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Abstract Manganese oxide film for supercapacitor appli-
cations was prepared by potentiodynamic electrodeposi-
tion in a manganese acetate plating solution. The effects
of the potential sweep rate on the oxide microstructure,
crystallinity, and chemical states were examined using a
scanning electron microscope, an X-ray diffractometer,
and an X-ray photoelectron spectrometer, respectively.
Electrochemical performance of the film electrodes was
evaluated using a cyclic voltammetric measurement. The
experimental results indicate that the deposition potential
sweep rate significantly affected the material properties
of the prepared oxide films. The oxide-specific capaci-
tance increased from 262 to 337 F/g when the sweep rate
was increased from 100 to 400 mV/s. The key material
factors that govern the specific capacitance and cyclic
stability of the oxide electrodes were discussed.

Keywords Manganese oxide . Potentiodynamic
electrodeposition . Supercapacitor performance

Introduction

Climate change and the decreasing availability of fossil
fuels have forced society to move towards alternative and

sustainable resources. The electricity generated from
renewable energy (e.g. from the sun or wind) usually has
to be stored before it is used. Supercapacitors are charge-
storage devices that have a greater power density and a
longer cycle life than those of batteries, and a higher energy
density than that of conventional capacitors [1]. Accord-
ingly, their applications in electric vehicles, portable
electronics, medical devices, and military missile systems
have been proposed. Manganese (Mn) oxide is considered
as a favorable electrode material for supercapacitors due to
its satisfactory electrochemical performance and its natural
abundance and environmental compatibility. The charge-
storage mechanism of Mn oxide in aqueous electrolytes has
been proposed as follows [2, 3]:

MnO2 þ nCþ þ ne� ! MnO2�n OCð Þn n � 1ð Þ ð1Þ

where C+ denotes the protons and alkali metal cations (Li+,
Na+, K+). The Mn oxidation state varies continuously and
reversibly between the trivalent and tetravalent forms
during the charge–discharge process, contributing to pseu-
docapacitive behavior [4, 5].

The known preparation processes for Mn oxide super-
capacitor electrodes include electrodeposition [3, 6], ther-
mal decomposition [7], co-precipitation [4, 8], sol–gel
processes [9, 10], physical vapor deposition [11], and
hydrothermal synthesis [12]. Different fabrication courses
lead to different material characteristics and pseudocapaci-
tive performance of the obtained Mn oxides. The advan-
tages of using an electrochemical preparation method are
simplicity, reliability, accuracy, versatility, and low cost.
While potentiostatic electrodeposition is commonly used to
produce Mn oxide film with capacitive properties [3, 5, 6,
9, 13], the potentiodynamic method has been rarely studied
[14, 15]. Prasad and Miura [15] reported that, in a plating
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solution consisting of MnSO4, potentiodynamically depos-
ited Mn oxide had much better charge-storage performance
than that of the potentiostatically prepared one. Hu and
Wang [14] found that the two deposition procedures,
also from the MnSO4 precursor, did not lead to significant
differences in pseudocapacitance between the prepared
oxide electrodes. This discrepancy requires further investi-
gation. In Ref. [15], the authors attributed the superior
capacitive performance of the potentiodynamically depos-
ited film solely to a highly porous structure of the oxide
electrode; no other detailed analytical data was presented.
Nevertheless, we have recently noted that the chemically
hydrous state of Mn oxide seems to be one of the most
important factor that governs oxide-specific capacitance
[16].

In the present study, Mn oxide film was prepared using
potentiodynamic electrodeposition with various sweep
rates. The plating bath was a Mn acetate solution, in which
the deposition rate is higher and the deposition potential
required is lower than those found in inorganic MnSO4

plating solution [17]. Besides studying the surface
morphology and cross-sectional microstructure of the
deposited films, chemical states of the oxides were also
examined. According to the analytical data, the key factors
that determine the pseudocapacitive performance of Mn
oxide are suggested.

Experimental methods

Mn oxide was electroplated onto graphite substrates in
0.25 M Mn(CH3COO)2 solution at 25 °C. The substrates
(1 cm2) were first polished with SiC paper, then degreased
with acetone and water, etched in 0.2 M H2SO4, and finally
washed with pure water in an ultrasonic bath. During the
electrodeposition, a platinum sheet and a saturated calomel
electrode (SCE) were used as the counter and reference
electrodes, respectively. A previous study [18] reported that
in this plating solution, anodic deposition of Mn oxide
began when the applied potential exceeded 0.3 V and that a
mass transfer limitation occurred beyond 0.6 V. In
the present study, the potentiodynamic deposition was
performed by repeatedly sweeping the potential in a region
of 0–1 V using an EG&G model 263 potentiostat. Various
potential sweep rates, ranging from 100 to 400 mV/s, were
adopted. The weight change of the electrode before and
after deposition was measured using a microbalance (with
an accuracy of 10−5 g). The oxide loading mass was kept
around 1.0–1.1 mg by controlling the sweep cycle (i.e., 40
cycles for 100 mV/s, 90 cycles for 200 mV/s, 150 cycles
for 300 mV/s, and 225 cycles for 400 mV/s).

The crystal structure of the deposited films was
determined using a Rigaku D/MAX-2500 glancing angle

X-ray diffractometer (GAXRD). The surface morphology
and cross-sectional microstructure of the electrodes were
examined using a scanning electron microscope (SEM,
Philip XL-40FEG). X-ray photoelectron spectroscopy
(XPS) was employed to study the chemical states. The
measurements were performed with a PHI 5000 Versa-
Probe spectrometer using monochromated Al Kα radiation
as the X-ray source.

The electrochemical properties of the oxide electrodes
were characterized by cyclic voltammetry (CV) in 2 M
KC1 solution at 25 °C. The CV scan rate varied from 5 to
100 mV/s. A three-electrode system, similar to that used for
the electrodeposition, was adopted. The electrochemical
stability of the electrodes was evaluated by repeating the
CV scan (at a rate of 50 mV/s) for 500 cycles. The variation
of the oxide-specific capacitance versus the cycle number
was recorded.

Results and discussion

Surface morphology, cross-sectional microstructure,
and crystallinity

Figure 1 (in the left column) show the surface morphologies,
observed using SEM, of the oxide films potentiodynamically
deposited at 100, 200, 300, and 400 mV/s, respectively. At
the lower deposition sweep rate, the obtained oxide consisted
of interweaving nano-sized fibers, leading to high porosity of
the electrode. When the sweep rate was increased, the
deposited oxide gradually became condensed, probably
because the time interval between every deposition was
shortened. At a rather fast sweep rate of 400 mV/s, the fiber-
like feature disappeared; instead, the oxide was compact and
with relatively smooth surface. The kinetics of the deposition
process may be a crucial topic, which deserves further
studies.

The cross-sectional microstructures of the oxide films
were also examined with SEM; the micrographs are shown
in the right column of Fig. 1. A layered structure was
clearly recognized in the 100-mV/s-deposited oxide film.
Interestingly, the layer number coincided with the cycle
number for the potentiodynamic deposition, indicating that
the nucleation and growth processes of Mn oxide occurred
repeatedly in every deposition cycle. However, because a
higher potential sweep rate did not allow enough time for
new nuclei to form, newly deposited Mn oxide just grew
onto the previous one; therefore, the layered structure and
the inter-layer porosity were gradually eliminated as
revealed in the figure. Figure 1 also shows that the film
thickness decreased with increasing potential sweep rate
(from ∼3 μm at 100 mV/s to ∼2 μm at 400 mV/s). Since
the deposition mass was similar, this observation indicates
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that the apparent density of the deposited oxide increased
with increasing the sweep rate. This result contradicts that
reported by Prasad and Miura [15], who indicated that
increasing the potential sweep rate for deposition in MnSO4

solution led to higher film porosity. The chemistry of
different precursors (MnSO4 in [15], but Mn(CH3COO)2 in
this study) seems to play an important role. However,
further investigation is necessary to address this issue.

The crystal structure of the oxide films was analyzed with
an X-ray diffractometer. The results (not shown here) revealed
that all the potentiodynamically deposited oxides, regardless
of the potential sweep rate, were highly amorphous in nature.

Chemical states

Figure 2a shows the Mn 2p3/2 XPS spectra of the Mn
oxides deposited at various potential sweep rates. As
illustrated, a binding energy shift, corresponding to the
chemical state change, among the spectra was found.
Specifically, a higher deposition sweep rate led to a lower
binding energy of the Mn 2p3/2 electron, suggesting that the
oxide had a lower Mn oxidation state [19]. It is known that
the valence of Mn can be more precisely identified by
measuring the multiplet splitting width of two Mn 3s XPS
peaks [20]. Therefore, the spectra of this orbit were also

Deposition 
rate 

Top-view morphology Cross-sectional microstructure 

100 mV/s 

  

200 mV/s 

  

300 mV/s 

  

400 mV/s 

  

Fig. 1 SEM top-view and
cross-sectional micrographs of
the Mn oxide films potentiody-
namically deposited at various
potential sweep rates
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acquired; the obtained data are shown in Fig. 2b. The
exchange interaction between the core level electron (3s)
and the unpaired electrons in the valence band (3d) results
in the peak separation (ΔE) of the Mn 3s spectrum upon
photoelectron ejection [21]. Accordingly, a lower valence
of Mn results in a wider ΔE. As shown in Fig. 2b, the
splitting width of the Mn 3s peaks increases with increasing
the potential sweep rate for deposition. The peak locations,
derived from Gauss-fitting results, and ΔE of the spectra are
listed in Table 1. The ΔE for MnO, Mn3O4, Mn2O3, and
MnO2 reference compounds, which were reported in the
literature [20], are also shown in this table for comparison.
The results indicate that the deposited oxide films were
composed of trivalent and tetravalent Mn; however, with
increasing deposition sweep rate, the Mn oxidation state
gradually approached trivalence.

The O 1s spectra of the various oxide films were also
measured; the results are shown in Fig. 2c. As demonstrat-
ed, every spectrum can be deconvoluted into three
constituent components that correspond to three oxygen-
containing species, which are Mn oxide (Mn–O–Mn) at
around 529.8 eV, Mn hydroxide (Mn–O–H) at around
531.0 eV, and water (H–O–H) at around 532.3 eV [20, 22],
respectively. The Gauss-fitted peak areas, representing the
relative content concentrations of the components, of the
various deposited oxides are summarized in Table 1. As
shown, the Mn–O–H to Mn–O–Mn ratio increased with
increasing deposition sweep rate while the structural water
(H–O–H) content remained almost constant among the
oxides. Apparently, the higher the deposition sweep rate
became (or the more the deposition cycle number), the
more the hydrous species was involved in the deposit,
although the reason was not clear yet.

Pseudocapacitive performance

Figure 3 shows the cyclic voltammograms of the various
oxide electrodes measured in 2 M KCl aqueous solution
with a CV scan rate of 5 mV/s. For all the CV curves, the
response current essentially remained constant during
forward and backward potential scans within a range of
1 V but it immediately changed its flow direction when the
potential was switched to be in reverse. Moreover, the
anodic and cathodic areas of the CV curves were
symmetric. The quasi-rectangular CV shape, which reflects
ideal pseudocapacitive behavior, is attributed to a continu-
ously and reversibly faradic redox transition of Mn oxide
over the potential range. A close comparison of the CV
curves shown in Fig. 3 reveals that their enclosed areas are
different, indicating a superior charge-storage capability of
the oxide film deposited at the highest potential sweep rate.
The specific capacitance (C) of the Mn oxide can be
quantitatively evaluated according to the following equation:

C ¼ Qm=ΔV ð2Þ

where Qm is the specific voltammetric charge (based on
mass) integrated from both the anodic and cathodic CV
scans, and ΔV is the potential scanning range. The calculated
specific capacitances of the 100-, 200-, 300-, and 400-mV-
deposited oxides are 262, 298, 318, and 337 F/g, respec-
tively. Previous studies [3, 5, 6, 13, 14] indicated that the
capacitances of Mn oxide prepared using potentiostatic
deposition were approximately 200–250 F/g. The increase
of oxide capacitance with deposition sweep rate observed in
the present work is consistent with that reported by Prasad
and Miura [15]. Figure 3 also indicates that an irreversible
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Fig. 2 XPS spectra of the a Mn 2p3/2 orbit, b Mn 3s orbit, and c O 1s orbit for the Mn oxide films deposited at various potential sweep rates
(curve a 100 mV/s, curve b 200 mV/s, curve c 300 mV/s; curve d 400 mV/s)
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reduction reaction occurred near 0 V for the 300- and 400-
mV/s-deposited oxide electrodes. Since the oxide deposited
using a higher potential sweep rate had a lower Mn oxidation
state (as depicted in Fig. 2), it seemed to be less stable and
tended to cathodically dissolve (to form Mn2+) in the
electrolyte.

The electrochemical performance of the oxide electro-
des was recorded at various CV scan rates. It was found
that even at a high measuring rate of 100 mV/s, the
rectangular shapes (i.e., pseudocapacitive behavior) of
the CV curves were still obtainable, indicating a
satisfactory high-power performance for supercapacitor
applications. Figure 4 shows the specific capacitances of
the various oxide electrodes as a function of the measuring
CV scan rate. Since the pseudocapacitive behavior results
from the electrochemical redox reaction of Mn oxide, a
monotonous decline in capacitance with increasing CV
measuring rate was clearly observed due to the kinetic
limitation. Moreover, the internal potential drop (or iR
drop) of the electrode and diffusion limitation of reactants
and products near the electrode/electrolyte interface also
make the capacitance decline at the higher CV scan rates.
Figure 4 shows that at a CV scan rate of 100 mV/s,
approximate 60% of the capacitances measured at 5 mV/s
can be maintained for all the oxide films prepared. This
figure also indicates that, regardless of the CV measuring
rate, a higher deposition sweep rate always led to a higher
specific capacitance of the oxide film. It should be
emphasized that since both the most compact oxide (in
the present paper) and the most porous oxide (in Prasad
and Miura’s report [15]) generated the highest pseudoca-
pacitance in its respective study, this physical issue (i.e.,
porosity or microstructure) does not seem to be a key
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Fig. 3 Cyclic voltammograms of the Mn oxide films deposited at
various potential sweep rates (curve a 100 mV/s, curve b 200 mV/s,
curve c 300 mV/s; curve d 400 mV/s). The measurements were
performed in 2 M KCl aqueous solution with a CV scan rate of
5 mV/s

Table 1 XPS analytical results of the Mn oxide films deposited at various potential sweep rates

Mn 3s O 1s

E1 (eV) E2 (eV) ΔE (eV) Species Peak area (%)

Potential sweep rate for electrodeposition

100 mV/s 83.46 88.46 5.00 Mn–O–Mn 65%

Mn–O–H 30%

H–O–H 5%

200 mV/s 83.44 88.50 5.06 Mn–O–Mn 63%

Mn–O–H 32%

H–O–H 5%

300 mV/s 83.36 88.50 5.14 Mn–O–Mn 61%

Mn–O–H 34%

H–O–H 5%

400 mV/s 83.28 88.60 5.32 Mn–O–Mn 57%

Mn–O–H 39%

H–O–H 5%

Species

MnO 5.79

Mn3O4 5.50

Mn2O3 5.41

MnO2 4.78
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factor in determining the capacitive performance. Our
previous study [16] proposed that the hydrous state is the
most important parameter that governs the specific
capacitance of Mn oxide. The analytical results presented
in this investigation again support this hypothesis. A
highly hydrous state can increase ionic conductivity [23],
and thus enhance the activity and utilization of Mn oxide.
As a result, the pseudocapacitive properties of the
electrode were improved.

The electrochemical stability of the deposited oxide
films was also evaluated. Figure 5 shows the variations of
the specific capacitance, measured at a CV scan rate of

50 mV/s, with the redox cycle number for the various oxide
electrodes. As shown, although the 400-mV/s-deposited
oxide had the highest initial capacitance among the
electrodes, its decay was more pronounced upon CV
cycling. This result suggests that when pursuing a high
specific capacitance of Mn oxide by increasing the
deposition sweep rate, the relatively quick performance
degradation of the electrode should be considered. The
capacitance retained ratios after 500 cycles (capacitance at
the 500th cycle/capacitance at the first cycle) of the 100-,
200-, 300-, and 400-mV/s-deposited Mn oxides were 84%,
81%, 76%, and 72%, respectively. The inferior cyclic
stability of the oxide deposited at the higher potential sweep
rate was attributed to the irreversibly cathodic dissolution of
Mn oxide, as shown in Fig. 3. Moreover, our previous
study [16] also suggested that a more porous electrode
would improve the electrochemical reaction homogeniza-
tion and would also allow for larger volume expansion and
contraction of Mn oxide during charging and discharging.
Since the created internal stress may be lower, the porous
structure could prevent the electrode from physical
damage. The better durability of the oxide electrode
deposited at a lower sweep rate may also be explained
from this aspect.

Conclusions

Potentiodynamic electrodeposition was used to prepare
Mn oxide thin film for supercapacitor applications.
Adjusting the potential sweep rate for deposition can be
used to control the material characteristics of the
obtained Mn oxide. A higher potential sweep rate led
to a higher hydrous state of the deposited film, which
was considered as the most important factor that
determined the pseudocapacitive performance of Mn
oxide. The oxide-specific capacitance increased from
262 to 337 F/g when the deposition sweep rate was
increased from 100 to 400 mV/s. However, a higher
deposition sweep rate produced a more compact oxide
film with a higher apparent density. This oxide also had
a lower Mn valent state and was more easily dissolved in
the electrolyte. Therefore, its cyclic stability is inferior to
that of the oxide deposited at a lower potential sweep
rate. A proper potential sweep rate for electrodeposition
should be chosen or an appropriate post-treatment has to
be performed before the overall pseudocapacitive perfor-
mance of the oxide film electrode can be optimized.
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