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Fe, 03 thin films have been prepared by novel chemical successive ionic layer adsorption and reaction
(SILAR) method. Further these films were characterized for their structural, morphological and optical
properties by means of X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectrum, scanning
electron microscopy (SEM), wettability test and optical absorption studies. The XRD pattern showed that
the Fe,03 films exhibit amorphous in nature. Formation of iron oxide compound was confirmed from

FTIR studies. The optical absorption showed existence of direct optical band gap of energy 2.2 eV. Fe,03;

Keywords:

film surface showed superhydrophilic nature with water contact angle less than 10°. The supercapacitive

SILAR properties of Fe, 03 thin film investigated in 1 M NaOH electrolyte showed supercapacitance of 178 Fg~!
Iron oxide at scan rate 5mV/s.
Microstructure © 2010 Elsevier B.V. All rights reserved.

Supercapacitor

1. Introduction

In recent years, growing demands for power sources of tran-
sient high-power density have stimulated a great interest in
electrochemical supercapacitor with project applications in dig-
ital communications, electric vehicles, burst power generation,
memory back-up devices and other related devices which require
high-power pulses. The potential applications of electrochemical
capacitors include the power enhancement and cycle life improve-
ment of primary power sources such as batteries and fuel cells.
Electrochemical capacitors are also attractive for other applications
such as power sources for camera flash equipment, lasers, and cel-
lular phones. Electrochemical supercapacitors are divided into two
categories according to different energy-storage mechanisms (i)
redox supercapacitors, in which the pseudocapacitance arises from
faradic reactions occurring at the electrode interface and (ii) elec-
tric double layer capacitors (EDLCs), in which the capacitance arises
from the charge separation at the electrode/electrolyte interface.
The main materials that have been studied for the supercapaci-
tor electrode are (i) carbons, (ii) transition metal oxides and (iii)
conducting polymers [1].

Various transition-metal oxides, such as RuO,, Co304, NiO,
Fe,03, Ir0;, Sn0;,, MnO,, etc., are being studied for the superca-
pacitor applications. Among these metal oxides for supercapacitor
electrodes, amorphous hydrous RuO, is the most promising mate-
rial for supercapacitors because of its high specific capacitance,
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excellent reversibility, and long cycle life. However, RuO, is
expensive, toxic, and naturally less abundant, which limits their
commercial use. Accordingly, there is a strong incentive to find
alternative electrode materials, which are inexpensive and exhibit
pseudocapacitance similar to that of amorphous RuO,-xH, 0. To this
end, much attention is now focused on the oxides of manganese [2],
nickel [3], cobalt [4], vanadium [5] and copper [6] as candidate for
electrode materials.

Alternately we propose the iron oxide, the transition material
having low cost for use in supercapacitor. Iron oxide thin films have
been prepared by various methods, such as the sol-gel [7], chemical
vapor deposition [8] and electrodeposition [9], spray pyrolysis [10].
Among these chemical methods, successive ionic layer absorption
and reaction (SILAR) is low cost and low temperature soft chem-
ical solution method. The SILAR method is relatively a new and
less investigated method, which is based on sequential reaction on
the substrate surface. Rinsing follows each reaction, which enables
heterogeneous reaction between the solid phase and the solvated
ions in the solution. SILAR method has its own advantages such
as layer-by-layer growing mode, excellent material utilization effi-
ciency, and good control over the deposition process along with the
film thickness and large-scale deposition capability on any type of
substrate [11].

In the present investigation, we first time report the synthesis
of Fe,03 thin films by SILAR method. These films were character-
ized by XRD, FTIR, SEM, wettability test and optical absorbance
studies. The supercapacitive behavior of Fe; O3 thin film was inves-
tigated by cyclic voltammetry in 1 M NaOH electrolyte. The effect
of scan rate on the supercapacitance of Fe;03 thin film has been
investigated.
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2. Experimental
2.1. Synthesis of Fe,0s3 thin films

For the deposition of Fe,03 thin films, 0.05M ferrous sulphate was used as
the cationic precursor solution and anionic precursor solution was 0.1 M sodium
hydroxide. The well cleaned glass/stainless steel (SS) substrate was immersed in
a cationic precursor solution (FeSO4) for 10s for the adsorption of iron species on
the substrate surface. The substrate was rinsed in double distilled water for 5s to
remove loosely bound species of Fe2* species. Then, the substrate was immersed in
anionic precursor solution (NaOH) which was kept at 333K for 15 s to form a layer
of iron oxide material. Rinsing the substrate again in double distilled water for 5s
separates out the excess or unreacted species. Thus one SILAR cycle of Fe; O3 deposi-
tion was completed. 120 such deposition cycles were repeated at room temperature
(300K) to get a terminal thickness. The maximum thickness obtained for Fe, O3 thin
film was 1.2 wm and used for the further.

2.2. Characterization techniques

For thickness measurement, gravimetric weight difference method with the
relation t=m/(p x A) where m is the mass of the film deposited on the substrate
in gm; A is the area of the deposited film in cm? and p is the density of the
deposited material (Fe;03 =5.242 g cm~3) in bulk form. The crystal structure of the
film material was identified by X-ray diffraction analysis with Philips (PW 3710)
diffractometer. The Fourier transform infrared (FTIR) spectrum of the samples was
collected using a ‘Perkin Elmer, FTIR Spectrum one’ unit. The film morphology was
observed by scanning electron microscopy (Model: JEOL 6360). To study the wet-
tability of the films, contact angle measurement was carried out by Rame-hart
USA equipment with CCD camera. The optical absorption studies were carried
out within the wavelength range 350-850nm for Fe,O3 films using Systronics
spectrophotometer-119, with glass substrate as reference. The supercapacitor for-
mation and its studies were carried out using the 263A EG &G Princeton Applied
Research Potentiostat forming an electrochemical cell comprising Fe,03 film as a
working electrode, platinum as a counter electrode and saturated calomel electrode
(SCE) as a reference electrode in 1M NaOH electrolyte.

3. Results and discussion
3.1. Film formation mechanism

Fe, 053 thin films were prepared by immersing substrate in sepa-
rately placed cationic and anionic precursors with rinsing between
every immersion. The growth kinetics of a thin film deposition
process is ion-by-ion growth mechanism, which involves the ion-
by-ion deposition at nucleation sites on the immersed surfaces. The
mechanism of Fe; O3 film formation by SILAR method is explained
as follows. The hydrolysis of ferrous sulphate takes place with pH
~5 which gives ferrous hydroxyl Fe(OH), ions.

FeSO4 +2NaOH — FE(OH)Z +NaySO4 (1 )

When substrate is immersed in this solution, Fe(OH), ions get
adsorbed onto the substrate due to attraction between ions in the
solution and surface of the substrate. These forces may be cohesive
forces or van der Waals forces or chemical attractive forces. Further
reaction is followed by the immersion of substrate in NaOH anionic
solution, where the chemical reaction between OH~ and Fe(OH),
ions leads to the deposition of adherent Fe, 03 layer.

2Fe(OH), + 20H™ — Fe,03 +3H,0 2)

Fe, O3 thin films are uniform and well adherent to the substrate
surface. Here, for the deposition of Fe;O3 thin films the adsorp-
tion period was 10s and reaction period was 15s. The optimized
preparative parameters are summarized in Table 1.

3.2. Thickness measurement

Thickness of Fe,03 films was measured by the gravimetric
weight difference method in terms of deposited weight of a Fe;03
film on the glass substrate, per unit area (gcm~2), since the accu-
rate measurement of Fe, 05 film thickness was not possible due to
the rough morphology and porosity of the film. The graph of the
deposited weight of Fe;03 with the number of cycles is shown in

Table 1

Optimized preparative parameters for deposition of Fe, 03 thin films.
Precursors FeSO4 NaOH
Concentrations 0.05M 0.1M
Immersion time 10s 10s
Number of immersions 120 120
Thickness (pm) 1.20 -
Deposition temperature 300K 343K

Fig. 1. In the process of deposition of Fe; 03 films by SILAR method,
Fe, 03 thin films were prepared by immersing substrate in sepa-
rately placed cationic and anionic precursors with rinsing between
every immersion. The weight of Fe; O3 film was found to increase
with number of cycles. After 120 cycles, the thickness of the film
decreases. The thickness of Fe,03 thin films is 0.74, 0.91, 1.2 um
at 40, 80 and 120 cycles, respectively. The maximum thickness
obtained for Fe; O3 thin film was 1.2 wm and used for the further
characterization.

3.3. Structural studies

Iron oxides crystallize in several different structures with varied
proportions of Fe ions (Fe2* and Fe3*). The stable and well-known
structures of iron oxides are FeO, Fe;03 and Fe30,4. From these
structures, Fe,O3 is normal spinel oxide which is room tempera-
ture stable structure with Fe2* in the octahedral positions and Fe3*
in the tetrahedral positions of the spinel structure. Fig. 2 shows
the XRD patterns of Fe,;O3 thin films on to glass substrate. From
XRD pattern it is seen that there is no peak corresponding to Fe, 03
material. This indicates the formation of amorphous material on the
substrate. Amorphous phase of the material is feasible for super-
capacitor application due to easy penetration of ions through the
bulk of the active material [12].

3.4. FTIR studies

In order to know the chemical bonds present in the Fe,03
compound, the sample was characterized by FTIR within the wave-
length range 450-4000 cm~'. Fig. 3 displays the FTIR spectrum of
Fe, 03 sample. The sample shows the absorption in the region 3416,
1026, 605 and 465 cm~!. The absorption at 3416 cm~! indicates the
presence of hydroxide group [13]. The absorption peaks around at
1611 and 1026 cm~! may be attributed to O-H bending vibrations
combined with Fe atoms. The peaks at 605 and 465cm~! corre-
spond to the metal-oxygen (Fe-0) vibrational modes of the spinel
compound, also these two peaks are characteristics of spinel com-
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Fig. 1. Variation of Fe,05 film thickness with number of cycles.
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Fig. 3. FTIR spectrum of Fe,03 compound.

pounds. These two bands are sharp and are of small intensity Fe-O
peaks which is in good agreement with the literature [11]. Result
indicates the presence of Fe-O bonds, and -OH groups for Fe;03
thin films. Thus the formation of Fe;03 compound is confirmed.

3.5. Surface morphology

Fig. 4 shows SEM images of Fe,03 thin films at two different
magnifications (x5000 and x10,000). From SEM image (Fig. 4),
it is seen that Fe,0O3 film surface is porous and well covered
with smooth, irregular shaped grains of random size. We clearly

Fig. 5. Water contact angle measurement of Fe,05 thin film.

observed the grains which are interconnected with each other.
These interconnected grains form clusters with some clusters of
overgrowth. Such overgrowth can be explained on the basis of
nucleation and coalescence process. Initially grown nano grains
may have increased their size by further deposition and come closer
to each other. Thus, the larger grains appear to grow by coales-
cence of smaller ones. The grains were small with non-uniform and
no well-defined grain boundaries; hence it was difficult to calcu-
late the exact average value of grain size. Such surface morphology
with nanosized grains may offer increased surface area feasible for
supercapacitor application [14].

3.6. Wettability test

Wettability test is carried out in order to investigate the interac-
tion between liquid and Fe,Os thin films. If the wettability is high,
contact angle (0), will be small and the surface is hydrophilic. On
the contrary, if the wettability is low, 6 will be large and the sur-
face is hydrophobic. A contact angle of 0° means complete wetting
and a contact angle of 180° corresponds to complete non-wetting.
Both super-hydrophilic and super-hydrophobic surfaces are impor-
tant for practical applications [15]. From Fig. 5 we observed that,
the Fe,0s3 thin films are superhydrophilic as water contact angle
is less than 10° means high wettability. This may be due to the
strong cohesive force between the water droplet and hydroxide
present in the iron oxide compound. Due to which the water is
attracted rather repelled by the Fe,Os3 film. This specific prop-
erty is useful for making intimate contact of aqueous electrolyte
with electrode surface in supercapacitor application. We believed

Fig. 4. SEM micrographs of Fe, 05 thin films at two different magnifications (a) x5000 and (b) x10,000.
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Fig. 6. Plot of (whv)? vs. photon energy hv of Fe,05 film.

this specific property will tentatively demonstrate the feasibility
of Fe,;03 film surface useful in electrolyte/electrode interface for
better performances. It is well known that in the electrochemical
supercapacitor, hydrophilic surface of the electrode is an essential
factor for better performance [16]. Mane et al. [17] reported a con-
tact angle of 21° for electrochemically deposited tin oxide thin films
for supercapacitor application.

3.7. Optical absorption study

The optical absorption spectrum of Fe,Os thin film in the wave-
length range 350-850 nm has been investigated. Fig. 6 shows the
variation of (ahv)? vs. hv which is a straight line in the domain
of higher energies, indicating a direct optical transition. The opti-
cal band gap of the Fe,03 thin film is in good agreement with
the literature data [18]. The theory of optical absorption gives the
relationship between the absorption coefficients « and the photon
energy (hv),

A(Eg — hv)"
i TR 3)

where A and v are constants, for direct allowed transition n=1/2
and for allowed indirect transition n=2. The above Eq. (3) gives the
band gap (Eg) when straight portion of («hv)? against hv plot is
extrapolated to the point o =0. From the graph, for Fe,03 thin film
the band gap value of 2.2 eV was obtained.

3.8. Supercapacitive studies

The chemically deposited amorphous Fe,03 electrodes were
used in the supercapacitor and their performances were tested
using cyclic voltammogram (CV) technique. For finding the suitable
electrolyte, the cyclic voltammograms of the Fe, 03 electrode in the
1.0M NaOH aqueous electrolytes in the voltage range of —0.6 to
+0.1 V/SCE were studied. In these cases, the Fe; 03 electrode exhib-
ited symmetric CV characteristics in forward and reverse sweeps.

3.8.1. Cyclic voltammograms of Fe,03 electrode

The chemically deposited Fe, O3 thin films were used in the for-
mation of electrochemical supercapacitors and their performance
was tested studying CV curves. Fig. 7 shows the CV curves of Fe,03
electrode with different scan rates in 1 M NaOH electrolyte. It was
found that the current under curve was slowly increased with scan
rate. This shows that the voltammetric currents are directly pro-
portional to the scan rates of CV, indicating an ideally capacitive
behavior [12]. The capacitance (C) was calculated using following
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Fig.7. The cyclic voltammograms of Mn3; 04 thin film electrode at different scanning
rates ((A) 5mV/s, (B) 10 mV/s, (C) 20mV/s, (D) 50 mV/s and (E) 100 mV/s) in the 1M
NaOH electrolyte in the working potential window of —0.6 to +0.1V (vs. SCE).

relation,
_ Imax
~ dy/dt (4)

where [ is the average current in ampere and dv/dt is the voltage
scanning rate. The interfacial capacitance was calculated using the
relation,

¢ (5)

where ‘A’ is the area of active material dipped in the electrolyte. The
specific capacitance Cs (Fg~!) of Fe,03 electrode was calculated
using following relation:

Co= L (6)

where Wis the weight of Fe; O3 film dipped in electrolyte. The Fe, 03
electrode exhibited the interfacial capacitance of 0.12Fcm~2 and
the supercapacitance of 178 Fg~1. The large value in this case is
attributed to the amorphous and porous nature of Fe; 05 thin films.

3.8.2. Effect of scan rate

The high or pulse-power property of Fe,053 electrode is exam-
ined using cyclic voltammetry at different scan rates. Fig. 8 shows
the CV curves of Fe; 03 electrode in 1 M NaOH electrolyte for differ-
ent scan rates within voltage range of —0.6 to +0.1V. Fig. 8 shows
the variation of specific capacitance and interfacial capacitance
with scan rate. From Fig. 8 it is seen that, specific and interfacial
capacitance values are decreased from 178 to 121Fg~! and 0.12
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Fig. 8. Variation of specific and interfacial capacitances of Fe; 03 electrode at differ-
ent scan rates. Concentration of NaOH electrolyte was 1.0 M.
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to 0.089 Fcm~2, respectively. The maximum specific capacitance
of 178 Fg~! was obtained at 5mV/s. The decrease in capacitance
has been attributed to the presence of inner active sites that can-
not sustain the redox transitions completely at higher scan rates.
This is probably due to the diffusion effect of protons within
the electrode. The decreasing trend of the capacitance suggests
that parts of the surface of the electrode are inaccessible at high
charging-discharging rates [19]. Nagarajan and Zhitomirsky [9]
prepared y-Fe, O3 thin films by cathodic electrodeposition method
and reported supercapacitance of 210Fg~1 in 0.25 M Na,S, 03 elec-
trolyte. Brousse and Belanger [20] prepared Fe304 powders with
high surface area and reported a SC of 75Fg~1 in 0.1 MK,SO4. Thin
film Fe304 electrodes showed a SCof 170and 25 Fg~! in the Na,SO3
and Na, S04 electrolytes, respectively [21]. The highest capacitance
of 510Fg~1 of Fe30,4 in a voltage window of 1.2 V was achieved for
the composite Fe304-carbon black (3 wt.% Fe304) electrodes using
sodium sulphite as the electrolyte [22].

4. Conclusions

In summary, Fe, 05 thin films have been prepared by simple and
inexpensive successive ionic layer adsorption and reaction (SILAR)
method. XRD pattern revealed that the Fe,0s thin film exhibits
amorphous nature. From scanning electron micrograph images it
is seen that Fe,O3 film surface was well covered with irregular
shaped grains. Contact angle measurement showed Fe, 03 surface
was superhydrophilic with contact angle less than 10°. The optical
studies showed direct band gap energy of 2.2 eV. The Fe,03 elec-
trode exhibited the interfacial capacitance of 0.12Fcm~2 and the
supercapacitance of 178 Fg~! which is high as compared to Fe,03
films. These results demonstrate that chemically deposited Fe,03
thin film is a good candidate as electrode material for electrochem-
ical capacitor.
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