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Abstract In the present study, a manganese oxide obtained
by the acid treatment of LiMn2O4 spinel has been used as a
positive electrode of supercapacitor. Removal of lithium
from a spinel allowed to obtain MnO2 compound with the
pores partly distributed in atomic scale, hence, an efficient
use of its pseudocapacitive properties could be reached. On
the other hand, residual lithium remaining in the structure
preserved layered framework of MnO2 with pathways for
ions sorption. Physical properties, morphology, and specific
surface area of electrode materials were studied by scanning
and transmission electron microscopy, and nitrogen sorption
measurements. Voltammetry cycling, galvanostatic charge/
discharge, and impedance spectroscopy measurements per-
formed in two- and three-electrode cells have been applied
in order to measure electrochemical parameters. Neutral
Li2SO4 aqueous solution has been selected for electrolytic
medium. Extension of operating voltage for supercapacitor
has been realized through asymmetric configuration with an
activated carbon as a negative electrode. The asymmetric
capacitor was operating within a voltage range up to 2.5 V
(limited to 2.0 V for cycling tests) and was able to deliver a
specific capacitance of 60 Fg−1 per capacitor at 100 mA g−1

current density. High specific energy of 36 Wh kg−1 was
reached but with a moderate power density.
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Introduction

Supercapacitors have attracted much attention because of
their higher power density, better efficiency, and longer
durability in comparison to the rechargeable batteries [1, 2].
Commercial devices are mainly based on two symmetric
activated carbon electrodes and organic electrolyte, which
has higher voltage stability than water medium. However,
devices with organic electrolytes are ecologically unfriend-
ly, less safe, and more expensive because of specific
preparation conditions. Moreover, organic electrolytes have
electrical conductivity ca. two orders of magnitude smaller
than the aqueous medium; hence, it reduces available
power, which is another serious drawback. It can be seen
that using an aqueous electrolyte would be more interesting
from an industrial point of view; but in an aqueous solution,
despite of high specific capacitance, the cell voltage of
symmetric devices is limited to 1 V, and subsequently, both
power and energy densities remain unsatisfactory for
industrial applications.

This fact led to the concept of asymmetric devices
combining two different electrodes working in their optimal
potential range: the negative one with high hydrogen
overpotential and the positive one with high oxygen over-
potential. It has already been proved that the cell voltage can
be increased significantly with the use of hybrid system.

The reported example of such a system is a configuration
using composite of manganese dioxide with multiwalled
carbon nanotubes (MnO2/MWNTs) as positive electrode
and activated carbon as negative electrode. This combina-
tion allows to reach capacitance values up to 200 Fg−1, and
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it can additionally operate in a wide potential range (2 V in
aqueous solution), increasing extremely energy of system
[3, 4]. An increase of the operating voltage can be achieved
due to a reversible hydrogen sorption in the pores of carbon
material [5, 6].

Besides maximizing the operating voltage of a cell,
capacitance of electrode is another matter which has to be
considered in order to improve the performance of the
supercapacitor. New trends are devoted to the application of
materials with pseudocapacitance properties, which store
energy through fast and reversible faradaic reactions, especially
metal oxides and their composites with carbon materials [7–9].

Different transition metal oxides such as Co3O4, SnO2,
MnO2, PbO2, and V2O5 are being investigated as possible
electrodes for electrochemical supercapacitors working in
aqueous solution. According to literature data, various
approaches have been attempted in order to synthesize
transition metal oxides and their composites [7, 8]. These
trials included electrodeposition or chemical synthesis of
oxides with a porous morphology reduction of particle size,
making composites with carbon nanotubes, carbon materials,
conducting polymers, and mixed metal oxides; but the
capacity of the materials is not significantly improved,
indicating that the effective way for preparing metal oxide/
carbon composites still needs to be found.

Some reports have been published about lithium-
intercalated compounds such as LiCoO2, LiTi5O12, or
LiTi3O7 applied as electrodes in supercapacitors working in
organic electrolyte [10, 11]. Also, a hybrid electrochemical
supercapacitor with aqueous electrolyte and the activated
carbon serving as a negative and LiMn2O4 as a positive
electrode has been already investigated [12].

In our case, the enhancement of electrical properties has
been achieved by immersing lithium manganese oxide
powder in sulfuric acid in order to extract lithium ions from
the intercalated compound. Mechanism of the removal of
lithium from LiMn2O4 has been studied previously [13,
14], and the proposed reaction is as follows:

2Li Mn3þMn4þ
� �

O4 þ 4Hþ ! 3l�MnO2 þMn2þsolution

þ 2Liþ þ 2H2O:

LiMn2O4 spinel has a cubic close-packed structure. Half
of the octahedral sites of lattice are occupied by manganese
ions and one-eighth of the tetrahedral sites by lithium ions.
In stoichiometric spinel, the manganese ions coexist in two
valence states, Mn3+ and Mn4+, in equal proportions, hence,
the chemical formula can be written as Li(Mn3+Mn4+)O4

[15]. It has been shown that treatment of the spinel-type
material LiMn2O4 with aqueous acid leads to conversion of
the LiMn2O4 to nearly pure MnO2, while preserving the
structural framework of the LiMn2O4 [13]. After treatment,
most of the lithium ions are removed from the tetrahedral

sites, but the structural framework of spinel is preserved.
The final material is designated as λ-MnO2. It was
mentioned that the dissolution of manganese induced by
acid treatment can also occur which results in oxidizing a
part of Mn3+ ions to higher oxidation state Mn4+ [14, 16].

In this work, the physicochemical and electrochemical
properties of the λ-MnO2 prepared from lithium manganese
oxide compound are presented. Partially lithiated λ-MnO2

operating as a positive electrode has been successfully used
for an asymmetric supercapacitor configuration. Addition-
ally, this work promotes a system with aqueous electrolyte,
which is cheaper and, what is more important, much more
environmentally friendly.

Experimental

Materials preparation

Powder of lithium manganese oxide, LiMn2O4, was
supplied by MERCK (lithium manganese (III, IV) oxide
cathode powder, 180.81 g mol−1). Sulfuric acid (95%),
lithium sulfate, and potassium hydroxide were commercial-
ly available reagents (p.a.) from POCH and CHEMPUR. To
prepare a carbon material for the negative electrode, a
chemical KOH activation technique at 750°C temperature
has been employed where the initial precursor material was
biomass. The resulting activated carbon is denoted as SA.

Lithium extraction leading to the λ-MnO2 compound
was achieved by immersing the LiMn2O4 powder in 100 ml
of 0.5, 1.0, and 5-mol L−1 sulfuric acid aqueous solution.
Mixture was stirred for 2 h. After that, the solution was
filtered, washed several times with distilled water, and dried
in air at 100°C. The final product is designated λ-MnO2.

Physical measurements

The specific surface area was determined by nitrogen
sorption at 77 K (Brunauer, Emmett, and Teller method),
and average pore size was estimated from the Barrett,
Joyner, and Halenda method using Micromeritics ASAP
2010. The detailed texture and morphology observations of
the samples were performed using a transmission electron
microscopy (TEM) Philips CM200 and scanning electron
microscopy (SEM) Philips 525.

Electrochemical characterization

The capacitor electrodes for evaluating the electrochemical
properties were formed as pellets consisting of 75%
composite material, 20% acetylene black, and 5% binder
(polyvinylidene fluoride (PVDF), Kynar Flex 2801). In
case of the asymmetric system, activated carbon SA (85%
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active material, 10% PVDF, 5% acetylene black) was used
as material of negative electrode. The typical mass of the
positive electrode material was 11.0 mg and for negative,
12.5 mg. Supercapacitors were operating in 1 mol L−1

Li2SO4 electrolytic solution. All experiments were carried
out at room temperature.

The capacitance values were estimated in two-electrode
Swagelok® system by galvanostatic charge/discharge and
cyclic voltammetry with different scan rates using VMP3
(Biologic–France). In the case of a three-electrode cell,
Hg/Hg2SO4 system was used as a reference, however, the
values of potential are expressed vs. normal hydrogen
electrode (NHE). The capacitance values of material (either
λ-MnO2 or activated carbon) were calculated per mass of
active material in one electrode. The specific capacitance
has been evaluated using the formula C= i Δt/(mΔV), where
i is the current used for discharge, Δt is the time elapsed for
the discharge, m is the mass of the active electrode, and ΔV
is the voltage range of the discharge. In case of asymmetric
system, all values were calculated for the total weight of the
electrodes (including positive and negative one).

Results and discussion

Acid treatment of the spinel-type LiMn2O4 material leads to
conversion of LiMn2O4 to MnO2, while preserving the
structural framework of the spinel (Fig. 1). After treatment,
most of the lithium ions are removed from the tetrahedral
sites, but the structural framework of the spinel is preserved
because of the Li exchange with protons as well as the
presence of residual lithium in the lattice. Replacing of
lithium ions with protons that compensate charge is
expected. Proposed mechanism for above-mentioned con-
version involves diffusion of lithium from the structure in

the analogical way to the proton diffusion during the
reduction process of λ-MnO2.

Figure 2 shows the texture of untreated LiMn2O4 (Fig. 2a)
and acid treated λ–MnO2 (Fig. 2b, c) where Fig. 2a, b show
SEM and (Fig. 2c) TEM images. It is clearly seen that
morphology of compound is greatly changed after a partial
lithium removal; particles have more developed porosity,
some irregularities are well visible at their surface. This
suggests that the reaction may occur at the outer side of
particles where lithium and also manganese ions can easily
dissolve to the solution.

Manganese oxide partly lithiated has been used for
electrochemical measurements. As it can be seen from
Table 1, there was only a moderate difference in capacitance
values between λ-MnO2 obtained by sulfuric acid treatment
with a concentration from 0.5 to 1 mol L−1 H2SO4. On the
contrary, a significant decrease of capacitance occurs in the
case of 5 mol L−1 H2SO4. It is assumed that acid with a
higher concentration also easily dissolves manganese oxide
framework. That is why for all the further investigations, λ-
MnO2 prepared from LiMn2O4 soaked in 1 mol L−1 sulfuric
acid solution was chosen.

Specific surface area of material was determined to be
3.5 m2g−1 for initial LiMn2O4 and 5 m2g−1 for λ–MnO2.
The results from the nitrogen sorption isotherms proved
that λ-MnO2 is a mesoporous material with an average pore
size of 35 nm. The meso/macroporosity has been also
confirmed by SEM and TEM images.

Such negligible values of surface area indicate that
capacitance of material cannot be ascribed to the electrostatic
charge storage in the electric double layer, but faradaic
reactions have to be involved. Calculated specific surface
capacitance (capacitance expressed per surface area of λ-
MnO2) reaches a huge value of 4,200 μF cm−2; whereas,
typically, for carbon, it ranges from 10 to 20 µF cm−2. On

Fig. 1 General presentation of
lithium removal from LiMn2O4

spinel
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the other hand, specific surface area of carbon material used
for negative electrode is equal to 898 m2g−1 that gives
specific surface capacitance of 16 µF cm−2.

Figures 3 and 4 show cyclic voltammograms of λ-MnO2

and activated carbon electrodes, respectively. Both electro-
des were operating in 1 mol L−1 Li2SO4 aqueous solution
but in the different range of potentials. λ-MnO2 electrode
was working within the potential window of 0.0–1.4 V vs.
NHE. The cyclic voltammetry curve for this material does
not have a rectangular shape, but due to the faradaic
reactions, some well-defined peaks can be observed. Those
peaks are related to the redox process of Mn with a
simultaneous lithium ions insertion/deinsertion into the
structure of λ-MnO2 due to the fact that the structural
framework of the initial spinel material is preserved.
The potential values for these peaks well correlate with
the thermodynamic Pourbaix data. For activated carbon, the
potential range was from −1.0 to 0.4 V vs. NHE, and nearly
rectangular shape of the registered curve can be observed.
This indicates a typical electric double layer behavior;
however, some redox reactions should not be excludedFig. 2 SEM (a, b) and TEM (c) images of spinel (a) and manganese

oxide (b, c)

Table 1 Capacitance values estimated at different current loads for
manganese oxide obtained using different acid concentration

Acid
[molL−1]

Capacitance [F g−1]

100
[mAg−1]

200
[mAg−1]

500
[mAg−1]

1,000
[mAg−1]

0.5 210 150 70 33

1.0 210 151 64 20

5.0 145 87 22 5
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Fig. 3 Capacitance characteristics for the λ-MnO2 electrode within
potential range from 0 to 1.4 V vs. normal hydrogen electrode at a
scan rate of 1 mV s−1 in 1 mol L−1 Li2SO4 solution
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Fig. 4 Capacitor characteristics of the activated carbon electrode in
potential range from −1.0 V to 0.4 V vs. normal hydrogen electrode at
scan rate of 1 mVs−1 in 1 mol L−1 Li2SO4 solution
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because the oxygen and nitrogen presence originated from
biomass precursor.

Combination of λ-MnO2 as positive and activated carbon
as negative electrode led to the asymmetric capacitor being
able to work within extended potential window. Figure 5
presents the capacitor characteristics of asymmetric system
recorded at a scan rate of 1 mV s−1 up to 2 V vs. NHE.
There is no oxygen and hydrogen evolution peaks on λ-
MnO2 and activated carbon respectively, which suggests
that the electrolyte remains stable in this potential range.

Galvanostatic charge/discharge measurements at a dif-
ferent current density and within different voltage range
were applied to estimate electrochemical properties such as
values of specific capacitance, energy, and power. Inves-
tigations revealed that this capacitor is able to work within
the potential range up to 2.5 V at a constant current of
200 mA g−1 and to 2.4 V for 100 mA g−1. These results are
shown in Figs. 6 and 7, respectively.

In the case of activated carbon serving as a negative
electrode, the charge is stored electrostatically in the
electrical double layer as well as by a reversible hydrogen
storage mechanism. For the λ-MnO2 electrode, faradaic

reactions are involved in charging/discharging process
with various oxidation state of manganese. This is the
reason for a non-ideal shape of galvanostatic charging/
discharging curves (convex shape of curves can be observed
instead of triangle, especially for the lower values of constant
current).

Influence of current density on the discharge time, in
turn, on the specific capacitance, is shown in Fig. 8. As it
can be seen from these charge/discharge curves, discharge
time decreases with the increasing of the applied current,
hence, the capacitance decreases. This is because the redox
reactions depend on the insertion–deinsertion of the Li ions
or protons from the electrolyte. At lower current densities,
ions can penetrate into the inner-structure of the electrode
material, having access to almost all available pores of the
electrode, which leads to a complete insertion reaction and
complete deinsertion afterwards; but at higher current
densities, an effective utilization of pseudocapacitive
material for the ion insertion is limited only to the outer
surface of electrodes. It results in the reduction of specific
capacitance values. The same phenomenon has been
observed for increasing the voltage scan rate.
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Fig. 7 Galvanostatic charge/discharge curves of asymmetric capacitor
at a constant current density of 200 mA g−1 in 1 mol L−1 Li2SO4

aqueous solution
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Fig. 6 Galvanostatic charge/discharge curves of asymmetric capacitor
at a constant current density of 100 mA g−1 in 1 mol L−1 Li2SO4

solution
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Fig. 5 Capacity characteristic of the asymmetric system (λ-MnO2

material as a positive electrode combined with SA as negative one) at
scan rate of 1 mV s−1 in 1 mol L−1 Li2SO4 aqueous solution
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Fig. 8 Galvanostatic charge/discharge curves of asymmetric capacitor
at different current densities in 1 mol L−1 Li2SO4 aqueous solution
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As the scan rate increases, the cyclic voltammetry profile
deviates from the ideal capacitive behavior. The main
reason for such a behavior is that the higher sweep rate
prevents the accessibility of ions to all the pores of the
electrode. At high scan rates, a movement of ions is limited
due to their slow diffusion, and only the outer surface can
be utilized for charge storage. It has also been confirmed
by electrochemical impedance spectra performed in the
frequency range from 100 kHz to 1 mHz. Even if the
equivalent series resistance was not very high, diffusion
limitation are very pronounced.

The asymmetric supercapacitor characteristics at differ-
ent current densities have been presented in the form of the
Ragone plot. The specific energy density was calculated for
the two electrodes (together with additives). Obviously, for
the energy and power calculation, the voltage value without
ohmic drop was taken. The high values of 36 Wh kg−1 have
been obtained. However, the system could not supply a high
power. The specific energy was 24 Wh kg−1 at 180 Wkg−1.
It is noteworthy that this novel manganese oxide material is
still not yet optimized.

The trials have been undertaken for modeling of
electrode/electrolyte interface and computer simulation of
electrochemical characteristics. Artificial neural networks
have been employed for determination and predicting
charge/discharge characteristics during long-term cycling.

Conclusions

It has been proved that application of two different
electrode materials operating in their optimal potential
range allows to extend the working voltage of the whole
capacitor system up to 2 V. Detailed analysis (theoretical
and experimental) shows that MnO2 electrode will operate
in a more narrow range (ca. 0.8 V) of potential than carbon
electrode.

The supercapacitor consisting of lithiated λ-MnO2 mate-
rial working as a positive electrode and activated carbon as
negative one delivered a capacity of 60 Fg−1, based on the
total weight of both electrodes (positive and negative). It
has been proved that an asymmetric configuration is
superior in comparison to a symmetric one. Manganese
oxide from spinel is a promising material but needs further
improvement.
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