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Abstract Layers of cobalt and manganese oxides were co-
deposited or deposited on top of each other or next to each
other by potentiostatic method onto stainless steel substrate.
Deposition potentials of 1 and −1 V for the anodic and
cathodic depositions were employed. Specific capacitance
values in the range of 38.5–78 F g−1 were found with cobalt
oxide on top of manganese oxide having the lowest and
manganese oxide on top of cobalt oxide having the highest
capacitances. The usefulness of the electrodes was charac-
terized by cyclic voltammetry, charge–discharge cycling,
and electrochemical impedance spectroscopy in 2 M NaOH
electrolyte for redox supercapacitor applications. The latter
presented the best charge/discharge behavior with no
voltage drop due to lower ohmic resistance in prepared
substrate; although the steadiest current observed in the
course of voltammetry was due to the former. The
evaluated double layer and specific capacitances for co-
deposited sample according to the impedance studies were
1.75 and 47.5 F g−1, respectively, being in good agreement
with voltammetric measurements.

Keywords Co–Mn oxides . Layered oxides . Potentiostatic
deposition . Specific capacitance . Supercapacitor

Introduction

Supercapacitors have an ever-expanding array of applications
as portable electronics continue to expand in popularity.
Supercapacitors or electrochemical capacitors take advantage

of (1) the charge stored in the electrochemical double layer
and (2) the charge stored due to Faradic processes [1–4] that
can provide high-specific capacitance around 1,000 F g−1.

The electrodes of electrochemical redox supercapacitors
consist of electroactive materials with several oxidation
states. These types of capacitors are currently under
extensive investigation because of both high power and
high energy characteristics [1–4]. Hydrous RuO2 providing
capacity of around 720 F g−1 in aqueous acidic electrolyte
is the best system so far realized [5, 6] where charge/
discharge is accompanied by the release/uptake of proton
to/from the electrolyte [7]. Although RuO2 gives high-
specific capacitance, it has disadvantages of high cost and
toxicity. In search of inexpensive alternatives for RuO2,
manganese oxide prepared by both chemical and electro-
chemical methods was found to possess acceptable capac-
ities [8, 9]. Hu et al. have shown that amorphous
(a �MnO2 � nH2O) having high-specific capacitance (SC)
of 265 F g−1 can be synthesized by anodic deposition [9].
Cathodic electrophoretic deposition method has been
developed for the deposition of manganese oxide films
in presence of phosphate ester (PE) as dispersant show
(SC) of 377 F g−1 [10]. Cobalt oxide thin film has been
prepared by various methods such as spray pyrolysis (SC
of 74 F g−1), sputtering, chemical vapor deposition, pulse
laser deposition, sol–gel process, electrodeposition, successive
ionic layer adsorption and reaction (SC of 165 F g−1)
and hydrothermal process (SC of 237 F g−1) on a variety
of substrates. Each deposition method has its own
advantages [11–14].

The purposes of the present study is to potentiostatically
deposit mixed cobalt–manganese oxides and study their
electrochemical capacitance where methods of X-ray
diffraction (XRD and energy dispersive X-ray analysis
(EDX)) have been used for materials characterization, and
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cyclic voltammetry (CV) and chronoamperometry have
been employed for electrochemical studies.

Experimental

Cobalt and manganese nitrates and NaOH used in this
work were analytical grade Merck products and water
was deionized. The Co–Mn oxides were deposited onto
a commercially available stainless steel (SS; grade 304)
foil of 0.2 mm thickness by chronoamperometric
method where deposition potentials of 1 and −1 V for
the anodic and cathodic depositions were employed,
respectively. SS foil having geometric area of 1 cm2 was
polished with emery paper (grit number 220) to a rough
finish, washed free of emery particles and air dried prior to
electrodepositions. The electrochemical cell used in this
study is a conventional three-electrode cell with the
deposited mixed oxides forming the working, a Pt ribbon
was the auxiliary electrode and a saturated calomel
electrode (SCE) was used as the reference electrode. All
potentials are reported against SCE.

The electrodeposited films were washed in running
distilled water and dried at room temperature. All electro-
chemical depositions and capacitance measurements were
performed by Behpajoo 2,063+ galvanostat/potentiostat. 2 M
NaOH solution was used in electrochemical studies.

XRD patterns (Co Kα line) were obtained using a
Philips (θ–2θ configuration) diffractometer (model expert
MPD) for the 2θ range of 10°–80°. Chemical compositions
were determined by EDX in a scanning electron microscope
(VEGA\\Tescan).

Four types of Co–Mn oxides were deposited. (1) (CM)
which is a mixed oxide was deposited onto SS by cathodic
deposition at −1 V/SCE for 900 s from a solution of 2 M
MnSO4 � 5H2Oþ 2M Co NO3ð Þ2 � 6H2O at pH ~6. (2) The
second sample (M|C) was cathodically deposited at −1 V/
SCE from a 2MCo NO3ð Þ2 � 6H2O solution onto the surface
of manganese oxide previously anodically deposited on SS
at 1 V/SCE from a 2 M solution of MnSO4 � 5H2O. (3)
The third sample (C|M) is manganese oxide anodically
(+1 V/SCE) electrodeposited onto the previously deposited
(at −1 V/SCE) cobalt oxide surface. (4) The fourth
sample (C–M) was cathodically (−1 V/SCE) electro-
deposited cobalt oxide next to the anodically (+1 V/SCE)
electrodeposited manganese oxide on (SS). To prepare the
neighboring deposits, one half of the length of a SS ribbon is
first covered by Mn oxide followed by dipping the clean half
into the Co bath and depositing Co oxide ensuring a marginal
contact (overlap) at the boundaries. The surfaces of electrodes
were 1 cm2 and the weights of all deposited materials were
~2 mg which were weighed by an analytical balance. The
samples are schematically presented in Fig. 1.

Results and discussion

Figure 2 presents the XRD pattern of (CM), (M|C), and (C|
M). There are some sharp peaks at 52°, 77°, and 90° that
are due to stainless steel substrate and are observed in all
patterns due to the low thicknesses of the mixed oxides
films. Figure 2a shows the XRD pattern of (CM) which
corresponds to a mixture of Co (OH)2 and MnOOH. The
pattern comprises of one sharp peak appearing at 23.5° and
three broad peaks at θ values of around 45.8°, 59.6°, and
77.5°. The pattern of Co (OH)2 in Fig. 2a consists of four
peaks appearing at mentioned angles. The first two peaks
(23.5° and 45.8°) are related to d spacings that are multiples
of each other due to multiple reflections from the basal
planes and are indexed as (001) and (002) planes. The third
and fourth peaks have similar “saw-tooth” shapes, with a
sharp rise at the low-angle side and pronounced asymmetry
on the high-angle side. This suggests that they belong to a
group of planes different from (00ℓ) planes [15, 16]. These
peaks are indexed as (102) and (110) [17]. The XRD
pattern corresponds to the well-known form of hexagonal
crystalline Co (OH)2 [18]. Previously reported XRD
patterns of Co (OH)2 prepared by precipitation methods,
show stronger (00ℓ) reflections compared to other reflec-
tions which is not the case in Fig. 2a. This is due to the
nanosize of α-Co (OH)2 layers along the basal planes,
which results in loss of intensity of the (00ℓ) reflections
[18]. The XRD pattern for MnOOH is seen in Fig. 2a. The

Fig. 1 Mixed oxides prepared samples

Fig. 2 XRD pattern of the a (CM), b (M|C), and c (C|M)
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peak at 22.2° is dominant. According to the powder
diffraction file (PDF#18-0804), this peak can be attrib-
uted to the tetragonal crystalline phase of β-MnOOH
(feitknechite) (002) [19–21].

Figures 2b and c show XRD patterns of (M|C) and
(C|M). It is confirmed that there is a deposited layer
with structure of Mn oxide (MnO2) in (M|C) and Co3O4

in (C|M). To discover the crystallinity of the as-prepared
MnO2 product, XRD analysis was undertaken, and the
pattern is shown in Fig. 2b. The two characteristic peaks
(311) and (400), at 43.3° and 52.8° clearly presented, were
confirmed to be due to cubic crystalline of MnO2 (PDF#
42-1169). The weak broad peaks observed in the XRD
pattern suggest the sample is in a poorly crystalline state
with only a short-range crystallinity [22]. Two broadened
diffraction peaks are according to (PDF# 42-1169) strong
indication of nanocrystals in MnO2 [23, 24]. The XRD
pattern of (C|M; Fig. 2c) showed the formation of cobalt
oxide with cubic structure. A peak appearing at 52.8° is
attributed to a major reflection due to (400) plane. Another
peak at 44.9° corresponding to (222) plane and at 77.4°
regarding to (440) plane are observed with lower scattering
intensities. No other additional peak corresponding to other
phases of cobalt oxide is seen to have been emerged [7]. There
are no peaks corresponding to Co presence in (M|C) and Mn
presence in (C|M) which had been deposited on samples at
the second stages of preparation. The existence of Mn
in (C|M) has been confirmed by energy dispersive spectros-
copy (EDS) and is probably in amorphous state. The
amorphous natures of the layers will be discussed later.

Elemental analysis was performed by EDS and the results
for (CM) sample are presented in Fig. 3. Strong peaks due to

Mn and Co were observed in the spectrum with the atomic
ratio of 33.98:39.56 (Mn/Co), which confirms the presence of
Mn and Co that have crystalized in MnOOH and Co(OH)2
structures, respectively, according to the obtained XRD data
(Fig. 2a). It should be mentioned that XRD and scanning
electron microscopy (SEM) studies have been carried out
using the samples already undergone electrochemical tests.

The mechanism for (CM) sample formation is probably
as follows:

M2þþH2Oþ 2e� ! M OHð Þ2þH2;M ¼ Co orMn formationð Þ
ð1Þ

M OHð Þ2þOH� ! MOOHþH2Oþe� activationð Þ ð2Þ
and the reaction beyond the redox peaks at higher potential
can be expressed as [17]:

COOHþ OH� ! CoO2þH2Oþe� ð3Þ
Reaction (2) occurs during the first CV cycle in alkaline

bath (2 M NaOH) and is accompanied by the color change
of (CM) after the first CV cycle.

EDS result for (C|M) sample is presented in Fig. 4.
Strong peaks due to Mn and Co are observed in the
spectrum corresponding to the atomic ratio of 70.91:7.33
(Mn/Co), where the apparent cobalt content is contributed
from the electrodeposited underlayer.

(C|M) is considered to be mainly formed by the
electrochemical and chemical reactions shown below:

Co2þþH2O ! Co OHð Þ2þH2 inthe under cathodically deposited layerð Þ
ð4Þ

Fig. 3 The EDS of (CM)
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Mn2þþ2H2O ! MnO2þ4Hþþ4e� in the top anodically deposited layerð Þ
ð5Þ

Co (OH)2 in the presence of oxygen is converted to
Co3O4:

6Co OHð Þ2þO2 ! 2Co3O4þ6H2O ð6Þ

The surface morphology of the electrodeposited (C|M)
thin film was investigated by scanning electron microscopy.
Figure 5 shows the SEM image of (C|M) sample. The

deposited film is amorphous and consists of islands
separated by cracks of around 500 nm wide. The surface
is fairly uniform in every island. As it is seen, the deposited
underlayer is observed by SEM and Mn oxide particles
have deposited on the previous layer. Both deposited layers
thus come in contact with the electrolyte in the course of
the electrochemical studies.

Figure 6 shows typical CVs of (CM) electrodes in 2 M
NaOH electrolyte at different scan rates. The potential
window of (CM) is around 0.7 V that it is considerably
wider compared to Co (OH)2 [18] and cobalt oxide
samples prepared by other methods [14, 25–27] but it is
narrower than the potential window of MnOOH.
Therefore, it is found that cobalt hydroxide presence
in (CM) is a limiting agent in the width of the potential
window.

The voltammograms are almost symmetrically located
along the potential axis and are typical of capacitive
behavior. It is generally known that the charge stored in a
double layer is rather low and high currents as seen in the
CVs (Fig. 6) could not be attributed to double-layer charge/
discharge processes.

The average capacitance (C) is calculated using:

C ¼ I
dV
dt

ð7Þ

where, I is the mean current along the voltammogram and
dV
dt is the potential sweep rate. The specific capacitance
(F g−1) of (CM) electrode is obtained through dividing C by
its respective weight.

The specific capacitance is decreased from 80 to
50 F g−1 as the potential scan rate is increased from 5 to

Fig. 4 The EDS of (C|M)

Fig. 5 The SEM images of (C|M) electrode at magnification of ×8,000
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20 mV s−1. The decrease in capacitance with the scan rate is
attributed to the presence of inner active sites which cannot
be accessed at higher scan rates, probably due to the
diffusion limited transfer of OH- to such sites [28] and
some sites fail to undergo redox processes at high potential
sweep rates. Hence, the specific capacitance obtained at the
slowest scan rate is believed to be close to that of full
utilization of the electro-active material [18].

Figure 7 presents the charge–discharge cyclic voltam-
mograms of (CM), (M|C), (C|M), and (C–M) electrodes
in 2 M NaOH electrolyte at 20 mV s−1 scan rate. It is
observed that the behavior of CVs do not exactly
correspond to the expected CVs for supercapacitors since
the capacitive behavior in these samples is due to faradic
capacitance (not double-layer capacitance) and it is
common in Faradic capacitances.

As it is seen in Fig. 7, the underlayer deposits, Mn
oxide in (M|C) or Co oxide in (C|M), have profound
effect on the measured capacitance. Comparing CVs of
(CM) and (M|C), Fig. 7, shows improvements in the
potential window from 0.7 to 1 V, much more steady
current throughout and symmetry of the voltammogram in
(M|C) due to MnO2 presence in comparison with MnOOH
presence in (CM). On the other hand, although higher
currents have been realized in (C|M) sample, the width of
the potential window has been scarified.

Therefore, it is concluded that Mn oxide underlayer
improves the operating potential window while Co
oxide underlayer improves the current density and
increases the charge stored. (C–M) which exposes both
cobalt oxide and MnO2 surfaces to the electrolyte, shows

a behavior similar to prepared cobalt oxide in Fig. 8 and
it is because of cobalt oxide presence in (C–M) that
create a substrate with lower resistance and higher
current density and it is chosen as the selective path
for charging process. CS (capacitance per mass of active
material) values for (CM), (M|C), (C|M), and (C–M) were
found to be 48, 38.5, 78, and 40.6 F g−1, respectively, where
measurements have been made at 20 mV s−1 potential sweep
rate. These values of CS are comparable with the values
reported in the literature [18, 20–23] for various other low-
cost metal oxides.

The charge–discharge behaviors of (M|C) electrodes
under galvanometric mode at constant currents of
±1 mA are presented in Fig. 9. The discharge profiles
usually consist of two parts: a sharp potential drop (often
very small) due to internal resistive component of
materials is followed by the discharge of a capacitive
component. (CM) and (C|M) samples do not show any
significant internal resistance drop and their charge–
discharge behavior were close to ideal that must be
because of much lower internal resistance of Co3O4

(1.5×103 Ω cm) [29] in (C|M) and Co (OH)2 (1.29 Ω)
[30] in (CM) samples in comparison with internal
resistance of MnO2 (5.5×105 Ω cm) [31] in (M|C). This
high-specific resistance is due to the fact that the
crystalized Mn oxide layers are lying parallel to the
electrode surface, which was disclosed by cross-sectional
transmission micrography and in-plane X-ray diffraction
measurements [32]. This leads to a difficulty in electron
conduction along a direction perpendicular to the substrate
surface and does not allow easy access of charge-

Fig. 6 Cyclic voltammogram
of (CM) in 2 M NaOH
electrolyte with 5, 10,
20 mV s−1 scan rates
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compensating cations in solution to the inter layer surface.
Voltage drop in Fig. 9 for (M|C) sample is around 600 mV
which is close to calculated voltage drop according to the
internal resistances. Thickness of sample is 10−3 cm,
surface area of electrode is 1 cm2 in (M|C), and therefore,
ohmic drop at 1 mA current is calculated to be 550 mV.

However, it should be mentioned that (C–M) behaves
similar to cobalt oxide and it is because of lower specific
resistance of cobalt oxide compared to MnO2. It causes the
charge–discharge process to choose the path with higher

conductivity and it has the main role in (C|M) and (C–M)
charge–discharge processes.

The specific capacitances of the electrodes are evaluated
[33, 34] using:

C ¼ Q

ΔV � m
¼ I �Δt

ΔV � m
ð8Þ

Where C (F) is capacitance, I (A) is current in the course of
charge/discharge processes, Δt (sec) is the charge/discharge
time, ΔV (V) being the potential window and m (g) is the

Fig. 7 Cyclic voltammogram of
a (CM), (M|C), (C|M), and
(C–M) and b zoomed in of
(CM), (M|C), and (C|M) in
2 M NaOH electrolyte at
20 mV s−1 scan rate
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mass of the electrodeposited materials. From charge–
discharge profiles the specific capacitances are estimated
to be 50, 37, 80, and 41.6 F g−1 for (CM), (M|C), (C|M),
and (C–M), respectively, which are comparable with the
values derived from the CV studies.

The SCs are ordered as:

SC CjMð Þ > SC CMð Þ > SC C�Mð Þ > SC MjCð Þ

It was found that the best result is obtained when the
mixed-metal oxide components are deposited on top of
each other and the underlayer is metal oxide with higher
specific conductance (Co3O4). It was confirmed by XRD
studies that the co-deposited metal oxides ((CM)) structure
is different from the samples formed by subsequent
depositions ((C|M) and (M|C)). It is conceivable that in
consecutive depositions the primary deposited layer leads

Fig. 8 Cyclic voltammogram of
Co Oxide and Mn oxide in 2 M
NaOH electrolyte with
20 mV s−1 scan rate

Fig. 9 The charge and
discharge curves of Co–Mn
oxides in 2 M NaOH electrolyte.
The charging current was
1 mA cm−2
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the secondary layers to be formed with an amorphous
structure, so, an amorphous structure of MnO2 (α-MnO2)
forms the top layer of (C|M) that has been known to show
good capacitance. Also, the deposited underlayer is not
completely covered (according to the SEM image of (C|M))
and there are interfaces between the electrolyte and both the
deposited upperlayers and underlayers. Both wide potential
window of MnO2 and high-specific conductance of Co3O4

are simultaneously observed in (C|M) sample.

Impedance studies

Figure 10 presents Nyquist plots for (CM)/NaOH at −0.25,
0, and 0.2 V/SCE in the range of frequencies from 100 kHz
to 20 mHz, where Z′ and Z″ are the real and imaginary
parts of the impedance, respectively. While the ideal
capacitor exhibits a vertical line in the Nyquist plot, the
electrochemical capacitor starts with a 45° impedance line
and approaches an almost vertical line only at low
frequencies [35].

The nonvertical slope of the low frequency impedance can
be accounted for by replacing the capacitance with a constant
phase element (CPE) where jω term is replaced by (jω)p,
with 0<p<1, and where p=1 represents an ideal capacitor.

The equivalent circuit for (CM) at −0.25 and 0 V/SCE
are shown in Fig. 11a which has best fits the experimental
findings.

The evaluated specific capacitances according to the
equivalent circuit and fitted data by ZView software are

1.75 and 47.5 F g−1 at −0.25 and 0 V/SCE, respectively. It
was found that at −0.25 V/SCE, the capacitor has not yet
been charged up and CPE value is due to double-layer
capacitance. By shifting to charging potentials (0 V/SCE),
the evaluated capacitance is close to the values obtained in
charge/discharge experiments.

The equivalent circuit compatible with Nyquist plot at
0.2 V/SCE is presented in Fig. 11b. Apparently, shifting the
potential to more positive values tends to increase the
parallel resistance and causes R2 to disappear from the
equivalent circuit in Fig. 11a. It should be mentioned that
the power of CPE, CPE-p, has been found to be 0.93 and
0.90 (0<p<1) at 0 and 0.2 V, respectively, that shows (CM)
behaves close to an ideal capacitor.

The specific capacitance can be obtained by another
numerical method according to the following:

Z 00 ¼ 1

Cwð Þp ð9Þ

Fig. 11 Equivalent circuit for (CM) at a −0.2 and 0 V, b 0.2 V

Fig. 10 Nyquist plots for the
(CM) electrode in 2 M
NaOH solution at −0.25, 0,
and 0.2 V
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At frequency equal to 20 mHz, Z′ equal to 58.06 Ω and
power of CPE, p, equal to 0.9 and the specific capacitance
was calculated to be 48 F g−1 which is in accord with other
measurements.

Conclusion

Manganese–cobalt oxides composite electrodes with different
anodic and cathodic electrodepositions sequences have been
prepared. A specific capacitance of 78 F g−1 has been
obtained at the current density of 1 mA in 2 M NaOH
aqueous solution for (C|M) sample where Co3O4 is the
underlayer and has caused an amorphous structure of MnO2

to be deposited as the upperlayer. (C|M) electrode has good
charge/discharge properties without any significant ohmic
drop in the discharge process due to low electrical resistance
of Co3O4 in (C|M). Also, it was concluded that (C–M) which
exposes both cobalt oxide and MnO2 surfaces to the
electrolyte, shows a behavior similar to the cobalt oxide
and it is because of cobalt oxide presence in (C–M) that
tends to lower the resistance promote higher current density
and provides as the path for charging process. The evaluated
double layer and specific capacitances for (CM) according to
the impedance studies were 1.75 and 47.5 F g−1, respectively,
which conforms strongly with obtained CS from cyclic
voltammogram and chronopotentiometric studies.
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