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Abstract

Amorphous and highly porous nanonest like Fe:MnO2 thin films have been potentiostatically synthesized and are characterized by

using X-ray diffraction (XRD), Field emission scanning electron microscopy (FESEM), Energy dispersive X-ray analysis (EDAX),

Fourier transform infrared spectroscopy (FTIR), wettability test and optical properties. The supercapacitive performance of Fe:MnO2

electrodes were tested using cyclic voltammetry (CV), charge–discharge and impedance techniques in 1 M Na2SO4 electrolyte. The effect

of Fe doping on structural, morphological, compositional and supercapacitive properties of MnO2 thin films has been investigated.

Further, the effect of electrolyte concentration and scan rate on the supercapacitance of MnO2 and Fe:MnO2 electrodes have been

studied. The results showed that as Fe doping concentration increases up to 2 at% the supercapacitance increases from 166 to

231 F g�1. The maximum specific capacitance of 273 F g�1 was achieved for 2 at% Fe:MnO2 at 5 mV s�1 scan rate.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Owing to the exceedingly rich structural variety and
chemistry that they display, as well as their low cost and
environmental friendliness, manganese oxides find extensive
applications in electrochemical energy storage and conver-
sion. They are used in commercial Zn/MnO2 alkaline cells
and zinc/air cells, and have been extensively investigated as
intercalation cathodes for rechargeable lithium batteries [1].
More recently, there have been reports on manganese oxides
as electrodes for electrochemical supercapacitors [2–4]. While
investigations have focused most extensively on numerous
crystalline structures of manganese oxides, increasing atten-
tion has been given to non-crystalline, including amorphous
and nanocrystalline compounds. Amorphous or nanocrystal-
line manganese oxides reported earlier [5,6] exhibit much
higher lithium intercalation capacity than their crystalline
counterparts and in some cases also excellent cycling perfor-
mance. Recently, amorphous and nanocrystalline manganese
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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oxides have also been shown to be promising electrode
materials for electrochemical supercapacitors [7,8].
The preparation methods of Mn oxides for supercapacitor

applications include thermal decomposition [9], co-precipita-
tion [10], sol–gel processes [2], physical vapor deposition [11],
hydrothermal synthesis [12], and anodic deposition [8].
Recent research is focused on increasing the specific capaci-
tance of the oxides by introducing other oxides technology
[13]. The capacitance of MnO2 electrode is believed to be
predominant due to pseudocapacitance, which is attributed
to reversible redox transitions involving exchange of protons
and/or cations with the electrolyte [14]. However, the
resistivity and the equivalent series resistance (ESR) of
MnO2 electrode are very large. Therefore, its capacity is
limited. In order to overcome this disadvantage, the compo-
site electrode materials of the manganese oxide were prepared
with a conducting additive such as carbon material (graphite,
carbon nanotube, porous carbon, activated carbon, and
carbon aerogel, etc.) [15], conducting polymers [16], metal
oxides [17,18] etc.
In order to improve the pseudocapacitive properties of

plain Mn oxide, the addition of other transition metal
rved.
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Fig. 1. Potentiostatic curves of MnO2 and 2 at% Fe:MnO2 thin films in

aqueous alkaline bath at 1.1 V/SCE.
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oxides has been attempted. Studies have found that the
incorporation of Ni [2,11–13], Co [18,17], V [19] and Mo
[20] oxides could enhance the specific capacitances of Mn-
based oxides. Recently, crystalline MnFe2O4 with a spinel
structure, which could exhibit pseudocapacitive behavior,
was found to have wonderful cyclic stability. However, its
specific capacitance was only around 100 F g�1 [13]. In
contrast, Lee et al. [21] indicated that hydrous Mn–Fe
mixed oxide, in which the Mn oxide was nanocrystalline
and the Fe oxide seemed to be amorphous in nature, can
be prepared by anodic deposition. An optimum specific
capacitance of the binary oxide was over 200 F g�1.

In present investigation, nano-nest like amorphous
Fe:MnO2 thin films are successfully synthesized by poten-
tiostatic deposition and used as potential candidate for
supercapacitor. The effect of Fe doping on structural,
morphological, compositional, wettability and supercapa-
citive properties of MnO2 thin films have been investi-
gated. The effect of electrolyte concentration and scan rate
on specific capacitance of MnO2 and Fe:MnO2 electrodes
have been studied. Also stability, charge–discharge and
impedance of MnO2 and Fe:MnO2 electrodes have been
studied.

2. Experimental

The MnO2 and Fe:MnO2 thin films were electrodepos-
ited at room temperature from aqueous alkaline bath. The
bath consisted of 0.1 M manganese sulphate (MnSO4 �

4H2O) complexed with 0.1 M citric acid {C (OH) (COOH)
(CH2COOH)2 �H2O} maintained at a pH of �10.5
through the addition of 1 M sodium hydroxide (NaOH)
solution. In order to dope Fe in MnO2 thin films, four
different concentrations (0.5, 1, 2 and 4 at%) were selected.
The solution was prepared in freshly prepared double
distilled water. Mirror polished and ultrasonically cleaned
stainless steel was used as substrates.

In electrodeposition, the graphite substrate (4 cm� 1.5
cm) was used as the anode. A saturated calomel electrode
(SCE) was used as the reference electrode in conventional
three electrode system. An EG & G Princeton Applied
Research (model 263-A) potentiostat was employed for
deposition. The anodic deposition of MnO2 and Fe:MnO2

film was performed at 1.1 V/SCE potential. After electro-
deposition, the electrode was dried in air. Grayish black
colored, smooth, uniform and well adherent MnO2 and
Fe:MnO2 thin films were obtained by the potentiostatic
method.

Crystal structures of MnO2 and Fe:MnO2 electrodes were
analyzed by X-ray diffraction within the range 101–1001 on
computer controlled Philips PW-3710 using CrKa radia-
tions (l¼2.2897 Å). The surface morphologies and compo-
sitional studies of electrodes were carried out by FE-SEM
(field emission scanning electron microscopy, Model: JSM-
6701F, JEOL, Japan) attached with an energy-dispersive
X-ray analysis (EDAX) analyzer to measure the sample
composition. The Fourier transform infrared (FTIR)
spectra of the samples were collected using a ‘Perkin Elmer,
FTIR Spectrum one’ unit. In order to study interaction
between electrolyte and electrode surface contact angle
measurement was carried out by Rame-hart USA equip-
ment with CCD camera. Electrochemical performance of
the deposited oxides was evaluated using cyclic voltammetry
(CV) in 1 M Na2SO4 electrolyte. The test was performed in
a three-electrode cell, in which the oxide electrode was
assembled as the working electrode. In addition, a platinum
sheet and a SCE were used as the counter electrode and the
reference electrode, respectively. The measuring instrument
was a 263 A EG & G Princeton Applied Research Potentio-
stat. The galvanostatic charge–discharge measurement was
carried out with 8-channel advanced battery cycler (WonA-
Tech-WBCS-3000 model). Electrochemical impedance spec-
troscopy (EIS) measurements were recorded using the
multi-impedance test system after the first cycle. The
frequency range was from 10 kHz to 10 mHz with an AC
amplitude of 10 mV
3. Results and discussion

3.1. Potentiostatic deposition of MnO2 and Fe:MnO2

Fig. 1 shows potentiostatic curves during the formation
of MnO2 and Fe:MnO2 recorded on stainless steel (SS)
substrate with applied potential of 1.1 V/SCE. At the
initial stage of electrodeposition, drastic increase in current
density was noted, indicating the formation of Helmholtz
layer of Mn(OH)2

þ ions at the interface between SS
substrate and electrolyte. Moreover, the initiation of
electron transfer process corresponding to nucleation
process of MnO2 on stainless steel shows the stage where
current density was immensely reduced. Therefore, in
presence of Fe, the current density of nucleation part
was lower and the current density versus time variation
was much steeper. In addition, the steady flow of current
density after nucleation process, implying uniform growth
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Fig. 2. XRD patterns of MnO2 and Fe:MnO2 thin films prepared with

respect to different Fe concentrations onto stainless steel substrate.
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of MnO2 crystallite. This growth process was slightly slow
in the Fe:MnO2.

2Mn(OH)2
þ
þ2e� ) 2MnOOHþH2m (1)

2MnOOHþ2e� ) 2MnO2þH2m (2)

Therefore, this indicates that the nucleation and film
growth processes can be altered in presence of Fe [21]. The
higher potential and alkaline medium assist the formation
of MnO2.
3.2. Structural studies

Fig. 2 shows the XRD patterns of MnO2 and Fe:MnO2

thin films grown on stainless steel substrates with different Fe
concentrations ranging from 0.5 to 4 at%. There are very
tiny peaks are observed in 0.5 and 4 at% Fe doping,
corresponding to (510) and (211) planes, respectively. These
t% Fe (e) 4 at% Fe:MnO2 thin films at � 50,000 magnification.
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two planes are associated with MnO2 [JCPDS¼44-0141] and
remaining all the peaks observed in the XRD patterns are
due to stainless steel substrate and are indexed by the
triangles. The observed peak intensity is too low which
confirms that the incorporated Fe oxide could be amorphous
and did not change the amorphous nature of deposited
manganese oxide. Similar type of behavior has been reported
by Lee et al. [21] for Fe doped MnO2 thin films on graphite
substrate. In supercapacitor applications, amorphous phase
is preferred due to easy penetration of ions through the bulk
of the active material [22].

3.3. Surface morphological and EDAX studies

Nucleation and growth processes are considered as the
important factors in surface morphology alteration. The
surface morphology of MnO2 can be altered by changing
nucleation and growth stages of MnO2. Fig. 3(a–e) illustrates
the effect of presence of Fe on the surface morphology of
MnO2 electrode. The surface of the MnO2 sample (Fig. 3a) is
made up of 3D network of nano-nests like architecture. The
approximate width of this nano-nest is about 10–20 nm. For
0.5 at% Fe doping (Fig. 3b) there is no any significant
difference has been observed (may be due to less Fe doping
concentration). Further as Fe doping concentration increases
to 1 at% (Fig. 3c), this nano-nests like morphology gets
converted into randomly oriented nanorods. In this case
surface of MnO2 becomes slightly rough. As the Fe con-
centration in the plating solution continuously raised to
2.0 at%, nanorods converts into highly porous and rougher
deposited oxide (Fig. 3d). Due to Fe addition, the surface of
the MnO2 electrode becomes rough. However, as can be
Fig. 4. (a) TEM (b) SAED (c) HRT
confirmed in Fig. 3e, the surface roughness began to decrease
as the Fe addition in the plating solution was further
increased. The surface became flat and was even smoother
than the plain MnO2. Thus, result indicates that up to 2 at%
the Fe addition modifies the surface of the MnO2 electrode.
Note that shifting from MnO2 to Fe:MnO2 materials lead to
a drastic increase in the surface area. This type of highly
amorphous and highly porous structures is expected to
produce high supercapacitance values.
To study size, shape and orientation of crystallites,

TEM, SAED and HRTEM images were studied.
Fig. 4(a–c) shows transmission electron micrograph, cor-
responding SAED pattern and high resolution transmis-
sion electron micrograph of MnO2 film respectively.
Fig. 4(a) shows that the growth has taken place ‘cluster
by cluster’ and randomly oriented nanocrystals are formed
so that it looks like a rod along with amorphous matrix.
The crystallites are grown together to form clusters where
the crystallites are indistinguishable. Fig. 4(b) shows
corresponding selected area electron diffraction (SAED)
pattern of MnO2 nano-nest. The blurred bright electron
diffraction rings show that the MnO2 film is amorphous or
poorly crystalline, supporting to X-ray diffraction results.
The high resolution transmission electron micrograph of
individual nano-nest indicates that the MnO2 nanonests
produced here have amorphous nature.
Fig. 5(a and b) shows typical EDAX patterns for MnO2

and Fe:MnO2 thin films on ITO substrate. The elemental
analysis was carried out for Mn and Fe. Here some
unexpected but physically present elements like Si and Sn
were detected due to glass substrate and ITO coated
conduction layer, respectively. The strong peaks for Mn
EM images of MnO2 thin film.
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Fig. 5. EDAX spectra of (a) MnO2 and (b) 2 at% Fe:MnO2.

Table 1

Elemental composition of manganese and iron in

atomic %.

Elements Mn-K Fe-K

MnO2 50.00 0

2 at% Fe:MnO2 48.73 1.02

Fig. 6. Contact angles for MnO2 and Fe:MnO2 (0.5, 1, 2 and 4 at%)

thin films.
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and O were found in both the spectra (Fig. 5(a and b)), and
in Fig. 5(b) there are small elemental peaks which are due
to Fe. Thus the existence of Fe was confirmed from the
EDAX spectrum. The average atomic percentage of
Mn:Fe was listed in the Table 1. Thus from elemental
analyses, it is confirmed that, for 2 at% Fe in plating bath
only 1.02 at% Fe has resulted into MnO2 sample.

3.4. Surface wettability test

Wettability involves the interaction between a liquid and
a solid in contact. The wetting behavior is characterized by
the value of the contact angle, a microscopic parameter. If
the wettability is high, contact angle (y), will be small and
the surface is hydrophilic. On the contrary, if the wett-
ability is low, y will be large and the surface is hydro-
phobic. The contact angle is an important parameter in
surface science and its measurement provides a simple and
reliable technique for the interpretation of surface energies.
Fig. 6 shows the systematic presentation of measurement
of contact angles for MnO2 and Fe:MnO2 thin films. The
nano-nest like MnO2 thin film showed a contact angle of
about 641. Here the water contact is slightly high this may
be due to the air trapped inside nano-nest network which
prevents the water for adhering to the film. As the Fe
doping concentration increases up to 2 at% the water
contact angles of MnO2 thin films decreases due to
increased surface energy. Generally high surface energy
exhibits low water contact angle [23]. The contact angles
were found to be 521, 461 and 211 for 0.5, 1.0 and 2.0 at%,
respectively as seen from Fig. 6. This indicates that with
increasing Fe doping concentration, the contact angle
decreases and finally film surface becomes more hydro-
philic. This is useful for making the intimate contact of
electrolyte with MnO2 thin film (electrode). Hydrophilicity
is attributed to amorphous nature. Amorphous material
with hydrophilic nature is one of the key requirements for
supercapacitor electrode material. Further increase in Fe
doping concentration decreases the porosity of the MnO2

electrode and hence there is again increase in the
contact angle.
3.5. FTIR studies

FTIR spectroscopy analysis can be an alternative to
X-ray being sensitive also to amorphous components and
to the structural environment of the hydrous components,
which can be diagnostic for a specific mineral phase of
MnO2 [24]. The region below 1400 cm�1 contains peaks
due to fundamental vibrations of octahedral MnO6 and
the region above 1400 cm�1 contains peaks primarily
corresponding to OH vibrations [25]. The regions from
750–600 cm�1 and 600–450 cm�1 correspond to Mn–O
stretching and bending vibrations. Fig. 7(a and b) shows
the FTIR spectra of MnO2 and Fe:MnO2 (2 at%) samples,
respectively. In both the spectra, there is broad and intense
peak at 3340 cm�1 related to –OH stretching vibrations.
The absorption peaks around 1627 and 1110 cm�1 may be
attributed to –OH bending vibrations combined with Mn
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atoms [26]. The absorption of the Mn–O lattice vibrations
around at 765, 620 and 512 cm�1 in the spectrum is
indicative of a tetragonally distorted cubic lattice. These
absorption peaks may be associated with the coupling
mode between Mn–O stretching modes of tetrahedral and
octahedral sites [27,26]. These for MnO2 associated with
the coupling mode between Mn–O stretching modes of
tetrahedral and octahedral sites shifted slightly towards
lower wavenumbers after Fe doping. The IR result sug-
gests the presence of somewhat bound water in the MnO2

and Fe:MnO2 structure, which is generally believed to be
favorable to the electrochemical activity of the material.
240
3.6. Supercapacitive properties

Cyclic voltammetry (CV) is considered to be an ideal
tool to indicate the capacitive behavior of any material.
A large magnitude of current and a rectangular type
of voltammogram, symmetric in anodic and cathodic
directions, are the indications of ideal capacitive nature
of any material.
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3.6.1. Effect of Fe doping concentration

Electrochemical behavior of the deposited oxides was
evaluated using CV in 1 M Na2SO4 electrolyte with a
potential scan rate of 100 mV s�1. The slightly rectangular
shapes and mirror-image characteristics of the CV curves
reveal the ideal pseudocapacitive behavior of all the electro-
des, indicating that the deposited binary Fe:MnO2 are
promising electrode materials for use in supercapacitors.
The values of supercapacitance calculated from the CVs are
166, 192, 216, 231 and 208 F g�1 for undoped, 0.5, 1.0, 2.0
and 4 at% Fe, respectively. It is clear from Fig. 8 that as Fe
doping concentration increases up to 2 at%, the super-
capacitance of MnO2 electrode increases from 166 to 231 F
g�1. Further increase in Fe doping concentration (4 at%)
decreases the supercapacitance. This may be due to the
decrease in the porosity of the MnO2 electrode which
reduces the surface area of electrode. In Fig. 8, although
the shapes of CV curves are similar, 2 at% Fe:MnO2 has the
largest enclosed area, reflecting its superior charge-storage
performance. The data indicates that the specific capaci-
tance remarkably increases from 166 F g�1 for MnO2 to
231 F g�1 for 2 at% Fe:MnO2. However, further increasing
the Fe content in the binary oxide causes the reverse effect;
the specific capacitance of 4 at% Fe:MnO2 is only 208 F
g�1. The experimental results, shown in Fig. 8, clearly show
that the amount of Fe oxide added significantly affects the
overall capacitance of the deposited binary Mn–Fe oxide.
The value reported in this study is comparable with the
values reported in the literature [28].

3.6.2. Effect of scan rate

The high or pulse-power property of 2 at% Fe:MnO2

electrode is examined by using cyclic voltammetry at
different scan rates. Typical CV curves measured at 5,
10, 20, 50, 75 and 100 mV s�1 in 1 M Na2SO4 electrolyte
within voltage range of þ0.9 to �0.1 V/SCE electrode are
shown in Fig. 9 along with the current under the curve
increases slowly with the scan rate. The specific capaci-
tance values decreased from 273 to 231 F g�1 for Fe:MnO2

electrode. Fig. 10 shows the variation of specific and
interfacial capacitance of Fe:MnO2 thin films with scan
rate. The maximum specific capacitance obtained for
Fe:MnO2 was 273 F g�1. The dependence of the voltam-
metric charge of Fe:MnO2 in 1 M Na2SO4 solution on the
scan rate can be understood by the slow diffusion of Naþ

ions into the pores of Fe:MnO2 [10]. At high scan rates,
diffusion limits the movement of Naþ ions due to time
constraint, and only the outer active surface is utilized for
the charge storage. However, at lower scan rates, all the
active surface area can be utilized for charge storage.
Hence, the specific capacitance obtained at the slowest
scan rate is believed to be closest to that of full utilization
of the electrode material.
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3.6.3. Stability studies

The electrochemical stability of the Fe:MnO2 electrodes
were evaluated by repeating the CV test for 1000 cycles at
100 mV s�1 scan rate. The variation of specific capacitance
with cycle number for the electrodes is presented in Fig. 11
which shows that specific capacitance decreases with
increasing the cycle number. The specific capacitance of
both the electrodes remains almost constant up to 1000
cycles but thereafter declines slightly. The capacitance
retained ratios after 1000 cycles (capacitance at the
1000th cycle/capacitance at the 1st cycle) of the MnO2

and Fe:MnO2 electrodes were 89% and 92%, respectively.
This implies an excellent long-term recycling capability.
Lee et al. [21] reported that the addition of Fe oxide
effectively increased the capacitance retained ratio of
MnO2 after cycling.
3.6.4. Galvanostatic charge–discharge studies

The galvanostatic charge/discharge profile of the MnO2

and Fe:MnO2 electrodes in 1 M Na2SO4 electrolyte are
presented in Fig. 12. The charge/discharge current rate is
2 mA and the operational potential range is between 0 and
0.8 V/SCE. It can be seen that the charge profile is slightly
curved, suggesting a pseudocapacitive characteristic.
At the moment of electric current reversing from charging
to discharging, a potential drop can be observed due to the
electrode polarization at this high current rate. Except for
the initial potential drop, the discharge profile is essentially
linear.
For a specific power of 2.9 Wh/kg, the specific energy of

the capacitor calculated to be 85.32 kW/kg for plain MnO2

thin film. After 2 at% Fe doping the specific power slightly
increases to 3.1 Wh/kg but increase in the specific energy
was found i.e. 207.82 kW/kg. This large increase in specific
energy may be due to increased time for charging and
discharging of capacitor. Coulomb efficiency (Z%) is less
(72%) of Fe:MnO2 than that for MnO2, this may be due to
slight greater iR drop observed in case of Fe:MnO2. All the
values of specific energy (SE), and specific power (SP) and



Table 2

Values of power density, energy density and coulomb efficiency of MnO2 and 2 at% Fe:MnO2 thin films.

Name Specific energy (Wh/kg) Specific power (W/kg) Coulomb efficiency, g (%)

MnO2 1.17 0.29� 103 88.83

2 at% Fe:MnO2 2.19 0.30� 103 71.70
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Fig. 13. Nyquist plots obtained for (a) MnO2 and (b) 2 at% Fe:MnO2

electrodes at 0.5 V over the frequency range 1 mHz–100 MHz.
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coulomb efficiency (Z %) for MnO2 and Fe:MnO2 are
listed in Table 2.

3.6.5. Impedance analysis

Fig. 13 shows electrochemical impedance spectra in the
form of Nyquist plots for MnO2 and Fe:MnO2 electrodes
at potentials 0.5 V/SCE, where Z0 and Z00 are the real and
imaginary parts of the impedance, respectively. As can be
seen in Fig. 13, the plots obtained are composed of a semi-
circle at high frequencies, which is related to Faradaic
reactions. The linear curve at the low-frequency region can
be attributed to the diffusion controlled process in the
electrolyte. The initial non-zero intercept at Z0 at the
beginning of the semicircle is almost identical in both the
curves and is due to the electrical resistance of electrolyte,
which has the average value of 0.5 O in 1 M Na2SO4

electrolyte. The resistance projected by semi-circle is due to
the active electrode material (Re). Therefore, the resistance
values of MnO2 and Fe:MnO2 are 17 and 7 O respectively.
This implies that iron addition in MnO2 lowers the charge
transfer resistance and increases conductivity of MnO2.
Thus Fe:MnO2 is most promising electrode material in
supercapacitive technology.

4. Conclusions

Nano-nest like amorphous MnO2 and Fe:MnO2 thin
films are successfully prepared by potentiostatic deposition.
The Fe addition did not change the amorphous structure of
the deposited MnO2. The addition of Fe significantly alters
the surface morphology and lead to a drastic increase in
porosity which increases the pseudocapacitive performance
of MnO2. Fe doping is confirmed from EDAX patterns.
Wettebility test shows that as Fe doping concentration
increases the contact angle decrease which is useful in
making intimate contact between electrode and electrolyte.
The supercapacitance decreases with increase in scan rate.
Maximum specific capacitance achieved for 2 at%
Fe:MnO2 was 273 F g�1. Also the specific power and
specific energy increased from 0.29 to 0.30 kW/kg and
1.17 to 2.19 Wh/kg respectively due to the Fe addition.
Moreover, capacitance-retained ratio of the Fe:MnO2

electrode after 1000 charge–discharge cycles was also
improved from 89% to 92% due to Fe addition. Impedance
analysis shows that Fe addition improves conductivity of
MnO2 by reducing the charge transfer resistance.
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