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Abstract. This paper reports enhancement in the specific capacitance of iron-doped manganese oxide (MnO2 ) films,
potentiostatically deposited on stainless-steel substrates. The properties of deposited films were investigated through cyclic
voltammetry and galvanostatic charge/discharge characteristics. The specific capacitance, as determined through cyclic
voltammetry and galvanostatic charge/discharge characteristics, respectively, was found to be 248.79 and 277.5 F g−1 for
undoped films, whereas it exhibited an increase with doping and was found to be 449.61 and 487.5 F g−1 , respectively,
corresponding to a dopant concentration of 4 atomic percentage. The electrochemical impedance data were fitted with a
modified Randles equivalent circuit to find series resistance, charge-transfer resistance, double-layer capacitance and ion
diffusion. According to electrochemical impedance spectroscopy, the enhancement of ion diffusion was found to be the
major cause for enhancement in capacitive performance of the films.
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1. Introduction
In modern society, demand for energy has been increasing
progressively. According to a report from The International
Energy Agency, the global energy demand will rise by an estimated 30% by the year 2040 [1]. To meet this ever-increasing
demand, it is need of the hour to improve the energy efficiency
and performance of sustainable energy sources. The growing demand for energy can be met only if renewable sources
can be augmented with efficient energy storage systems, such
as electrochemical energy storage devices [2,3]. This idea
has drawn the attention of researchers towards redox-based
energy storage devices [4]. Electrochemical capacitors are
among the most promising electrochemical energy storage
devices because of their high power density and long life cycle
[5]. Various carbon- and metal oxide-based electrochemical
capacitors have been developed in the recent past [6]. Transition metal oxides are more suitable electrode materials for
these electrochemical capacitors because of their multiple
oxidation states [7]. Among transition metal oxides, use of
manganese oxide (MnO2 ) is more favourable owing to its high
natural abundance, environmental friendliness, low cost and
high-theoretical specific capacitance [8]. The theoretical specific capacitance of MnO2 is 1370 F g−1 [9]. However, such a
high-theoretical capacitance has not been achieved in experiments due to (i) poor accessibility of charge-compensating
cations or anions in an electrolyte to the internal space and
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(ii) difficulty in transport of electrons to the electrode surface [10]. Now, the attention of researchers has been focused
on enhancement of the ion and electron transport kinetics in
electrochemical capacitors. This enhancement can be made
possible to some extent by controlling the morphology of the
electrode film and by increasing the electrical conductivity of
MnO2 with some suitable dopants. In our previous report, specific capacitance of MnO2 was successfully enhanced from
132 to 248 F g−1 by altering the morphology of the electrode
film [11].
Earlier studies have shown that incorporation of Na, V,
Cr, Fe, Co, Ni, Cu and Nd successfully enhances specific capacitance of MnO2 composites [10,12–20]. Although
these studies were mostly concerned with conductivity of
MnO2 , there is a need to investigate charge transfer and
ion accessibility diffusion in electrode films. Electrochemical impedance spectroscopy (EIS) facilitates analysis of these
features in the desired range of frequency [21]. To quantitatively understand the EIS behaviour, the observed data
are fitted with an equivalent circuit model. This equivalent
circuit is based on physical understanding of electrochemical electrode processes. Various theoretical models have
been developed to analyse EIS data for electro-active materials [22,23]. In the present work, observed EIS data were
fitted with a modified Randles circuit to analyse series resistance, charge transfer resistance, double-layer resistance and
diffusion.
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MnO2 films were deposited through electrodeposition as it
is an economical and energy-efficient technique. Rodrigues
et al [24] studied the electrodeposition mechanism of MnO2
through cyclic voltammetric study and revealed that the following electrodeposition reaction for MnO2 (1) is actually the
result of multi-step reactions given in (2) to (7):
Mn2+ + 2H2 O → MnO2 + 4H+ + 2e−

(1)

2+
Mn2+
bulk → Mnsurface
3+
−
Mn2+
surface → Mnads + e

(2)
(3)

H2 O → OHads + H+ + e−
2+
4+
2Mn3+
ads → Mnads + Mnads
+
Mn2+
ads + 2OHads → MnO2 + 2H
+
Mn4+
ads + 2H2 O → MnO2 + 4H

(4)
(5)
(6)
(7)

Similarly, Dubal et al [25] deposited MnO2 in potentiostatic
mode at 1.1 V and Diaz et al [26] successfully deposited Fe
from FeSO4 . The aim of the present work is to study the capacitive properties of Fe-doped MnO2 films and investigate the
factors, such as conductivity, ion accessibility, etc., responsible for enhancement in capacitive properties of the film acting
as the electrode.

2. Experimental
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2.2 Characterization
The average composition of the deposited materials was
determined by using an energy dispersive X-ray spectroscope (EDS, INCAx-act model). Surface morphology of the
films was studied through a scanning electron microscope
(JSM-6510LV model), whereas an X-ray diffraction (XRD)
analyzer (PANalytical X’Pert PRO) was employed for structural characterization. The films for XRD characterization
were deposited on an indium tin oxide glass substrate instead
of stainless-steel. Electrochemical measurements were performed by using an electrochemical analyzer system (Gamry
Reference 600) in a three-electrode electrochemical cell. In
the three-electrode system, 0.5 M Na2 SO4 was used as the
electrolyte, Ag/AgCl electrode was used as the reference electrode, a platinum wire was used as the counter electrode,
whereas the deposited films (S1, S2, S3 and S4) were used
as working electrodes. The electrolyte-filled cell was equilibrated for 2 h before electrochemical testing to obtain good
contact of the electrolyte with the working electrode. The voltage window used for cyclic voltammetry was 0–0.8 V with a
scan rate of 20 mV s−1 . Galvanostatic charge/discharge analysis was carried out using a ‘Metrohm Autolab PGSTAT302N’
analyzer at a current density of 2 A g−1 . EIS measurement was
performed at a 10 mV AC excitation signal and frequency
range from 1 MHz to 0.2 Hz in the same cell using Gamry
Reference 600. The impedance data were fitted with a modified Randles equivalent circuit to understand the interaction
process of electrolyte ions for charge storage in film electrodes.

2.1 Materials and film deposition
MnO2 films were potentiostatically deposited on stainlesssteel substrates through electrodeposition. All chemicals and
regents used were of analytical reagent grade. The manganese
and iron sulphate electrolyte solutions were used for electrodeposition (MnSO4 [30 ml, 0.1 M] + FeSO4 ) whereas
NaOH was used to maintain pH around 10. Various concentrations of Fe used were 0, 1, 2 and 4 at% and the
corresponding films were named S1, S2, S3 and S4, respectively. MnO2 films with different Fe concentrations were
deposited using a Gamry reference 600 three-electrode system, with silver/silver chloride, stainless-steel substrate and
platinum wire acting as a reference electrode, working electrode and counter electrode, respectively. Stainless-steel was
used as a substrate because of its low cost, chemical inertness
and good conductivity. Before starting the deposition process, the surface of substrate was polished with zero-grade
polish paper, followed by washing with distilled water and
acetone. The polished substrate was connected to a threeelectrode cell system and the cell was filled with a prepared
electrolyte. After connecting the electrodes, Fe-doped films
were deposited on the substrate in potentiostatic mode at 1.1 V
(with respect to Ag/AgCl) for 30 s. After deposition, the
deposited films were dried at room temperature for further
characterization.

3. Results and discussion
3.1 Electrodeposition
MnO2 films were electro-deposited in potentiostatic mode at
1.1 V (vs. Ag/AgCl) for S1, S2, S3 and S4. As discussed in
the Introduction, the following reaction takes place during the
deposition of MnO2 :
Mn2+ + 2H2 O → MnO2 + 4H+ + 2e−

(8)

The chronoamperometry data (figure 1) are suitable for the
estimation of deposited mass, because chronoamperometric
i−t data integration has been reported to be a better approximation method for finding deposited mass compared to the
electrochemical quartz crystal microbalance technique [27].
Chronoamperometric integration is more accurate because it
estimates only mass of the deposited material of film, not
water content in the film electrode. In the present study, as
Mn and Fe have comparable atomic masses of 54.938 and
55.845 u, respectively, it becomes feasible to determine the
deposited mass by the same chronoamperometric integration
method. The amount of charge passed during deposition was
determined from the i−t integration data as 232, 201, 264 and
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Figure 1. Chronoamperometry data (i–t curve) pertaining to deposition of S1, S2, S3 and S4 samples.

211 mC for the deposited S1, S2, S3 and S4 films, respectively.
Further from this charge, deposited mass was calculated to be
104.19, 90.19, 118.23 and 94.67 µg for S1, S2, S3 and S4,
respectively (with the help of Faraday’s law). This calculated
mass of active material is further used in determining specific
capacitance.
3.2 Composite characterization
The XRD patterns of S1, S2, S3 and S4 films, along with
those of the uncoated ITO substrate (for reference) are presented in figure 2. As is evident from the diffractograms,
all of the diffraction peaks observed for the four specimens
correspond to those of the ITO substrate, whereas no extra
peaks pertaining to the deposited film have been observed.
These results imply an amorphous nature of the deposited
films. Similar amorphous nature of MnO2 was also reported
in previous studies involving electro-deposition of MnO2
[18,28,29]. Materials with the amorphous phase are preferred
as electrodes for electrochemical capacitor applications, as
they facilitate better penetration of electrolyte ions through
the bulk of the active material. Crystalline materials, in contrast, have a more rigid lattice structure, which hamper the
diffusion of ions [30].
Figure 3 shows the results of EDS analysis, indicating the
presence of manganese and oxygen in accordance with the
composition of MnO2 , along with the Fe dopant. The ratios
of atomic percentage of Fe to Mn in the regions sampled by
EDS spectroscopy are calculated to be ∼1, ∼2 and ∼4% for
S2, S3 and S4 samples, respectively. The SEM images of the
films prepared with different concentrations of Fe addition are
shown in figure 4. All the four films, which had been deposited
for a time of 30 s, are observed to exhibit porous surface. The
porous surface morphology is supposed to enhance capacitive performance of electrochemical capacitor electrodes, as
it provides more surface area and allows for deeper penetration of the electrolyte ions.
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Figure 2. XRD spectra of S1, S2, S3, S4 film samples and ITO
substrate.

3.3 Electrochemical performance of film electrodes
Cyclic voltammetry is considered to be an accurate technique
for investigating capacitive behaviour of any material at a laboratory scale. The principle of cyclic voltammetry is to apply
a potential window to an electrode and measure the resulting
current [31]. The potential windows can be chosen according
to stability of the electrolyte and electrode materials [32–34].
The cyclic voltammetry tests of all the deposited films were
conducted under a potential window of 0–0.8 V and at a scan
rate of 20 mV s−1 . Figure 5 shows the results of these tests. The
rectangular shape of the voltammetry curves indicates capacitive behaviour of the films. As the response of MnO2 exhibits
double-layer as well as redox behaviour [9], it becomes difficult to resolve distinct peaks during cyclic voltammetry.
Furthermore, these curves do not show any peaks in the range
from 0 and 0.8 V, indicating that the electrode is charged
and discharged at a pseudoconstant rate over the complete
voltammetric cycle. Similar behaviour was reported in previous studies on MnO2 [9]. Cyclic voltammetry curves for all
the four specimens investigated in the present study reveal the
effect of dopant concentration on specific capacitance, which
is calculated from equation (9):
C=

Q
.
mV

(9)

From the tests, the specific capacitances of S1, S2, S3 and
S4 samples are calculated to be 248.79, 321.23, 419.79 and
449.61 F g−1 , respectively. Specimen S4, with the highest
level of doping, exhibits a considerably high-specific capacitance.
To further investigate the electrochemical performance
of Fe-doped MnO2 films, galvanostatic charge/discharge
tests were performed in the same voltage window of
0–0.8 V. The results of these tests are graphically presented in
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Figure 3. EDS analysis data of (a) S1, (b) S2, (c) S3 and (d) S4.

figure 6. The linear and symmetric charge/discharge
profiles imply capacitive behaviour of the deposited films.
Based on the galvanostatic charge/discharge curves, the
specific capacitances of thin films are determined by the following equation [35]:
C=

I × t
,
m × V

(10)

where I represents the discharge current (A), t represents
the total discharge time (s), m is the mass of the electrode
(g) and V is the working potential window. The specific
capacitance values at 2 A g−1 were calculated to be 277.5,
345, 437.5 and 487.5 F g−1 for S1, S2, S3 and S4 samples,
respectively. As the specific capacitance exhibits an increase
from S1 to S4 samples, the observed variation in the specific capacitance is in agreement with the results of cyclic
voltammetry tests for these specimens. This enhancement in
the specific capacitance of MnO2 with an increase in Fe doping is attributed to a corresponding decrease in resistivity,
as can be inferred through EIS, explained in the next
sub-section.

3.4 Electrochemical impedance spectroscopy and
equivalent circuit fitting
The observed EIS data were analysed by an equivalent circuit
fitting through the simplex method of minimization fitting
technique using ‘Echem Analyst’ software. The fitting algorithm of the simplex method was first described by Nelder and
Mead, in which goodness of fitting depends on the minimization of chi square [36] given by the following expression:
S=

n


∗
∗
wi ((Z real − Z real
)2 + (Z imag − Z imag
)2 ),

(11)

i=1
∗
+ jZ∗imag represent
where Z = Z real + jZimag and Z ∗ = Z real
experimental and predicted data, respectively, and wi is the
weight factor, given by:

wi = 

1
2
2
Z real
+ Z imag

.

(12)

This fitting process was completed with an equivalent circuit,
consisting of elements corresponding to each reaction mechanism for energy storage electrodes. Randles constructed an
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Figure 4. SEM images of deposited films: (a) S1, (b) S2, (c) S3 and (d) S4 at ×20,000.

Figure 5. Cyclic voltammetry of S1, S2, S3 and S4 film electrodes.

Figure 6. Galvanostatic charge/discharge profiles measured at a
current density of 2 A g−1 .

equivalent circuit model corresponding to each kinetic step
of electrode–electrolyte interaction [37]. Here, we modified
the Randles equivalent circuit with a constant phase element
(CPE) as shown in figure 7, which consists of the following
four elements:

from electrolyte to electrode. This counted from the
real (Z ) axis of the Nyquist plot in EIS data point at
high frequency.
(ii) Rct accounts for charge transfer resistance of electrolyte
ions that migrate during the Faradic process of MnO2
electrode in Na2 SO4 . This has been represented by the
diameter of the semicircle of Nyquist plot, which forms
in the intermediate frequency range.

(i) Rs which depends on the resistivity of the electrolyte (i.e., concentration) and physical separation

165

Page 6 of 8

Bull. Mater. Sci.

(2020) 43:165

Figure 7. Circuit model used to analyse EIS.

(iii) As a charge storage mechanism, MnO2 exhibits
double-layer capacitance, which results from the adsorption of electrolyte cations on the electrode surface.
Here, the ideal capacitor in the Randles circuit is
replaced by CPE1, because of surface roughness and
porous morphology of MnO2 , so that the electrode deviates from its ideal double-layer capacitive behaviour.
Therefore, CPE1(Yo1 , a1 ) is modelled in parallel to
Rct for representing double-layer capacitance. The
impedance of a CPE(Yo , a) is given by [38]:
Z CPE =

1
.
Yo ( jω)a

(13)

(iv) Due to heterogeneous behaviour of the electrode, such
as that arising from rough, porous morphology, Warburg element (Z w ) of the Randles circuit is replaced by
CPE2(Yo2 , a2 ) in series with Rct to account for the mass
transport features of the system at low frequencies.
In the expression for impedance of a CPE (equation
(13)) where a and Yo act as freely changing variables;
under the ideal case where Warburg semi-infinite diffusion element is apparent, a is taken as 0.5 whereas
Yo represents diffusion resistivity. This diffusion has
been represented by tail of the Nyquist plot in the low
frequency domain.

3.5 Parameter variation
The results of EIS data fitted to the equivalent circuit are
presented in table 1, whereas Nyquist and Bode plots are
presented in figures 8 and 9, respectively. In terms of series
resistance, there is very small variation from S1 to S4 samples.
The average experimental value is 2.7  and has a maximum
variation of ±0.2 . This indicates that the solution resistance
and contact resistance stay fairly constant because there is no
major difference in electrolyte and physical separation among
the various electrodes tested (S1, S2, S3 and S4). The charge
transfer resistance (Rct ) is indicated by the diameter of semicircular arc in figure 8. The average experimental value of Rct
from table 1 is found to be 5.7  with a maximum variation

Figure 8. Nyquist plot of EIS data for S1, S2, S3 and S4 films.

of ±0.3 . The value of Rct depends upon the surface of the
electrode. As is evident from figure 4, all deposited films
exhibit a nearly identical porous surface morphology. Likewise, the surface electrochemical reaction sites are almost
identical in all the films, which lead to fairly identical values
of charge transfer resistance.
In the model, CPE1 interprets the contribution of doublelayer capacitance in electrode behaviour [39]:
Cdl = Y (ωmax )a−1 .

(14)

Here, ωmax is the angular frequency (ω = 2π f , where f
is the frequency in Hz) when the imaginary impedance is
at its maximum in the semi-circular arc of Nyquist plot of
the EIS data. The average value of the calculated doublelayer capacitance is 35 µF. The double-layer capacitance of
an electrode is due to the absorption of electrolyte ions on
the surface of electrode. In the present case, there is no major
change in the surface morphology of films. Therefore, only
a minor change in double-layer capacitance with addition of
Fe is observed.
The major change in the slope of impedance spectra
was observed for the low frequency range; the impedance
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Equivalent circuit parameters for electrochemical impedance data.
CPE1

Sample name
S1
S2
S3
S4

CPE2

Rs

Rct

Yo1 (×10−4 )

a1

Yo2 (×10−2 )

a2

2.9
2.5
2.9
2.6

5.9
6.0
5.5
5.7

2.50
2.53
2.56
3.02

0.739
0.778
0.758
0.750

2.06
2.23
2.41
2.88

0.777
0.788
0.828
0.836

Figure 9. Bode plot of EIS data for S1, S2, S3 and S4 films.

was dominated by the electrolyte diffusion process. For this
region, CPE2 in series with Rct represents the diffusion of
sodium ions. Semi-infinite diffusion of the electrode is represented as below [40]:
√
A D=

RT
.
√
σ F 2 2[M+ ]

(15)

Here, A is the electrochemically active surface area, D is
the proton diffusion constant, R is the standard gas constant,
T is the temperature, σ is the reciprocal (Yo2 ) pre-factor of
CPE2, F is Faraday’s constant and [M+ ] is the effective
solid-state cation concentration. However, there are a number of complications in determining the diffusion constant
from CPE, because exact value of the active surface area
is not known and secondly, in the cell volume of MnO2 ,
solid-state concentrations of H+ and M+ are also not known.
MnO2 stores charge both in double-layer as well as via redox
reaction. Therefore, it is difficult to separate contribution of
charge storage of double-layer and redox process. Regardless
of these uncertainties, our basic assumption was to conduct
measurements on all samples under similar conditions, so

that these parameters are kept unchanged. The results indicate the dependence of diffusion on pre-factor CPE2, which
roughly increases by 40% from S1 to S4 samples, indicating
an increase in diffusion with doping. For a simpler approximation, a higher slope in the low frequency region for the
Nyquist plot of the impedance line means a lower diffusive
resistance of the electrolyte in the electrode [14,41]. In this
way, it clearly shows that the electrolyte ion diffusion in bulk
of the electrode is an important factor for variation of electrode
capacitance. Hence, the presence of Fe enhances capacitive
performance of MnO2 electrodes through improvement in ion
diffusion.

4. Conclusions
Fe-doped MnO2 films were successfully deposited on
stainless-steel substrates by chronoamperometry. Scanning
electron microscopy revealed porous morphology of deposited
films. Cyclic voltammetry and galvanostatic charge/discharge
tests revealed an increase in specific capacitance with an
increase in concentration of Fe dopant from 0 to 4 at%.
This effect was analysed by EIS. The increase in the slope
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of Nyquist plot in the low frequency region indicated the
decrease in diffusion resistance of the electrolyte in the electrode with Fe doping. Thus, Fe-doped MnO2 films exhibit
better performance in comparison with undoped MnO2 films
for electrochemical capacitor application. In future, such
conductivity improved MnO2 electrodes can be used for
enhancement of the performance of energy storage devices.
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