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Nanostructured iron oxide thin films have been prepared by electrodeposition technique and annealed
at various temperatures. The effect of deposition potential, deposition time and annealing temperature
on photoelectrochemical (PEC) properties of a-Fe, 03 thin films was studied. The (104) and (11 0) peak
presence in X-ray diffraction patterns confirms a-Fe,03; phase formation. The transition on surface mor-
phology from nanosheets to elongated dumbbell shaped nanoparticles occurred that can be attributed

to annealing temperature varied from 400 to 700 °C. Optical band gap variation was observed due to
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annealing temperature. It was found that increment in film thickness increases the photocurrent from
253 wA/cm? to 488 wA/cm? at 0.4V vs Ag/AgCl.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hematite (a-Fe,03) is an attractive semiconductor material for
photoelectrochemical and photocatalytic purposes due to its sta-
bility, benign nature, abundance and environmental compatibility.
It is an n-type semiconductor which is stable in most electrolytes
at pH>3. It has a band gap 2-2.2eV which is sufficient to uti-
lize approximately 40% of the incident sunlight for splitting water
into oxygen and hydrogen [1,2]. Numerous techniques have been
reported for a-Fe,O3 thin films deposition such as atmospheric
pressure chemical vapor deposition (APCVD) [3], chemical vapor
deposition (CVD) [4], low-pressure metallorganic chemical vapor
deposition (MOCVD) [5], plasma-enhanced chemical vapor depo-
sition (PECVD) [6], atomic layer deposition [7], spray pyrolysis [8],
ultrasonic spray pyrolysis [9], as well as with those prepared by
other electrochemical methods [10,11].

Surface morphology of deposited thin film plays important role
in PEC property. Kay et al., found dendritic nanostructure with more
finely divided branches toward the surface of the film by atmo-
spheric pressure chemical vapor deposition (APCVD) which has
given efficient photoelectrode [12]. Effects of deposition angle vari-
ation on surface morphology and its PEC performance was studied
by Hahn and his co-workers [13]. Beermann et al., has found higher
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efficiency in hematite electrodes with vertical oriented nanorods
than nanostructured spherical morphological electrode [14].

The bottleneck of above mentioned deposition techniques is its
high cost. To convert solar energy to chemical energy, the pro-
duction cost should be less than the other alternatives such as
photovoltaic driven electrolyzers or biomass reforming. Electrode-
position is one of the cost effective deposition technique as well as
it has capability to deposit thin film at low temperature. Number
of researchers has used electrodeposition as deposition technique
aiming for various studies [15-17]. There are so many parameters
which can affect film properties like reagents, reagent solution con-
centration, pH of solution, deposition temperature, potential, time,
annealing temperature as well as durations. These parameters ulti-
mately reflect variation in film’s performance.

In this work, our aim was to study the effects of deposition
potential, time (thin film thickness), annealing temperature and
durations on the thin film properties and finally on PEC perfor-
mance.

2. Experimental details

«a-Fe, 03 thin films were prepared by using 3 M NH4Cl (Junsei chemical co. Ltd.,
Japan)and 0.02 M FeCl,-4H, 0 (Kanto chemical co. Ltd., Japan) as reagents with 99.5%
purity. 1M NaOH solution was used to adjust the reagent solution pH to 7.52. All
solutions were prepared in ultra-pure triply distilled water. Solution was purged
with argon during dissolving the reagents, film deposition and photocurrent mea-
surement. The deposition were performed in a conventional three electrode cell
using a scanning potentiostat (IviumStat Technologies, Netherlands) with fluorine
doped tin oxide (FTO) coated glass plate (1cm x 1.5cm) as working electrode, a
platinum plate (1.5cm x 1.5cm) as counter electrode, Ag/AgCl/NaCl electrode as


dx.doi.org/10.1016/j.jallcom.2012.01.028
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:joocat61@gmail.com
dx.doi.org/10.1016/j.jallcom.2012.01.028

Current (mA)

S.H. Tamboli et al. / Journal of Alloys and Compounds 520 (2012) 232-237 233

0.5

Fig. 1.

T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0

Potential (V vs Ag/AgCl)

Cyclic voltammogram of iron precursor solution at 50 mVs-1.

the reference electrode. All electrodeposition potentials were measured with ref-
erence to the potential of an Ag/AgCl/NaCl reference electrode. Prior to deposition,
the glass substrates were rinsed and sonicated in soap solution, ethanol and triply
distilled water for 15 min in each. These cleaned substrates were used for thin film
deposition.

Hematite thin film was prepared at different deposition potentials (—0.2,0.2,0.4,
0.45 and 0.5V) and annealed at different temperatures (400, 500, 600 and 700 °C).
Film thickness was controlled by changing depositing time for 10, 20, 30 and 40 min.
Uniform, smooth Fe, 05 films were obtained under optimized conditions which were
well adherent to the substrates. To study the annealing duration effect on Fe;03 thin
films, thin films were annealed for 10, 30, 60, 120, 240 min.

X-ray diffraction (XRD) data of the electrodeposited a-Fe;O3; samples were
recorded using X-ray diffractometer (XRD-6000, Shimadzu, Japan) with CuKa radia-
tion (A =1.542 A). Uv-Vis spectrophotometer (Cary-5000, VARIAN) was used for thin
film optical absorbance measurements. Field-emission scanning electron micro-
scope (FE-SEM) (HITACHI S-4100 model) was utilized to study thin film surface
morphology and thickness.

Photoelectrochemical studies of the a-Fe, O3 thin films were carried out in a
three-armed cell with a platinum wire as the counter electrode, a Ag/AgCl/NaCl elec-
trode as reference electrode, and the hematite film as the working photoelectrode.
These photoelectrochemical studies have been performed in 1M NaOH solution.
The electrolyte solution was purged with argon for 10 min prior to each experimen-
tal series and then kept under flowing argon during the experiments. Illumination
was provided by a 150 W short-arc Xe lamp solar simulator (PEC-LO1, Japan). PEC
properties of a-Fe; 03 thin films was studied by using back illumination.

Fig. 2. Surface morphology of a-Fe, 05 thin film deposited at various potential.
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Fig. 3. Current densities of the a-Fe,03 thin films deposited at different potential
as a function of the applied potential, V vs Ag/AgCl.

3. Results and discussion
3.1. Potential variation

Fig. 1 shows the cyclic voltammogram in iron precursor solu-
tion at 50mVs~!. During negative sweep Fe3* was reduced to
Fe. In reduction region, film deposited at potential —0.58 and
—0.7 V. These films showed negligible photo-activity and were not
characterized further. Furthermore, in positive sweep films were
deposited by electrochemical oxidation of Fe2* jons to Fe3* ions fol-
lowed by precipitation of Fe3* ions as iron oxide (ferric hydroxide).
Iron oxide deposition at the anode are represented by the following
equations [18].

Fe?t < Fe3t e~ (1)
Fe3" +30H™ — Fe(OH)3} (2)

The films deposited at —0.2, 0.2, 0.4, 0.45 and 0.5V were
highly adherent to substrate and showed high photoelectrochem-
ical activity. The effect of deposition potential on grain size as
well as on surface morphology of a-Fe; O3 thin film was studied
by using SEM images, as shown in Fig. 2. It was found that, as
potential increases from —0.2 to 0.45V, the diameter and length of
particles were increased and elongated dumbbell shaped nanopar-
ticles were formed. Furthermore, at higher deposition potential
than 0.45V, morphology turns to granular shape from elongated
dumbbell shaped.

In electrodeposition process, depositing adatoms continuously
progress through the solution and get discharged onto the elec-
trode at applied potential, due to which electrode undergo cluster
formation via critical nucleus creation. These critical nuclei act
as nucleation centers for further depositing adatoms. The criti-
cal nucleus formation and adatoms propagation through solution
strongly depends on the applied potential during electrochemi-
cal deposition. At low applied potential (as shown in Fig. 2), the
rate of nucleation and adatoms propagation remains slower and
takes more time for cluster formation, which extends in bigger
grain formation (in this case elongated dumbbell shaped). On the
other hand, at high applied potential (0.5V in Fig. 2), nucleation
and adatoms propagation rate remains high which increases the
number of nuclei, which grow separately and forms smaller grain
size (granular shape) [19].
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Fig. 4. XRD patterns of a-Fe, 05 thin films annealed at various temperatures.

Fig. 3 depicts the photocurrent of the o-Fe,0O5; thin films
deposited at different potential. It was observed that photocur-
rent increases with increase in deposition potential. a-Fe;03
thin film deposited at —0.2V and 0.45V showed 273 pA/cm?
and 473 wA/cm? (at 0.4V vs Ag/AgCl) respectively. However, film
deposited at higher potential than 0.45 V showed reduction in pho-
tocurrent. These photocurrent variations are mainly due to the
variation in grain size. The large grain size gives high photocurrent
due to increase in absorption which would permit holes generation
closer to the semiconductor-liquid junction [20].

It is evident that the photocurrent variation correlates with
electrode surface morphology via change in deposition potential.
It increases with increase in potential up to 0.45V, the elec-
trodes deposited at these potential shows increase in length and
diameter in to dumbbell shaped nanoparticles and results higher
photocurrent while turning the surface morphology from elon-
gated dumbbell shape into granular form shrinks the photocurrent.
An electrode having larger grain size reduces the grain bound-
aries, which provides low electron-hole recombination, reflects
high photocurrent, whereas smaller grain size increases the grain
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Fig. 5. Graph of (athv)? as a function of hv for optical band gap.
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Fig. 6. Surface morphology of a-Fe; 03 thin film annealed at various temperatures. Vertical cross-section image in inset.

boundaries as well as electron-hole recombination. Due to high
electron-hole recombination photocurrent becomes low [21].

3.2. Temperature effect

As deposited iron oxide films were converted into a-Fe;03 thin
films by annealing for 4h. The effect of annealing temperature
on crystal structure was analyzed by XRD patterns. Fig. 4 shows
the XRD patterns of a-Fe,;03 thin films annealed at various tem-
peratures (400-700°C) for 4h. The (104) and (110) peaks were
observed which confirms the a-phase formation (JCPDS data no.
89-0599). It is seen that, annealing temperature increases the peak
intensity of a-Fe,03, which indicate that the crystallinity of film
increases with annealing temperature [22].

Fig. 5 gives the plot of (athu)? as a function of hv. From the
absorption data, the band gap energy was calculated using the for-
mula:

_ [ao(hv — Eg)n]
T

where, ‘Eg’ is the separation between bottom of the conduction
band and top of the valence band, « is the absorption of thin film and
o is the absorption Coefficient, ‘hv’ is the photon energy and ‘n’is a
constant. The value of n depends on the probability of transition; it
takes values as 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden,
indirect allowed and indirect forbidden transition, respectively.
Small reduction in optical band gap was observed due to increase in
annealing temperature such as 2.07, 2.06, 2.01 and 2.04 eV for 400,
500, 600 and 700°C respectively. All the optical band gap values
were in reported range [21,22].

The effect of annealing temperature enhancement on surface
morphology is shown in Fig. 6. Nanosheets like morphology was

(3)

observed at low annealing temperature (400°C), whereas this
morphology turns into elongated dumbbell shaped nanoparticles
due to increase in annealing temperature from 400 to 700°C. The
formation of nanosheets and nanoparticles were confirmed by tak-
ing vertical cross section SEM image, as shown in inset in Fig. 6.
The increase in diameter of nanoparticles (width of nanosheets)
found to increase with increase in annealing temperature from 20
to 38 nm for 400-700°C.
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Fig.7. Current densities of the a-Fe; 05 thin films annealed at various temperatures
as a function of the applied potential, V vs Ag/AgCl.
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Fig. 8. Vertical cross section of a-Fe,03 thin films deposited at different time.

The effect of annealing temperature on photochemical proper-
ties of a-Fe;03 thin film is shown in Fig. 7. It was oberved that
o-Fe,03 thin film annealed at 400°C showed low photocurrent,
while it increases with annealing temperature. Increase in pho-
tocurrent with annealing temperature is due to the crystallinity
improvement as well as elimination of trapped excess vacanciesi.e.,
voids within the film [13,23]. These voids reduction is interrelated
with photocurrent enhancement. This reduction in void formation
at high temperature can be observed in FE-SEM image of a-Fe; 03
thin films in Fig. 6. It shows that, at high annealing temperature
grain size increases and voids decreases. This grain size increment
caused to reduce the grain boundaries as well as electron-hole
recombination [21]. This reduction in electron-hole recombination
reflects photocurrent improvement with annealing temperature.

The effect of annealing duration on photoelectrochemical prop-
erties of a-Fe; 03 thin films was studied. The photocurrent values
of a-Fe, 03 thin film annealed at 700 °C for different durations are
tabulated in Table 1. Photocurrent of a-Fe; 03 thin film was found
to increase with increase in annealing duration. The photocurrent
density achieved 461 wA/cm? at 0.4V vs Ag/AgCl after 240 min of
annealing. The resistance of the substrate was slightly increased.

Table 1
The values of photocurrent variation with a-Fe; 05 thin film annealing duration.

Annealing duration (min) Photocurrent (nA/cm?) at 0.4V vs Ag/AgCl

10 156
30 271
60 335
120 404
240 461

3.3. Deposition time

Time of film deposition mainly affects on its thickness. As depo-
sition time increases, an increase in thickness of «-Fe, O3 thin films
was observed. The thickness of film was measured by taking vertical
cross section SEM. Fig. 8 shows the vertical cross section of Fe;03
thin films deposited at different time intervals. It was observed that,
the deposition time effect on film thickness as well as photocur-
rent. The photocurrent increases with film thickness from 600 nm
to 1120 nm (253 pA/cm?-488 wA/cm? at 0.4V vs Ag/AgCl).

In this study, photocurrent was measured by illuminating the
back side of the film. During illumination, light absorption takes
place including blue and red region of the visible spectrum. The
longer wavelength (red) have similar effect in thin as well as
relatively thicker film, whereas short wavelength (blue), which pro-
duces most of the charge carriers and get absorbed comparatively
more in the thicker films as compared to the thinner films. As a
result thicker electrodes absorb more photons and hence, produce
high photocurrent for water oxidation [24-26].

4. Conclusion

a-Fe, 03 thin films were successfully prepared using electrode-
position technique and were studied for photoelectrochemical
cell application. The variations in thin film deposition poten-
tial, annealing temperature and film thickness played a crucial
role in photocurrent variation via thin film modifications. Surface
morphology modification is more dominant factor in photoelec-
trochemical properties of a-Fe, O3 thin films, which is interrelated
with electron-hole recombination phenomenon. The elongated
dumbbell shaped surface morphology of a-Fe; 03 thin films is the
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optimum morphology for photoelectrochemical cell application
than nanosheets or granular morphology. The surface morpho-
logical variation and its effect on device performance is mainly
concerned with surface engineering.
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