the resistivity at room temperature of α-Fe2 O3 is
estimated at about 1014 ohm·cm, but small additions of diﬀerent dopants or reducing
some of the Fe3+ to Fe2+ state drastically decreases the resistivity, turning α-Fe2 O3
into a n-type semiconductor with promising photocatalytic properties.
In the present investigation, we have studied the structure and photocatalytic
properties of Ti doped α-Fe2 O3 ceramic electrodes. Doping levels up to 10 at. %
were used and the eﬀect of doping proved to be important.

2. Experimental procedure
The compositions investigated consisted of iron oxide doped with Ti, corresponding to the formula: Fe2−x Tix O3 , with x ranging from 0 to 0.1. The raw materials used
for the sample preparation were a commercially available titania TiO2 of 99.5 purity
(Merck) and a high purity iron oxide α-Fe2 O3 of 99.9 % purity (Johnson Matthey).
The preparation method was a slightly modiﬁed mixed oxide route consisting in the
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following: the stoichiometric amounts of oxides for each composition were mixed together, in hardened steel jars of 250 ml capacity using hardened steel balls of 10 and
15 mm diameter, in a high energy planetary ball mill type RETSCH PM 400, for up
to 20 hours, in order to obtain a nanometric, more reactive powder with a uniform
morphology and to allow a homogeneous distribution of the titanium into the iron
oxide matrix. The ball/oxides weigh ratio for each composition was 5/1. The milling
eﬃciency of material when using such a planetary ball mill is due to the fact that
the grinding jars rotate around their own axis in opposite direction to the rotation
direction of the main mill wheel at a ratio of 1/-2, meaning that they rotate twice
for a single rotation of the main wheel. The rotation speed of the main wheel was
set at 350 min−1 . The centrifugal forces combined with the Coriolis forces acting on
the balls result in great frictional and impact forces, which produce a high degree
of pulverization of material up to the nanometric sizes. The evolution of the mixing
and milling process was analyzed by X-ray diﬀraction and by electron microscopy.
The milled powders were annealed at 700 o C for 3 hours in order to remove as much
as possible the mechanical stresses, deformations and defects of the lattice induced
during milling. Disc shaped samples of 10 mm diameter and 1 mm thickness were
then uniaxially pressed from this powders at a pressure of about 50 MPa using as
binder only distilled water (about 5 % wt.) sprayed over the powder before pressing.
The samples thus prepared were sintered at temperatures between 900 and 1350◦ C
for 20 hours. The density of the sintered samples was determined by the Archimedes’s
method. The resistivity at room temperature was measured by the four points method
applied directly on the disc metalised surface. Ohmic contacts were made by pyrolitically spraying a thin ﬁlm of tin oxide on the sample surfaces followed by brushing and
burning a conducting silver paste (Demetron). The photoelectrochemical properties
were determined by means of a simple photoeletrochemical cell (PEC), specially designed for such measurements. It has a working electrode, a reference electrode and a
counter electrode. The illumination source was a 300 W xenon lamp (Kratos model
LH) maintained at a constant intensity of 50 mW/cm2 . The intensity of light was
measured with a digital radiometer (model IL 1350) and a monocromator (Kratos
model GM 100) was used to generate the light of a particular wavelength between
500 and 700 nm.
The photoelectrochemical performance was measured using a simple standard
three electrode photoelectrochemical cell (PEC) ﬁtted with a quartz window. The
three electrodes were the working electrode (doped hematite), a platinum wire counter
electrode and a reference electrode (standard calomel, SCE). The electrodes were immersed in 1 M NaOH electrolyte (pH=13.6). The samples were illuminated with a
simulated sunlight provided by a 300 W xenon lamp (OSRAM) corresponding to a
real light at AM 1.5G [41].

3. Results and discussion
Figure 1 shows an example of X-ray patterns for the mixed composition of iron
oxide containing 5 % Ti, i. e. for the sample which could correspond to a formula like
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Fe1.95 Ti0.05 O3 : The patterns for unmilled mixture (0 hours) exhibit clearly the peaks
for both Fe2 O3 (F) and TiO2 (T) respectively, the more intense being the F ones.

Fig. 1. X-ray patterns for a Ti doped sample
milled for diﬀerent times up to 20 hours.

After 10 hours of milling the T peaks decreases and some others start to vanish.
After 20 hours of milling the T peaks completely disappear and the remaining ones
are not clearly deﬁned, due to the multitude of crystalline defects, induced into the
lattice. A thermal annealing of this milled powder at 700◦ C for 3 hours removed to
a great extent these defects and the peaks become more intense and well deﬁned. No
T peaks was found in this powder, which could be an indication that titanium atoms
were uniformly incorporated into the Fe2 O3 lattice and there is no separate region
of TiO2 . It is like all TiO2 particles “dissolved” into the Fe2 O3 matrix. This allows
to assume that nanometric sized titania particles distributed at ﬁrst at the surface
of the iron oxide particles were “swallowed” during milling into the Fe2 O3 lattice, so
that the titanium atoms have to be located at iron sites, this eﬀect being facilitated
by the high impact energy released during milling and by the similar ionic radia of Ti
(0.68 Å) and Fe (0.64 Å). Figure 2 shows the morphology of the milled and annealed
powder after 20 hours of milling. One can see that the particle size distribution is
rather uniform and the particles shape is well deﬁned. The average grain size was
estimated to about 80 nm so that the milled powder is within the nanometric range.
The decrease of the particle size during milling is illustrated in Fig. 3 for the
sample doped with 5 % titania. It is interesting to note the diﬀerent rates of change
of the particle size. Thus, for instance, in the ﬁrst 5 hours the rate of change is more
that 200 nm/hour while between 5 and 20 hours it decreased to less than 15 nm/hour
and these rates show a constant behavior.
The densiﬁcation process of the samples as a function of the sintering temperature
is illustrated in Fig. 4 for three main compositions. One can see that the density for
each composition increases nearly linearly with increasing sintering temperature up to
a certain temperature, which in our case is situated around 1200◦ C, where it reaches a
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maximum after which a slight decrease was observed due probably to a slight increases
of the crystallite sizes together with the increase of some pores at the boundary grains.

Fig. 2. SEM micrograph showing the morphology
of Ti doped Fe2 O3 powder sample after milled
for 20 hours and annealed at 700◦ C for 3 hours.

Fig. 3. The dependence of the powder crystallite
size on the milling time.

With increasing the doping content, the density decreased as can be seen in Fig. 5
where the maximum density for each composition sintered at 1200◦ C is plotted as a
function of composition. The decrease is nearly linear suggesting that probably the
Ti atoms incorporate into the iron oxide lattice. These process could possible give rise
to a slightly deformation of the lattice. The structure of the sintered samples at the
optimum temperature is shown in the SEM image from Fig. 6, for the composition
doped with 5 % titanium.
One may observe that the sample is rather well densiﬁed and the crystallite size,
on average, is less than 1 µm. In addition there are no foreign phases segregated
within the grains or at the grain boundaries thus conﬁrming the supposition that
titanium atoms incorporate into the lattice.
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Fig. 4. The density vs. sintering temperature
for some Fe2−x Tix O3 samples.

Fig. 5. The density vs. titanium content
in Fe2−x Tix O3 samples sintered at 1200◦ C.

Fig. 6. SEM image of the structure of the
Fe1.95 Ti0.05 O3 sample sintered at 1200◦ C.

Nanostructured Ti Doped Iron Oxide Photoelectrodes for Water Splitting

99

The electrical properties at room temperature were determined on sintered samples, mechanically processed as discs with plane parallel faces on which ohmic contacts
were applied. The resistivity as a function of the Ti doping content is shown in Fig. 7
for all composition sintered at 1200◦ C.

Fig. 7. The dependence of the room temperature
resistivity of Ti doped Fe2 O3 sintered samples.

For undoped samples the resistivity was around 107 ohm·cm suggesting either
the presence of some undetected impurities in the raw hematite or that even at the
sintering temperature of 1200◦ C some of the Fe3+ ions were reduced to Fe2+ state,
thus creating some oxygen vacancies into the Fe2 O3 that promote the n-type conduction. The resistivity drastically decreased by introducing the dopant until a minimum
resistivity value of less than 20 ohm·cm for a doping level of 5 % Ti. The conduction mechanism in this case is due to Ti4+ ions which introduce electrons into the
conduction band of Fe2 O3 , behaving now like a mixed valence compound with higher
conductivity in which the conduction took place by hopping of electrons between Fe2+
and Fe3+ ions [26]. Going further with doping up to 10 % titanium, a slight increase
of the resistivity up to 200 ohm·cm was observed, so that one may say that there is
an optimum doping level around 5 % Ti where the conduction reaches the maximum
value, thus expecting higher photocurrents.
The photoactivity of the electrodes was estimated by measuring the photocurrent
density in the three electrodes photoelectrochemical cell with 1M NaOH as electrolyte
at pH=13.6. The dependence of the photocurrent density as a function of measured
electrode potential vs. SCE for some compositions prepared at optimum conditions
is shown in Fig. 8. All samples show maximum values of the photocurrent density at
0.8 V. The photocurrent increases with increasing doping level reaching the highest
value of 8.4 mA/cm2 for composition containing 5 % Ti that is for sample with a
composition, which could correspond to Fe1.95 Ti0.05 O3 .
This value of the photocurent we obtained on our Ti doped Fe2 O3 represent about
half of the theoretical maximum photocurrent for Fe2 O3 as reported very recently in
an excellent review paper by Z. Chen et al [42]. Such high values, up to 9-10 mA/cm2 ,
were also reported earlier by Strasik [26] for iron oxide photoelectrode doped with
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0.1 % Si + 5% Pt, prepared by a freeze-drying process, claiming a much better
homogeneity of the sample comparing with those obtained by conventional method.

Fig. 8. The photocurrent density vs. electrode potential
of SCE for some composition of Fe2−x Tix O3 sintered at 1200◦ C.
The composition doped with 5 % Ti gave the highest current
density of 8.4 mA/cm2 at a potential of 0.8 V.

Consequently, we believe that the high value of the photocurrent we recorded could
be an indication that our samples are also very homogeneous as well. Higher values
of the photocurrent were also reported by Sartoretti et al. [34] (5 to 8 mA/cm2 at
0.8 VSCE for Ti doped α-Fe2 O3 photoelectrodes in a structure with 2 to 3 electrodes
in line. Khan and Akikusa [27] also obtained a current density of 3.7 mA/cm2 at
0.7 VSCE for n- Fe2 O3 ﬁlms synthesized by spray-pyrolisis method. A high value of
2.2 mA/cm2 at 1.23 VRHE was also reported by Kay et al31 on Si doped α-Fe2 O3
ﬁlms at 1.23 VRHE which was interpreted in terms of formation of an oriented dendritic nanostructure thus minimizing the distance the holes had to travel to the electrode/solution interface. Higher doping levels produce a decrease of the photocurrent
as can be seen in Fig. 9 where the current density, at a bias voltage of 0.8 V, is plotted
as a function of the doping level.
Optimum values for photocurrent were obtained for composition with a doping
level around 5 % Ti. It is interesting to note that the diﬀerence between the photocurrent in darkness and that at illumination in the case of optimum conditions (5
% Ti doping and 0.8 V vs. SCE) is more than ten times greater (Fig. 8). Similar
results were reported earlier [27] in the case of indium doped iron oxide thin ﬁlms
photoelectrodes. The dark current, though very low, exists and it slightly increases
with increasing potential vs SCE and this could be possible explained by the direct
tunneling across the space charge layer into the conduction band. In addition, it could
also depend on the amount of defects and inhomogeneities along the grain boundaries
where the charge transfer becomes possible.
In order to fully characterize the doped iron oxide photoelectrodes we also made
capacitance and ﬂat band potential measurements. It is known that ﬂat band potential represents the potential at the electrode at which the semiconductor band is
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ﬂat it being a measure of the potential that must be applied to the semiconductor
such that the bands remain ﬂat when approaching the interface. It also determines
the relative Fermi level of the semiconductor and electrolyte and the amount of band
bending at the interface. Generally, the ﬂat band potential Vf b can be determined by
the Mott-Schottky capacitance method. The capacitance of the electrode is related
to the electrode potential by the following relation:
2
=
1/CSC

2
kT
(V − Vf b −
),
qεε0 Nd
q

where CSC is the capacitance per unit area of the space charge region, ε is the dielectric
constant of the electrode, ε0 is the permittivity of vacuum, q is the charge of the
electron, Nd is the carrier density, V is the bias voltage at the electrode and Vf b the
−2
ﬂat band potential. The slope of CSC
vs V can provide the ﬂat band potential. Figure
10 illustrates the Mott-Schottky plots for a number of compositions.

Fig. 9. The maximum photocurrent density vs. Ti
concentration for Fe2−x Tix O3 photoelectrodes
at a bias voltage of 0.8 V.

Fig. 10. Mott-Shottky plots of Ti-doped Fe2 O3
photoelectrodes. The ﬂat band potential was determined
from the intersection of straight line with the bias voltage axis.
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The plot is generally a straight line and the Vf b can be determined at the intersection of the extrapolating the linear portion of the data with the bias axis. The values
of the ﬂat band potential increases with increasing the doping level the tendency being
to shift to positive values as can be noticed from Table 1.
It is thus probably that the ﬂat band potential for heavily doped iron oxides to
coincide with the band for majority carrier corresponding to the conduction band
edge.
Table 1. The values of the ﬂat band potential of the Ti
doped Fe2 O3 photoelectrodes as a function of compositions
Doping level x
0.00
0.02
0.04
0.06
0.08
0.10
0.15
0.20

Flat band potential Vf b (V)
– 1.15
– 1.01
– 1.02
– 0.98
– 0.11
– 1.02
– 0.50
– 0.78

4. Summary
Ceramic samples in the system Fe2−x Tix O3 were prepared by a slightly modiﬁed
mixed oxide route and sintered at temperatures between 900 and 1350◦ C. Their structural, electrical and photoelectrochemical properties were investigated as a function
of the doping level and processing parameters. The best materials were those with
compositions situated around Fe1.95 Ti0.05 O3 and sintered at 1200◦ C for which the
basic parameters were at maximum. Such photoelectrodes are very promising to be
used in photoelectrochemical cell for water splitting.
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