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ABSTRACT
In this work, a birnessite-type MnO2/carbon composite with hierarchical nanostructures was synthesized using KMnO4 solution and spent
printing carbon grains. A hybrid electrochemical supercapacitor device was fabricated based on the birnessite-type MnO2–carbon composite
electrode and carbonized iron-polyaniline/nickel graphene foam as positive and negative electrodes, respectively. At the lowest specific current
of 1.0 A g−1 and cell potential of 2.2 V in 2.5M KNO3 electrolyte, the device displayed a high energy and power density of 34.6 W h kg−1

and 1100.0 W kg−1, respectively. The device further displayed long-term cycling stability with a capacitance retention of 98% over 10 000
galvanostatic charge–discharge cycles at 10 A g−1. This device displays the overall excellent electrochemical performance.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011862., s

I. INTRODUCTION

Today, there is a great development of power systems due to
the increased demand for highly reliable electricity and the con-
sumption of renewable energy technologies. Power supply is a crit-
ical issue due to the rapid increase in electronic loads. Energy
storage systems with vital power utility are in high demand.
Among different types of energy storage systems, supercapaci-
tors (SCs) have received great attention owing to their attractive
properties, such as long life cycle stability, high power density,
high efficiency, fast charge–discharge capability, and operational
safety.1–7 In general, SCs exhibit low energy densities, and this
was the motivation for this study. To overcome low energy den-
sities of SCs, one of the approaches is to develop new electrode
materials for SCs (e.g., carbon materials, metal oxides/hydroxides/

disulfides, and conducting polymers). The focus has also been
on developing hybrid supercapacitors using battery-like electrode
materials and pseudocapacitive electrodes since they display high
capacity/capacitance.8,9

Conducting polymers for electrochemical energy storage appli-
cations have been studied extensively due to their high potential
window, high conductivity, high storage capacity, and low cost.10–13

The conducting polymers commonly used in SCs are polyani-
line (PANI), polypyrrole (PPY), and polythiophene (PT).14 The
composites of these conducting polymers have shown enhanced
electrochemical performance in SCs. Recent reports have shown
that iron–polyaniline (Fe–PANI) composites attain high elec-
trocatalytic and electrochemical performance with long-cycling
stability.7,15–17 Moreover, the PANI/graphene composite shows
much better capacitance performance, and the synergy effect
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between the two materials greatly improves the retention life
of the composite material.7,18,19 Among several metal oxides,
birnessite-type manganese dioxide (MnO2) has been studied exten-
sively for SC application because it is low cost, naturally abun-
dant, highly redox-active, and environmentally friendly, and it
exhibits high pseudocapacitive performance in aqueous neutral elec-
trolytes.20–23 Despite the high electrochemical performance dis-
played by MnO2 in aqueous neutral electrolytes, it has low elec-
trical conductivity resulting in low cycling stability.21,24 The low
cycling stability of MnO2 is improved by using carbon-based
materials with excellent conductivity as a support during MnO2
synthesis.25–30

Although studies about birnessite-type MnO2-based materials
as the positive electrode and activated carbon (AC) as the negative
electrode have been extensively reported in the literature,20–22,25,29–44

there are rare studies done on carbonized iron–polyaniline/nickel
graphene foam (CFe/PANI/NiGF) as a negative electrode. In this
work, we report on a hybrid electrochemical supercapacitor device
based on the birnessite-type MnO2C composite as the positive elec-
trode and carbonized iron–polyaniline/nickel graphene foam as a
negative electrode. The as-fabricated asymmetric device was per-
formed at a cell potential of 0–2.2 V in 2.5M KNO3. At a specific
current of 1 A g−1, this device displayed energy and power densities
of 34.6 W h kg−1 and 1100.0 W kg−1, respectively. Additionally, for
both cycling and voltage holding tests, the device exhibited excellent
stability.

II. EXPERIMENTAL
A. Synthesis of the as-prepared electrodes

MnO2C with hierarchical nanostructures was synthesized
using KMnO4 solution and spent printing carbon grains
[Scheme 1(a)]. In the synthesis, 0.6 g of spent printing carbon grains
were dissolved in 32 ml of 2M KMnO4 solution.47 The mixture was
then transferred into a sealed 50 ml Teflon-lined autoclave and kept
at 160 ○C for 18 h. The recovered product [MnO2C composite with
nanowires/microsponges morphology, Scheme 1(a)] was collected
as a brown precipitant by several centrifugation and ethanol washing
cycles. Briefly, the hydrothermal solid–liquid reaction is proposed
as

4MnO−4 + 3C→ 4MnO2 + 2CO2−
3 + CO2. (1)

Fei et al.47 referred to this hydrothermal method as a one-pot envi-
ronmentally friendly process that changes toxic carbon grains from a
spent inkjet cartridge into transition metal oxide hierarchical nanos-
tructures through a limited hydrothermal redox reaction. Therefore,
this does not only avoid the disposal of toxic carbon grains but also
provides metal oxide nanostructures for energy storage applications.

The CFe/PANI/NiGF used as the negative electrode was pre-
pared via a similar method to that reported in our previous work7

[Scheme 1(b)]. Briefly, 0.4 g of PANI and 0.2 g of iron nitrate

SCHEME 1. (a) The synthesis route for the MnO2C composite using KMnO4 solution and spent printing carbon grains. (b) The synthesis route for the carbonized Fe–PANI
mixture on NiGF (CFe/PANI/NiGF).
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nonahydrate [Fe(NO3)3⋅9H2O] were dissolved in 50 ml of ethanol
and dispersed until the Fe–PANI slurry was formed. The slurry
was pasted on graphene supported by nickel foam and carbonized
at 850 ○C (ramp rate of 10 ○C min−1) for 2 h under nitrogen gas.
The difference between annealed NiGF (uncoated) and annealed
material-coated NiGF gives the active material’s substance load of
the CFe/PANI/NiGF electrode.

B. Morphological, structural, compositional,
and electrochemical characterization

The characterization of the as-prepared electrode materials
was carried out using scanning electron microscopy (SEM, Zeiss
Ultra Plus 55 field emission scanning electron microscope), energy-
dispersive x-ray spectrometer (EDS), x-ray diffractometer (XRD),
XPERTPRO diffractometer (PANalytical BV, Netherlands), Raman
spectroscopy (WITec alpha300 RAS+ confocal Raman microscope
with a 532 nm excitation laser and a laser power of 5 mW), and x-ray
photoelectron spectroscopy (XPS) (Thermo Fisher photoelectron
spectrometer fitted with a monochromatic Al Kα radiation x-ray
source).

In the case of electrochemical characterization, a multi-channel
Biologic VMP-300 potentiostat (Knoxville TN 37930, USA) was
used in three- and two-electrode configurations. For three-electrode
configuration, the MnO2C composite electrode was obtained by
coating a mixture of 80 wt. % MnO2 (active material), 10 wt. % car-
bon black as a conductive additive, and 10 wt. % polyvinylidene
fluoride (PVDF) binder dispersed in N-methylpyrrolidone (NMP)
solution onto a nickel foam (1 × 1 cm2). Thereafter, the electrode
was dried at 60 ○C overnight. The masses of the active materials of
the MnO2C composite and CFe/PANI/NiGF were 3.8 mg/cm2 and
1.9 mg/cm2, respectively. The CFe/PANI/NiGF working electrode
was prepared as discussed in Scheme 1(b). The measurements were
carried out in 2.5M KNO3 electrolyte using a glassy carbon plate
as the counter electrode, Ag/AgCl (saturated with 3M KCl) refer-
ence electrode, and MnO2C composite and CFe/PANI/NiGF served
as positive and negative working electrodes, respectively. For two-
electrode configuration, masses of positive and negative working
electrodes were 1.7 mg/cm2 and 2.5 mg/cm2, respectively. The asym-
metric device was fabricated using 2.5M KNO3 aqueous electrolyte.
The specific capacitance (CS) was calculated for both three-electrode
and two-electrode configurations using Eq. (1),7,48–50

Cs = IΔt
mΔV

, (2)

where I/m is the specific current (A/g), m is the mass of the electrode
material (g), Δt is the discharge time (s), and ΔV is the maximum
potential. The mass balance between the two electrodes is expressed
as51

m+

m−
= Cs(−) × ΔV−

Cs(+) × ΔV+
, (3)

where CS(+), CS(−), m+, m−, ΔV+, and ΔV− are the specific capaci-
tances, masses, and maximum potential windows of the active mate-
rials in positive and negative electrodes, respectively. The energy
density Ed and the power density Pd of the device were calculated

using the following equations:

Ed(W h kg−1) = CsΔV2

7.2
, (4)

Pd(W kg−1) = 3600Ed
Δt

, (5)

where CS is the specific capacitance, ΔV is the maximum cell
potential, and Δt is the discharge time (s).

III. RESULTS AND DISCUSSION
A. Morphological, structural, and compositional
characterization

The morphologies of the as-prepared materials were exam-
ined using SEM, as shown in Fig. 1. Figures 1(a) and (1(b) dis-
play the morphology of the MnO2C composite at low and high
magnifications, respectively. In these figures, the MnO2C compos-
ite shows a combined morphology of nanowires and microsponges
(sponge-like hierarchical nanostructures). Fei et al. have observed
a similar morphology for MnO2 prepared using the same synthe-
sis method and conditions.47 Figure 1(c) shows the morphology of
NiGF, which shows graphene wrinkles and ripples on the Ni tem-
plate.52 The carbonized iron–polyaniline on nickel graphene foam
(CFe/PANI/NiGF) shows a different morphology from NiGF, i.e.,
agglomerated nanograins [Figs. 1(d) and 1(e)].

The elemental composition of the as-prepared materials,
MnO2C composite, and CFe/PANI/NiGF was obtained using EDS,
and the results are shown in Fig. 2. Figure 2(a) shows the average
EDS spectrum of the MnO2C composite, which displays the main
elements Mn, O, and K, and a significant amount of C. In Fig. 2(a),
the presence of K is from the synthesis, i.e., KMnO4 solution. Fig-
ure 2(b) displays the average EDS spectrum of CFe/PANI/NiGF,
which shows the main elements Fe, S, O, N, C, and Ni. The detected
Ni is from the Ni template from which graphene was grown, and S
is attributed to the PANI precursor (ammonium persulfate), which
degraded during pyrolysis.17

Figure 3(a) shows the XRD pattern of the as-prepared MnO2C
composite, which displays the characteristic diffraction peaks of
the birnessite-type MnO2C composite with peaks corresponding to
(121) and (002) planes. The matching Inorganic Crystal Structure
Database (ICSD) Card No. 20227 was used to index the diffraction
peaks. The diffraction peak at around 26○ is associated with the (002)
plane of graphitic carbon. Figure 3(b) shows the XRD pattern of
the as-prepared carbonized iron–PANI (CFe/PANI) without NiGF,
which matches the diffraction peak positions of the orthorhombic
Fe3C (ICSD No. 16593) and FeS (ICSD No. 35008). In addition, the
diffraction peaks matching Fe (ICSD No. 64795) are also observed,
which suggest that during the pyrolysis process, the Fe cations were
reduced to metallic Fe.53

Furthermore, the Raman spectrum of the as-prepared MnO2C
composite [Fig. 3(c)] shows a broad peak at 640 cm−1 with a shoul-
der at 495 cm−1 and 570 cm−1, which agree with the main vibra-
tional features of the birnessite-type MnO2.54 The presence of car-
bon traces in the as-prepared MnO2C composite is shown by the
D (∼1346 cm) and G (1587 cm−1) peaks, which are characteris-
tic of the disordered carbon and the tangential vibrations of the
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FIG. 1. SEM images: [(a) and (b)]
low and high magnification images of
the MnO2C composite, respectively. (c)
Low and high magnification images of
NiGF (inset of the figure). [(d) and (e)]
Low and high magnification images of
CFe/PANI/NiGF, respectively.

sp2-hybridized carbon, respectively.55 Figure 3(d) shows the Raman
spectrum of the as-prepared CFe/PANI/NiGF. From this figure, the
D and G bands in the range of 1240–1700 cm−1 are observed, and
these are attributed to the functional groups of PANI (i.e., CN at
∼1210 cm−1 and 1346 cm−1, CC at 1412 cm−1, C==N at 1490 cm−1,
C==C at 1585 cm−1 and CC at 1610 cm−1).56,57 Additionally, the
observed Fe–PANI vibration bands in the range of 100–700 cm−1

[Fig. 3(e)] are attributed to orthorhombic sulfur α-S8 (153 cm−1,
223 cm−1, and 471 cm−1),58,59 FeS (191 cm−1, 205 cm−1, 265 cm−1,
and 290 cm−1),59,60 α-FeOOH (310 cm−1), γ-FeOOH (360 cm−1

and 540 cm−1),59,61 Fe3C (223 cm−1, 290 cm−1, 360 cm−1, and
603 cm−1),62 and γ-Fe2O3/Fe3O4 (680 cm−1).61,63 It is worth noting
that the phases observed in the Fe–PANI range [Fig. 3(e)] have x-ray
diffraction peaks (α-S8 ICSD No. 27261, α-FeOOH ICSD No. 77327,
γ-FeOOH ICSD No. 93948, Fe2O3 ICSD No. 64599, and Fe3O4 ICSD
No. 35000), which overlap with the diffraction peaks of the phases
shown in the XRD pattern of the CFe/PANI/NiGF [Fig. 3(b)].7 In

Fig. 3(d), the characteristic Raman signature of graphene foam is not
observed, and this is because the graphene is coated by Fe/PANI,
as can be seen from the SEM images. Nonetheless, the interaction
between the Fe/PANI and graphene foam during pyrolysis is ener-
getically favorable owing to the unpaired π-electron in graphene
and the high electronegativity of oxygen and sulfur present in the
material.7 Figure 3(f) shows the characteristic Raman spectra of as-
prepared NiGF, which displays the main features of the Raman spec-
trum of graphene. These spectra are a characteristic Raman spec-
trum of a monolayer (top), bilayer (middle), and few-layer (bottom)
graphene with 2D-to-G peak intensity ratios of >2, ∼1, and <0.6,
respectively.7,64 Figure 3(f) reveals the layers of NiGF as discussed
in our recent work.7

Figure 4(a) shows the core level spectra of C 1s, K 2p, Mn
2p, and O 1s obtained from the as-prepared MnO2C composite.
The core level spectrum of C 1s of the MnO2C composite material
shows a peak at 284.6 eV attributed to the C==C and C−−C bonds,

AIP Advances 10, 065113 (2020); doi: 10.1063/5.0011862 10, 065113-4

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. Average EDS spectra:
(a) MnO2C composite and (b)
CFe/PANI/NiGF.

and the broadness of the peak is due to the carbon-oxide compo-
nents present in the sample. The core level spectrum of K 2p con-
firms the presence of potassium oxide in the material, which arises
from KMnO4 used in the synthesis of the MnO2C composite. The
core level spectrum of Mn 2p shows Mn 2p3/2 and Mn 2p1/2 peaks
at the binding energy of 642.8 eV and 654.2 eV, respectively. The
core level spectrum of O 1s shows a strong peak at 529.8 eV with
a shoulder from ∼530.9 eV to 534 eV, which could be predomi-
nantly due to MnO bonds. Furthermore, Fig. 4(b) shows the core
level spectra of C 1s, S 2p, Fe 2p, N 1s, and O 1s obtained from
the as-prepared CFe/PANI/NiGF. From these XPS core level spec-
tra, the C 1s peak at 284.6 eV appears broad and asymmetric due
to different carbon compounds/oxides (e.g., COH/CN at 286.5 eV,
COC at 287.6 eV, C==O at 288.9 eV, etc.) present in the sample,
which are attributed to the functional groups of PANI.65,66 The core
level spectrum of S 2p shows peaks at 160.7 eV and 161.9 eV corre-
sponding to S 2p3/2 and S 2p1/2 levels, respectively. These peaks are
attributed to the S2− ions and also confirm the FeS, SC, SS, and SS/SC
bond-related peaks, which appear at 161.9 eV, 163.2 eV, 163.8 eV,
and 164.8 eV, respectively.67 The Fe 2p spectrum shows one of the
binding energy peaks at 706.8 eV, which corresponds to Fe0, Fe2+,
and Fe3+ ions.68 The N 1s spectrum shows nitrogencarbon bond-
related peaks at 398.7 eV (pyridinic N), 400.4 eV (pyrrolic N), and
401.5 eV (graphitic N).69 The spectrum of O 1s shows a broad and
asymmetric peak at 532.3 eV due to oxygen components, such as
COH/COC and C==O, which appears at 532.7 eV and 530.9 eV,
respectively.70

B. Electrochemistry
The as-prepared electrodes were evaluated in three-electrode

and two-electrode systems using 2.5M KNO3 electrolyte. In three-
electrode configuration, the CV curves of the as-prepared positive
(MnO2C composite) and negative (CFe/PANI/NiGF) electrodes at

different scan rates (5–100 mV s−1) in the potential window range
of 0.0–1.1 V vs Ag/AgCl and −1.1 V to 0.0 V vs Ag/AgCl are
presented in Figs. 5(a) and 5(b), respectively. Figure 5(a) shows
the CV curves of the positive electrode, which show symmetric
quasi-rectangular and reversible pseudocapacitive behavior. Simi-
larly, the CV curves of the negative electrode displayed in Fig. 5(b)
show pseudocapacitive behavior without obvious redox peaks.7 The
CV curves are in agreement with the GCD curves of positive and
negative electrodes, which are presented in Figs. 5(c) and 5(d),
respectively. The GCD curves of the as-prepared electrodes also
show pseudocapacitive behavior. Due to this behavior, the spe-
cific capacitance of the as-prepared electrodes was calculated from
GCD curves using Eq. (2). The plot of specific capacitance as a
function of a specific current is shown in Fig. 5(e). The specific
capacitances of the as-prepared electrodes (positive and negative)
are 76.8 F g−1 and 114.4 F g−1 at a specific current of 2 A g−1,
respectively.

The as-prepared electrodes were further tested in two-electrode
configuration; the electrochemical performance of the as-prepared
electrodes was fully explored by fabricating an asymmetric device
as shown in Fig. 6(a). The charge balance (Q+ = Q−) of the two
electrodes is required since they have different specific capacitances
[Fig. 5(e)], where Q+ = CS(+) × m+ × ΔV+ and Q− = CS(−) × m−
× ΔV− are charges stored in both positive and negative electrodes,
respectively. The mass balance was expressed using Eq. (3). From
Fig. 5(e), the mass ratio (m+/m− ≈ 0.7) at a specific current of 2 A
g−1 was used for mass balance. Consequently, the masses of the pos-
itive electrode and negative electrode were obtained as 1.7 mg/cm2

and 2.5 mg/cm2, respectively, which gives the total mass of the cell
as 4.2 mg/cm2.

The as-fabricated MnO2C//CFe/PANI/NiGF asymmetric device
was able to reach the potential of 2.2 V [Fig. 6(b)]. The CV curves
of the device [Fig. 6(c)] show pseudocapacitive behavior; with the
increase in scan rate, the CV curves do not change, hence suggesting
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FIG. 3. [(a) and (b)] The XRD pattern and the matching ICSD cards of the as-prepared electrodes, MnO2C composite, and CFe/PANI/NiGF, respectively. Raman spectra of
(c) MnO2C composites, [(d) and (e)] CFe/PANI/NiGF, and (f) NGF.
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FIG. 4. The XPS core level spectra obtained from the as-prepared (a) MnO2 and (b) CFe/PANI/NiGF.

that the device is stable. The GCD curves of the device at different
specific currents in the range of 1 A g−1–10 A g−1 are shown in
Fig. 6(d). The specific capacitance of the device as a function of the
specific current is shown in Fig. 6(e). At a low specific current of
1 A g−1, the device exhibited a high specific capacitance of 51.5 F

g−1, and this is maintained at 30.6 F g−1 at a high specific current of
10 A g−1.

The energy density (Ed) and the power density (Pd) of the
device were calculated from the GCD curves using Eqs. (4) and (5),
respectively. The Ragone plot in Fig. 7(a) shows the energy density
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FIG. 5. [(a) and (b)] CV curves of positive and negative electrodes at different scan rates in the potential window range of 0.0–1.1 V and −1.1 V to 0.0 V, respectively. [(c)
and (d)] GCD curves of the positive and negative electrodes at different specific currents in the range of 2 A g−1–10 A g−1, respectively. (e) The specific capacitance of both
electrodes as a function of specific current.
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FIG. 6. (a) Scheme of the as-fabricated asymmetric supercapacitor device based on the MnO2C composite as a positive and CFe/PANI/NiGF as a negative. (b) CV curves of
both positive and negative electrodes at a scan rate of 100 mV s−1 evaluated in three-electrode and the as-fabricated MnO2C//CFe/PANI/NiGF asymmetric device. For the
as-fabricated asymmetric device: (c) CV curves at different scan rates in the range of 5–100 mV s−1, (d) GCD curves at different current densities in the range of 1–10 A g−1,
and (e) the specific capacitance as a function of the specific current.
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FIG. 7. (a) Energy and power densities of the MnO2C//CFe/PANI/NiGF asymmetric device and MnO2-based asymmetric devices reported in the literature. (b) The cycling
stability test for the as-fabricated device at a specific current of 10 A g−1. (c) Voltage holding and specific capacitance as a function of floating time evaluated at a specific
current of 10 A g−1.

as a function of power density. The as-fabricated asymmetric device
exhibited a maximum energy density of 34.6 W h kg−1 and the cor-
responding power density of 1100.0 W kg−1, at a specific current of
1.0 A g−1. At a high specific current of 10 A g−1, the device exhibited
a high energy density of 20.6 W h kg−1 and the corresponding maxi-
mum power density of 11 661.7 W kg−1. The as-fabricated asymmet-
ric device exhibited energy and power densities that are higher than
or comparable to MnO2-based asymmetric devices reported in the
literature as shown in Fig. 7(a) and Table I. These values of energy
and power densities are quite impressive especially that at such high
energy density values, the power density values are this high, which
is not usually the case. Figure 7(b) shows the cycling stability test
of the as-fabricated asymmetric device performed at a specific cur-
rent of 10 A g−1. The device exhibited a columbic efficiency of 97%
and 98% capacitance retention after a 10 000th galvanostatic charge–
discharge cycle. The stability of the device was further tested using

voltage holding at 10 A g−1 and a maximum operating potential of
2.2 V for 80 h, as shown in Fig. 7(c). The figure shows excellent
stability in the specific capacitance of the device over 80 h of voltage
holding.

The electrochemical impedance spectroscopy analysis of the
as-fabricated asymmetric device before and after cycling stability
was carried out, as shown by the Nyquist plot in Fig. 8(a). The
Nyquist plot shows a linear component in the low-frequency region,
which is slightly tilted with bigger angle than 45○ signifying a devia-
tion from ideal capacitive behavior. An ideal supercapacitor exhibits
a typical vertical line parallel to the y axis with a mass capaci-
tance (Q2). The intersection of the Nyquist plot on the x axis in
the high-frequency region describes the equivalent series resistance
(RS), which is in series with the charge transfer resistance (RCT)
and Warburg impedance characteristic element (W) connected in
parallel to the real capacitance (Q1) [see the inset of Fig. 8(b)].71
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TABLE I. Electrochemical performance comparison of MnOx-based aqueous electrochemical capacitors.

Current Energy Power
density Potential density density

Positive electrode Negative electrode Electrolyte (A g−1) window (V) (W h kg−1) (W kg−1) References

MnO2 AC 1M Na2SO4 0.1 2.0 17.1 100 Zhang et al.41

MnO2 AC 1M Na2SO4 0.25 1.8 22.5 146 200 Huang et al.20

MnO2 AC 0.1M K2SO4 0.55 2.2 17.3 605 Cottineau et al.42

MnO2 AC 0.5M K2SO4 . . . 1.8 28.4 150 Qu et al.43

OLC/Mn3O4 AC 1M Na2SO4 0.1 2.0 19.0 45 000a Makgopa et al.44

PANI–MnO2 AC 6M KOH 0.5 1.6 20 400 Misnon and Jose45

MnO2/CNT AC 1M Na2SO4 0.25 1.8 27.0 225 Gueon and Moon25

MnO2/CNT AC 0.5M Na2SO4 1.0 2.0 13.9 . . . Demarconnay et al.22

MnO2/CNT AC 2M KNO3 0.1 2.0 21.0 123 Khomenko et al.46

Graphene/MnO2 AC 1M Na2SO4 . . . 1.8 51.1b 102.2b Fan et al.31

MnO2/CNT AC 1M Na2SO4 1.0 1.5 13.3 600 Li et al.21

MnO2–CNT AC 1M Li2SO4 0.5 2.0 24.58 500 Ochai-Ejeh et al.32

MnO2graphene Graphene 1M Na2SO4 2.23 1.7 10.03 2 530 Deng et al.33

Graphene/MnO2 Graphene 1M Na2SO4 5.0 2.0 7.0 5 000 Wu et al.34

MnO2 Graphene 0.5M Na2SO4 1.0 2.0 23.2 1 000 Gao et al.35

Graphene/MnO2 Graphene/Ag 1M Na2SO4 . . . 1.8 50.8b 101b Shao et al.36

MnO2 CNTs 1M Na2SO4 0.2 2.0 47.4 200 Jiang et al.37

MnO2 Bacterial cellulose 1M Na2SO4 1.0 2.0 32.91 284 630 Chen et al.38

PU–NCNT/MnO2 PU–CNT 1M Na2SO4 1.0 1.8 14.76 ∼438 Li et al.39

OLC/MnO2 OLC/MnO2 1M Na2SO4 0.1 0.8 5.6 74 800a Makgopa et al.40

MnO2 Fe3O4 0.1M K2SO4 0.45 1.8 8.1 405 Cottineau et al.42

MnO2C CFe/PANI/NiGF 2.5M KNO3 1.0 2.2 34.6 1 100 This work

aCalculation based on the EIS maximum power (Pmax).
bCalculation from CV curves.

The Nyquist plot of the device before and after cycling stability
shows a comparable RS of ∼1 Ω [see the inset of Fig. 8(a)] indi-
cating that the electrodes have good chemical stability. The cir-
cuit diagram was used to fit the Nyquist plot [inset of Fig. 8(b)].

The circuit diagram indicates that the deviation of the supercapac-
itor behavior from an ideal capacitive behavior is attributed to a
leakage resistance (RL), which is parallel to the mass capacitance
(Q2).72,73

FIG. 8. (a) Nyquist plots of the as-fabricated asymmetric device before and after stability (the inset shows the enlarged high-frequency region). (b) The Nyquist plot and the
fit of the equivalent circuit diagram in the inset of the figure.
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IV. CONCLUSION
In this work, the CFe/PANI was grown on NiGF and showed

improvement in electrochemical properties. The asymmetric device
was fabricated based on the birnessite-type MnO2carbon composite
and the CFe/PANI/NiGF as positive and negative electrodes, respec-
tively. The as-fabricated asymmetric device at a specific current of
1.0 A g−1 and cell potential window of 0.0–2.2 V exhibited maximum
energy and power densities of 34.6 W h kg−1 and 1100.0 W kg−1,
respectively. At a high specific current of 10 A g−1, the device exhib-
ited a high energy density of 20.6 W h kg−1 and a corresponding
maximum power density of 11 661.7 W kg−1. The device displayed
remarkable stability with a capacitance retention of 98% up to 10 000
constant GCD cycles. The stability was tested further using voltage
holding at a potential of 2.2 V up to 80 h and still displayed excellent
stability.
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