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Hydrogen production using the photoelectrochemical
(PEC) route promises to be a clean and efficient way
of storing solar energy for use in hydrogen-powered
fuel cells. Iron oxide (x-Fe,03) is best suited to be used
as a photoelectrode in PEC cells for solar hydrogen pro-
duction due to its favourable bandgap of ~2.2 eV, lying
in visible region. The present communication describes
the PEC study on Zn-doped o-Fe;O; thin films pre-
pared by spray pyrolytic method at different doping
concentrations (0.5, 1.0, 1.5, 5.0 and 10.0 at%). Photo-
current density was found to depend upon the doping
concentration of Zn. Maximum photocurrent density
of ~0.64 mA cm™ at an applied potential of 0.7 V/SCE
was observed for 5.0 at% doping concentration. All
the samples of doped/undoped «-Fe,O3; were charac-
terized for phase formation, particle size, nature of
charge carrier, bandgap, resistivity and carrier density.
The flatband potential of -0.78V/SCE and depletion
layer width of 28.7 A were calculated from the Mott-
Schottky plot for 5.0 at% doping concentration.
Keywords: Flatband potential, hematite,
photoelectrochemical route.
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THE semiconductor/electrolyte interface has been a field
of intense research in the past few years, especially in
view of the important challenge of photoelectrochemical
(PEC) conversion of solar energy into hydrogen fuel by
splitting of water using semiconductor electrodes in which
photoinduced electrochemical reactions are carried out.
Photoexcitation of the semiconductor with solar energy
greater than the bandgap of the semiconductor generates
electron-hole pairs at the semiconductor—electrolyte inter-
face. Light-induced electron-hole pairs drive a chemical
reduction and an oxidation reaction in the electrolyte of
the PEC system, leading to hydrogen and oxygen evolu-
tion (water-splitting). In this situation the photon energy
is converted directly into chemical energy rather than into
intermediate electrical energy as with solid-state or elec-
trochemical PV cells.

Hematite (0-Fe,O3) is an attractive material for PEC
studies due to its bandgap (Eg = 2.2 eV), lying nearly in
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the optimum range for solar splitting of water. This band-
gap allows absorption of solar energy in the visible region,
where the sun emits maximum energy. Besides, a-Fe,0;
is naturally abundant in the earth’s crust and is therefore,
a low cost material. It is also corrosion-resistant in acidic
and alkaline medium'.

On account of these favourable characteristics, many
authors have studied the potential of using hematite in solar-
energy conversion prepared by different routes, e.g. pressing
of material into pellets’*, sputtering” and spray pyrolysis®’.
Nanostructured and nanorods of hematite have also been
studied for photoelectrochemical splitting of water®’.
However, the best photoresponse has been reported for
hematite prepared by spray pyrolysis®'®. Low quantum
efficiencies of hydrogen production in iron oxide-based
PEC system is mainly due to an insufficient negative flat-
band potential produced and/or low values of the charge
carrier mobility due to hopping mechanism of conductivity.

Pilot experiments were carried out on o-Fe,O5; doped
with many dopants, and the best photocurrent was obser-
ved for 0-Fe,O; doped with Zn. In the present communi-
cation, Zn-doped «o-Fe,O; photoelectrodes have been
prepared by spray pyrolysis method, investigated in detail
for their photoresponse in PEC cells and characterized for
various parameters affecting the PEC splitting of water.

Thin films were deposited on conducting glass (SnO,: F-
coated) substrates by spraying 0.15 M precursor solution,
prepared by dissolving Fe(NO3);.9H,0 (99.9%, Aldrich)
with varying dopant concentrations (0.5, 1.0, 1.5, 5.0 and
10.0 at%) of Zn(INO3),.6H,0 in double-distilled water. The
solution was sprayed with air at a pressure of 10 kg/cm’
onto heated (temperature 350 + 5°C) glass substrate, with
nearly one-third length of the substrate initially covered by an
aluminum foil. Finally, all samples were sintered at
500°C for 2 h. Sintering helps the samples in attaining
crystallinity, increases particle/grain size and decreases
resistivity of the film. Using silver paint and copper wire
loop, ohmic electrical contacts were generated on the uncoa-
ted conducting substrate surface for PEC measurements.

PEC measurements involved current-voltage (I-V)
characteristics under darkness and illumination of PEC
cell consisting of samples of iron oxide doped with zinc
as working electrode using a potentiostat (Model Versa
Stat I, U.S.A) and Xe lamp (150 Watt, Bentham). NaOH
(13 pH) was used as electrolyte. Photocurrent densities as
calculated from I-V data, are observed to increase with
increasing doping concentration (Figure 1). The 5 at% Zn
doping offered the best photocurrent density. It seems
that the 5 at% Zn doping in Fe,0; is the optimal concen-
tration above which (for 10 at% Zn) the observed photo-
current density decreases.

I-V characteristic and Mott—Schottky plots (Figure 2)
of all samples of iron oxide clearly indicate the n-type
conductivity of the material. Khan and co-workers'' on
the other hand, have reported Zn-doped Fe,O; prepared
by spray pyrolysis method using iron(II) chloride as p-
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type. They also showed that Zn helped in converting the
indirect bandgap of Fe,O; to direct bandgap due to forma-
tion of ZnFe,0,. This difference may be due to the condi-
tion of preparation and selection of precursor chemical.

Flatband potential of semiconductor electrode at the
semiconductor—electrolyte interface is an important para-
meter in designing a PEC cell; larger the flatband poten-
tial, easier is the transfer of carriers at the interface. This
can be obtained from the Mott—Schottky plot (1/CSC2 Vs
electrode potential), which relates the capacitance of space
charge layer (C,) to the applied potential (V,,), assuming
that capacitance of the double layer at the semiconductor—
electrolyte interface is much smaller'>™, using the follow-
ing equation:

1/C? o = [2/g€£oND] [Vigp = Vi = (ks /)], (1)
where g is charge on the carriers, g the permittivity of
semiconductor electrode, €, the permittivity of free space,

Np the donor density, Vgg the flatband potential, kg the
Boltzmann’s constant and 7 the temperature of operation.
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Figure 1. Photo-current density—voltage (mV/SCE) characteristics for
Zn-doped Fe;Os using 150 W Xe lamp as light source. Dependence of
photocurrent density on different doping concentrations (at%) in 13 pH
NaOH electrolyte solution.
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Figure 2. Dependence of Mott—Schottky plot on different doping con-
centrations (at%) at frequency 1 kHz; electrolyte solution 13 pH NaOH.
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LCR meter Model-4263B Agilent Technology, Singa-
pore, was utilized for measurement of capacitance (C,.) at
the semiconductor—electrolyte junction in PEC cell at
1 kHz frequency and Mott—Schottky curves were obtained
(Figure 2). Flatband potentials and donor densities were
calculated from the intercept and slope of the Mott—Schottky
plots respectively. Both were found to vary by changing
the doping concentration (Table 1). It has been observed
that the level of doping up to 5 at% increases the flatband
potential, suggesting the better ability of the film to facili-
tate the charge carrier from semiconductor to electrolyte.

Resistivity as calculated from the /-V characteristics
was found to increase after doping. Increase in resistivity
may be attributed due to the incorporation of doping
metal ions (Zn*") into Fe,O5 causing the loss of an electron
(Table 1).

Depletion layer width of semiconductor—electrolyte inter-
face was determined from capacitance measurement across
the junction at zero applied voltage using the formula:

0 = €&o/Cycs (2)

where g is the permittivity of semiconductor electrode, €,
the permittivity of free space and C, the space charge capa-
citance. It was observed that doping up to 5 at% increases
the depletion layer width, after which it again decreases
(Table 1).

Table 1. Resistivity and flatband potential (Vg), donor density (Np)
and depletion layer width (®)
Sample Resistivity Vs Np w
detail (Q cm) (VISCE) (cm™) (A)
Undoped 1.7 x 10° -0.58 21.4x10" 11.0
0.5 at% 4.1 x 107 —0.66 14.4 x 10" 19.8
1.0 at% 5.4 %107 -0.69 14.0x 10" 24.9
1.5 at% 6.8 x 107 -0.71 12.0x 10" 26.2
5.0 at% 5.7 x 107 -0.78 11.0x 10" 28.7
10.0 at% 2.6 x 107 -0.59 22.0x 10" 18.7
(104)
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Figure 3. X-ray diffraction pattern of undoped Fe,Os; (A) and 5.0 at%
Zn-doped Fe;O5 (B). Peaks corresponding to underlying SnO;:F layer
on the substrate.
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Figure 4. (0/hv)"? vs (hv) for 5 at% Zn-doped Fe,Os thin film.

Structural characterization of films was carried out using
X-ray powder diffractometer (XRD; X’PERT Model,
Philips, with graphite monochromator) using Cu-Ko
wavelength. Figure 3 illustrates the XRD patterns of un-
doped and 5 at% Zn-doped films of Fe,0;. All the samples
of doped/undoped «-Fe,O; prepared by spray pyrolysis
method were found to be o-Fe,O; (hematite). The aver-
age particle size calculated from XRD data using
Scherrer’s equation is of the order of 60 nm. Variation in
doping concentration did not much affect the particle size.

Absorbance of thin films was recorded using UV-spe-
ctrophotometer (Shimadzu, UV-1601) and bandgap energies
were calculated using the following equation'”™!

(ahv) = A (hv - E,)", 3)

where ¢ is the absorption coefficient, A is a constant re-
lated to the effective mass of the electrons and holes, and
n=20.5 for allowed direct transitions, and 2 for allowed
indirect transitions, E, is the energy gap. In the absorbance
versus wavelength curve, the absorption edge was found
at around 623 nm and the absorption peak was at around
560 nm. Within this wavelength range, the (ohv)"* vs
(hv) plot is linear (shown by solid line in Figure 4), indi-
cating the indirect nature of the bandgap. This linear
trend was extrapolated (dotted line) to the hv axis to cal-
culate the bandgap.

The band gap was found to be approximately the same
for all samples, ~2.0 eV. Zn may not produce any inter-
mediate level within the energy level of iron oxide.

In the present study, Zn doping of Fe,0; has yielded
samples with better photoresponse, increased resistivity,
decreased donor density and increased flatband potential
at the semiconductor—electrolyte junction. Increase in flat-
band potential helps in transfer of charge carriers at the
interface, and increase in depletion layer width at the
junction increases the absorption of incident light energy.
These two factors may be responsible for a better photo-
response. Highest photocurrent density is obtained in case
of 5 at% Zn-doped Fe,0;, which appears an optimal doping
concentration. The photoresponse for 10 at% Zn-doped
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Fe,05 thin film again decreases due to decrease in flat-
band potential and depletion layer width.
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