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Electrochemical materials, namely MnO2 and reduced graphene oxide (rGO),
have been prepared in diverse morphologies (nanoflowers and nanosheets,
respectively). Different physical and chemical characterizations were con-
ducted to investigate the material structure and morphology. Electrochemical
properties of these materials have been studied comprehensively using cyclic
voltammetry, galvanostatic charge–discharge, and electrochemical impedance
spectroscopy to evaluate their suitability for supercapacitive energy storage.
MnO2 nanoflowers were obtained by recycling spent batteries. The single
electrodes of MnO2 nanoflowers and rGO nanosheets exhibit a high specific
capacitance of 208.5 F g�1 and 145 F g�1, respectively. Therefore, an asym-
metrical supercapacitor was fabricated from both materials and electro-
chemically evaluated. It shows a superb supercapacitive performance of up to
2.0 V in Na2SO4. The asymmetrical supercapacitor produces a high specific
capacitance (177.6 F g�1), energy density (24.7 Wh kg�1) and stability (95.2%
over 4000 cycles). The findings recommend using MnO2 nanoflowers and rGO
nanosheets as an asymmetric supercapacitor.

Key words: Asymmetric supercapacitor, energy storage,
graphene nanosheets, MnO2 nanoflowers

INTRODUCTION

Supercapacitors are classified into two main
categories based on their energy storage mecha-
nism: pseudocapacitors (PCs) and electrochemical
double-layer capacitors (EDLCs).1–5 PCs store elec-
trical energy faradically by electron charge transfer
between the electrode and the electrolyte. The
electrode materials for PCs include metal oxides,
metal hydroxides, metal sulfides and conducting
polymers.6–12 In EDLCs, a double layer of elec-
trolyte ions is formed on the surface of the electrode
material. The electrode materials for EDLCs
include all carbon-based materials.13–17 Superca-
pacitors can be used in many applications because of

their higher energy output as compared to conven-
tional capacitors and higher power than batteries,
in addition to their miniature size. Many studies
have investigated different materials for superca-
pacitor applications with high power and long-life
criteria for better energy storage devices. The
morphological and structural characteristics of the
electrode materials are the key factors for the
energy storage properties.18–21

Recently, manganese dioxide (MnO2) has drawn
increasing attention as a supercapacitor electrode,
as a result of its abundance and high specific
capacitance (Cs) of 700 F g�1.22,23 The capacitive
mechanism in MnO2 arises from ion insertion/
desertion, and therefore it depends crucially on
the morphology and porosity. MnO2 was prepared
with different morphologies, such as nanoflakes,24

nanorods,25 nanowires,26 nanopetals, 27 spongy-
like,28 and nanosheets.29 Due to high Mn content(Received March 16, 2020; accepted June 10, 2020;
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in zinc-carbon (Zn-C) batteries, it is considered as a
low-cost precursor. MnO2 in nanoflower morphology
and a mesoporous structure was successfully
obtained by battery recycling, as reported in our
previous works.30,31

On the other hand, carbon materials are exten-
sively used in supercapacitor fabrication. Graphene,
which has a high theoretical surface area, excellent
electrical conductivity, and mechanical and chemi-
cal stabilities 32 is a promising candidate for energy
storage applications. The charge carriers move
ballistically in the 2D crystal lattice of graphene.
Various chemical, electrochemical and thermal
methods have been reported for the preparation of
graphene.32–34 It shows high-end capacitance values
of 135 F g�1 in aqueous, 99 F g�1 in organic and
154.1 F g�1 in ionic electrolytes.14,32 Graphene is an
ideal EDL capacitive material due to its fascinating
nanosheet structure, which makes all areas easily
reachable by the electrolyte ions, and it is capable of
storing a value of 550 F g�1.14

Depending on the type of cell assembly, superca-
pacitors are often categorized as symmetric super-
capacitors (SSCs) and asymmetric supercapacitors
(ASSCs). In SSCs, two identical electrodes from the
same active materials (often EDLCs materials) are
used as positive and negative electrodes, while in
ASSCs, two different electrodes (usually one is
carbon material and the other metal oxide) are
used. Thus, the hybridization of an EDLCs and
Faradic pseudocapacitive systems could be a good
candidate for a supercapacitor with high capaci-
tance and energy.35 Symmetric (NiO/NiO) and
asymmetric (NiO/activated carbon) supercapacitors
have shown that the asymmetric configuration has
a higher Cs and higher relaxation time constant.36,37

Asymmetric MWCNT-NiO/MWCNT in a H2SO4

solution showed a very high Cs of 950 F g�1 com-
pared to symmetric MWCNT-NiO/NiO-MWCNT,
which only showed 80 F g�1.38

In this study, asymmetric supercapacitor-based
low-cost electrodes from MnO2 (recovered from a
Zn-C battery) and reduced graphene oxide (rGO)
were fabricated and evaluated. Detailed electro-
chemical tests were conducted on single electrodes
and the full cell to evaluate their supercapacitive
behaviour.

EXPERIMENTAL TECHNIQUES

Samples Preparation

MnO2 nanoflowers (MnO2-NF) were obtained by
recycling a spent Zn-C battery (EVEREADY� D cell)
using a leaching process followed by electrodeposi-
tion, as reported in our previous work.31 Briefly, the
Zn-C battery cathode powder was dried, ground,
sieved to below 200 lm in size, washed with deion-
ized water, and subsequently dissolved in H2SO4

and H2C2O4. Then, using an applied current on two
identical stainless-steel electrodes, the manganese
oxide was precipitated as a dark powder. The

graphene oxide was obtained from graphite by
Hummers’ method 39 and then reduced into reduced
graphene oxide nanosheets (rGONS), as reported in
our previous publication.40 The prepared materials
are fully characterized, and the data (including
XRD, SEM/EDS, TEM, FTIR, UV–vis, Raman) are
provided in our previous works.31,40 The current
study focuses on the supercapacitance performance
of the practical asymmetric supercapacitor evalu-
ated from both materials as anode and cathode.

Supercapacitance Performance

The electrochemical characterizations were per-
formed on the electrodes prepared from MnO2 or
rGONS as an active material blended with carbon
black and polyvinylidene fluoride in the weight ratio
of 90:5:5 on nickel foam. Then, the electrode was
pressed at 5 tons, and the mass of the active
material was determined by a Shimadzu
AUW220D, Japan, microbalance.

Two cell designs were used for the supercapaci-
tive testing: a three-electrode system (3ES) and a
two-electrode system (2ES). The 3ES consisted of
the active material, Ag/AgCl and Pt wire as work-
ing, reference and counter electrodes, respectively.
In the 2ES, a coin cell design was fabricated using
two working electrodes separated by a porous
membrane.

An AUTOLAB PGSTAT30 electrochemical work-
station was used for the electrochemical data
collection. Cyclic voltammetry (CV) and galvanos-
tatic charge–discharge (CDC) experiments were
conducted at different scan rates and different
current densities, respectively, under different
potential ranges. Electrochemical impedance spec-
troscopy (EIS) data were obtained at open circuit
potential with an a.c. amplitude of 10 mV in the
frequency range from 50 kHz to 0.01 Hz. The
electrochemical measurements were performed in
1 M Na2SO4.

The Cs was calculated from CDC curves according
to Eq. 1,41–43:

Cs ¼
I

m DV=Dtdð Þ ð1Þ

where I, m, DV and Dtd are the current, active
material mass, potential window and discharge
time, respectively.42,44,45

Based on the capacitance values of the positive
and negative electrodes (MnO2 and rGONS, respec-
tively), the charge balance of the asymmetric device
was optimized Q+ = Q�42,46:

mþ

m� ¼ C�
s DV

�

Cþ
s DV

þ ð2Þ

The energy (E) and power (P) densities were
obtained from the CDC data using Eqs. 3 and 4,
respectively:42,47

Ali5412



E ¼ 1

2
CsV

2 ð3Þ

P ¼ E

Dtd
ð4Þ

The Coulombic efficiency (g) can be calculated
using Eq. 541,42:

g ¼ Dtd
Dtc

100%ð Þ ð5Þ

where Dtc is the charge time.
Moreover, the electrochemical active specific sur-

face area can be obtained by Eq. 630:

SE ¼ Cdl

Cd
ð6Þ

where Cd is a constant (20 and 60 lF cm�2 for the
carbon and metal oxide materials, respec-
tively),34,40,48–50 Cdl was obtained from the impe-
dance data at 0.01 Hz as ðCdl ¼ 1= 2pfmZ00ð Þ; where,
f is the frequency and Z¢¢ is the imaginary part of the
impedance.

RESULTS AND DISCUSSION

Constitutional and Morphological Studies

Recovered MnO2-NF shows a birnessite phase
and nanoflower morphology. Detailed information
on the structural and morphological characteristics
was reported in our previous work.31 In addition,
rGONS was fully characterized by different tech-
niques, including x-ray diffraction, FTIR, thermal
analyses, Raman spectroscopy, and FESEM to
elucidate its properties. Nanosheet morphology
and mesoporous structure with a specific surface
area of 124.1 m2 g�1 were the main findings of
rGONS.40

Electrochemical Properties

As mentioned in the electrode preparation sec-
tion, the active materials were pasted on Ni foam.
Ni foam acts as a current collector as well as
providing a highly accessible surface area for load-
ing materials with a 3D porous network structure.
To determine the bare Ni foam contribution to the
specific capacitance, the bare Ni foam was tested by
the CV and CDC under the same experimental
conditions. Supplementary Fig. S1(a, b) shows the
representative CV curves for the bare Ni foam
substrate electrode at different scan rates in 1 M
Na2SO4 under different potential ranges of (0–1) V
and (� 1–0) V, respectively. The CV curves of the
bare Ni substrate show a very narrow area and
small current ,indicating a minimal specific capac-
itance contribution; therefore, it can be neglected.
In addition, the Ni foam substrate shows a very
short discharge time of less than 1 s at 0.5 A g�1

which gives the values 0.30 F g�1 and 0.25 F g�1 for
(0–1) V and (� 1–0) V, respectively (see Supple-
mentary Fig. S1c). The low value of contribution
here may be due to the uniaxially pressing (5 tons)
of the Ni foam into a thin sheet which will reduce its
porosity. Similar findings of the Ni foam contribu-
tion have been reported by other authors.30,51

Therefore, the contribution of the Ni foam substrate
in the electrochemical performance and parameters
can be neglected.

Supercapacitor Electrodes Performance

The CV within a potential window from 0 V to 1 V
in 1 M Na2SO4 electrolyte was conducted to evalu-
ate the MnO2 electrode charge storage properties.
In CV, MnO2 nanoflowers exhibit an almost rectan-
gular shape (Fig. 1a) at various scan rates, indicat-
ing a good charge propagation. This is a result of the
3D nanoflower morphology facilitating ion diffusion
within the structure. The galvanostatic CDC curve
of the MnO2 electrode is displayed in Fig. 1(b). It
can be seen that the CDC curves are linear and
symmetrical with insignificant iR drop at different
current densities. The Cs is calculated from the
slope of the discharge curve, as shown in Fig. 1(c).
MnO2 shows high Cs even at high discharge current
densities (208.5 F g�1 and 174 F g�1, respectively,
at 0.1 and 5.0 A g�1). These findings are higher
than those reported for MnO2 prepared by poten-
tiostatic and galvanostatic modes from MnSO4 (237,
196 and 184 F g�1, respectively, at 2 mA) 52 and for
MnO2 hollow structures (169 and 111 F g�1 at
0.25 A g�1).53

In addition, in the case of acidic electrolytes
(HCl), the H2 evolution due to H+ reduction takes
place at � 0.2 V, which limits the potential window
to 1.2 V. On the other hand, in basic electrolytes
(KOH), the O2 evolution due to OH� oxidation takes
place at 0.7 V which limits the potential window to
1.8 V. In the case of neutral electrolytes (Na2SO4),
the current due to H+ reduction and OH� oxidation
is very low; therefore, no gas evaluation reactions
occur.54 To verify the potential limits, CV was
performed between different voltage windows, as
shown in Fig. 2(a) at 25 mV s�1. The CV curve is a
clear rectangular shape in the potential range from
� 1 V to 0 V (for rGONS) and from 0 V to 1 V (for
MnO2) and symmetrical around zero without the
Faradaic redox peaks. In addition, CDC curves for
both MnO2 and rGONS are shown in Fig. 2(b),
displaying the linear curves. The same feature is
observed at all scan rates, as shown in Fig. 3(a, b).
Coulombic efficiency was calculated from the CV
curves of the system under different operating
voltage windows. Coulombic efficiency was found
to be 99.7 and 96.5% in the voltage ranges (� 1–0)
and (0–1), respectively. Therefore, further electro-
chemical tests for rGONS have been conducted in
the range of � 1–0 V. On the other hand, Fig. 3(c, d)
shows the CDC curves for rGONS at different
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current densities in the ranges from � 1 V to 0 V
and 0 V to 1 V. Linear CDC curves with in ignored
iR drop are observed, indicating that the electrodes

have a low resistance which leads to better EDL
performance. The specific capacitance of the rGONS
electrode was plotted, as shown in Fig. 3(e). The Cs

Fig. 1. Cyclic voltammograms at different scan rates (a), galvanostatic charge–discharge curves under different current densities (b), and the
specific capacitance dependence on current density (c) for MnO2-NF in 1 M Na2SO4.

Fig. 2. Cyclic voltammograms at 25 mV s�1 (a) and galvanostatic charge–discharge curves (b) under different potential windows for rGONS in
1 M Na2SO4.
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of rGONS was found to be 149 and 186 F g�1 at
0.25 A g�1 in 0–1 V and � 1–0 V, respectively. The
high Cs can be attributed to the nanosheet mor-
phology and mesoporosity, which were accessible to
the electrolyte ions.

Practical Supercapacitor Performance

As discussed in the 3ES measurements, in
Na2SO4, the electrode works in the range from
� 1 V to 1 V; therefore, the full cell (device) can
work up to 2 V. Figure 4(a–d) shows the CV curves
in different potential ranges from 0–2 V at different
scan rates for rGONS//rGONS, indicating higher

potentials could be achieved and more energy could
be stored.

The operating voltage window stability of
rGONS//rGONS has been further investigated by
the galvanostatic CDC. Figure 5(a–d) shows the
CDC curves in the different potential ranges from 0
to 2 V for representative currents. Linear CDC
curves with an ignored iR drop are shown, indicat-
ing the low resistance and better EDL performance
of the rGONS electrode. It is recognized that the
rGONS symmetric supercapacitor shows a wide
range from 0 to 2 V, which is higher than the
potential range tested elsewhere in 1 M Li2SO4.55

Fig. 3. Cyclic voltammograms at different scan rates under � 1–0 V (a), and 0–1 V (b), galvanostatic charge–discharge curves under different
current densities under � 1–0 V (c), and 0–1 V (d), and specific capacitance dependence on current density (e) for rGONS in 1 M Na2SO4.
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Moreover, the Cs of rGONS//rGONS was found to be
128 F g�1, 120 F g�1, and 116 F g�1 at 0.25 A g�1,
as shown in Fig. 5(e) under 0–1.0 V, 0–1.5 V, and 0–
2.0 V, respectively. These values are higher than
those obtained by Kishore and co-workers where
they obtained 80 F g�1 at 0.025 A g�1, 56 and very
close to the reported value for chemically-modified
graphene in aqueous electrolytes.32

Figure 6(a, b) shows the CV curves at different
scan rates for a MnO2-NF//rGONS asymmetrical
supercapacitor under the indicated potential win-
dows (0–1 V and 0–2 V). The CV exhibits rectangu-
lar curves with no redox process, which reveals the
ideal capacitive behaviour. Moreover, linear CDC
curves at different current densities under the
potential ranges are shown in Fig. 6(c, d). The Cs

was found to be 177.6 F g�1 at 0.25 A g�1, and it
decreased with increasing current density, as shown
in Fig. 6(e). Detailed comparison examples are

shown in Fig. 6(e) and Table I. The high specific
capacitance can be ascribed to the nanosheet mor-
phology and mesoporosity for both the MnO 2 and
graphene nanosheet structures which were accessi-
ble to the electrolyte ions.57

The Ragone plot for MnO2-NF//rGONS is shown in
Fig. 6(f), showing a high energy density of 24.7 W h
kg21 at a power density of 360.9 W h kg21 in Na2SO4

(0–2) V. This high energy density indicates that more
charge is stored in this supercapacitor as a result of
the electroactive electrode materials and the wide
potential range.69 The energy density remained at
6.2 Wh kg�1 at a high power density of 2.2 kW kg�1.
The current findings are higher than those reported
for related systems (MnO2//Fe3O4, RuO2ÆxH2O/car-
bon nano-onions, MnO2//rGO, MnO2//AC, MnO2/
MnCO3/rGO//rGO aerogel and MnO2/rGO//AC,
which gave 8.1, 11.6, 12.5, 16.4, 18.7 and
21.0 Wh kg�1, respectively 5,59,63–65,70). On the other

Fig. 4. Cyclic voltammograms at different scan rates under (a) 0–1 V, (b) 0–1.5 V, (c) 0–2 V and (d) 25 mV s�1 under different potential windows
for rGONS//rGONS in 1 M Na2SO4.
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hand, the rGONS//rGONS symmetric supercapacitor
shows a high energy density of 17.7 Wh kg�1, which
is higher than those reported for pure carbon
materials, such as porous carbon nanoparticles
(11.1 Wh kg�1 60) and SWCNT (11.4 Wh kg�1 42). A
detailed comparison is given in Table I.

The long-life stability of the MnO2-NF//rGONS
supercapacitor has been tested. Figure 7 (left versus
bottom), shows high cyclic stability reaching 95.2%
at 1 A g�1 over 4000 cycles. Moreover, Fig. 7 (left
versus bottom) shows the Coulombic efficiency of
around 91% overall cycling range. The insets show

Fig. 5. Galvanostatic charge–discharge curves at different current densities under (a) 0–1 V, (b) 0–1.5 V, (c) 0–2 V, (d) 0.5 A g�1 under different
potential windows and (e) specific capacitance dependence on current density for rGONS//rGONS in 1 M Na2SO4.
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the 1st–5th and 4000th CDC cycles, indicating the
similarity of the test. The stability and Columbic
efficiency of rGONS//rGONS (cyclic stability of 96%
and Coulombic efficiency of 90% over 1000 cycles)
are shown in Supplementary Fig. S2.

Furthermore, the supercapacitor stability was
tested using EIS analysis, where the impedance
spectra were performed before and after the 4000
CDC cycles. Supplementary Fig. S3(a, b) shows
Nyquist and Bode plots for MnO2-NF//rGONS. The

Fig. 6. Cyclic voltammograms at the different scan rates under (a) 0–1 V and (b) 0–2 V, galvanostatic charge–discharge curves under different
current densities under (c) 0–1 V and (d) 0–2 V, specific capacitance dependence on current density (e) and Ragone plot (f) for MnO2-NF//
rGONS in 1 M Na2SO4.
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supercapacitor shows a semi-circle and then an
almost straight line in the high- and low-frequency
regions, respectively. From data fitting, the electro-
chemical parameters, including solution resistance
(Rs), charge transfer resistance (Rct), capacitance
(C), constant phase element (CPE), Warburg (W),
electrochemical surface area (SE) and relaxation
time, were obtained and are listed in Supplemen-
tary Table S1. MnO2-NF//rGONS shows very low Rs

and Rct values of 1.95 and 4.51 X, respectively,
which is lower than reported for porous NiO//porous
NiO (10 X–20 X) 36 and MnO2/MnCO3/rGO//rGO
(7 X).64 The supercapacitor shows low resistance
values, indicating its suitability for energy storage.
In addition, the slight change in the parameters
before and after 4000 CDC cycles confirms the
supercapacitor electrochemical stability.

CONCLUSIONS

MnO2 nanoflowers recovered from a Zn-C battery
showed excellent electrochemical performance as a
positive electrode. On the other hand, mesoporous
reduced graphene oxide nanosheets were investi-
gated as a negative electrode material for superca-
pacitor applications. The single electrodes of MnO2

nanoflowers as an anode and rGO nanosheets as a
cathode exhibit a high specific capacitance of 207
F g�1 and 145 F g�1, respectively, at 0.5 A g�1). The
asymmetrical supercapacitor was fabricated from
both materials and electrochemically evaluated. It
shows a superb supercapacitive performance up to
2.0 V in aqueous electrolytes. The asymmetrical
supercapacitor produces a high specific capacitance
of 177.6 F g�1 and a high energy density of
24.7 Wh kg�1 with a high stability of 95.2% over
4000 cycles. The findings recommend a combination
of MnO2 nanoflowers and rGO nanosheets as an
asymmetric supercapacitor.
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