
Wrinkled Flower-Like rGO intercalated with Ni(OH)2 and MnO2 as
High-Performing Supercapacitor Electrode
Yeasin Arafat Tarek, Ragib Shakil, Akter Hossain Reaz, Chanchal Kumar Roy, Hasi Rani Barai,
and Shakhawat H. Firoz*

Cite This: ACS Omega 2022, 7, 20145−20154 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This study reports a simple one-step hydrothermal method for the preparation of a Ni(OH)2 and MnO2 intercalated
rGO nanostructure as a potential supercapacitor electrode material. Having highly amorphous rGO layers with turbostratic and
integrated wrinkled flower-like morphology, the as-prepared electrode material showed a high specific capacitance of 420 F g−1 and
an energy density of 14.58 Wh kg−1 with 0.5 M Na2SO4 as the electrolyte in a symmetric two-electrode. With the successful
intercalation of the γ-MnO2 and α-Ni(OH)2 in between the surface of the as-prepared rGO layers, the interlayer distance of the rGO
nanosheets expanded to 0.87 nm. The synergistic effect of γ-MnO2, α-Ni(OH)2, and rGO exhibited the satisfying high cyclic stability
with a capacitance retention of 82% even after 10 000 cycles. Thus, the as-prepared Ni(OH)2 and MnO2 intercalated rGO ternary
hybrid is expected to contribute to the fabrication of a real-time high-performing supercapacitor device.

■ INTRODUCTION
Supercapacitors (SCs) are the futuristic technology in the
heavy-duty energy storage sector because of their efficient
power and energy density, longer cyclic stability, and minimal
risk of explosion, properties which are unlike batteries.1,2

Nevertheless, the electrochemical nature and stable perform-
ance of a high-performance SC are mostly determined by the
three-dimensional spatial arrangement of the electrode
materials used during the fabrication of SC.3 Smooth
insertion/desertion of electrolyte ions into the electrode
surface during the electrochemical charge storing process is
crucial for storing massive energy. That is only possible with an
extremely tailored morphological design of the electrode
materials.4,5 However, research shows that the nanostructured
ternary hybrids of carbon material (activated carbon, rGO,
CNT, MWCNT, SWNT, etc.) with multiple transitional-metal
oxides/hydroxides (TMO/H) viz., Co2O3, MnO2, NiO,
Mn2O3, Mn(OH)2, and Ni(OH)2, are much more special
than a single component carbonaceous or a TMO/H
electrode. The hierarchal morphological attributes of the
ternary hybrids showed the ability to generate more accessible
pores and interlayer spacing because of the coexistence of

amorphous and crystalline planes. Usually, those features also
provide smooth mobilization of electrolyte ions into the hybrid
electrodes during both charging and discharging. Thus, the
fabrication of ternary hybrid electrode is now considered an
excellent pathway for drawing higher electrochemical perform-
ance and outstanding cyclic stability.6−8

Now, the selection of the TMO/H and carbonaceous
material for synthesizing any ternary hybrid always plays a
crucial role to attain high-performance in SC devices. Among
various pseudocapacitive TMO electrode materials, the MnO2

nanoparticle is an excellent choice because of its low cost, high
abundance, and easy preparation.8 Besides, it shows multiple
oxidation states with different tunnel-like morphological
attributes which facilitates greater electrolyte accessibility.
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One of the interesting properties regarding manganese oxide is
that it can form a heterostructure in which the interfacial
properties can be tuned in a controlled manner.9 For instance,
it has been seen that the intercalation of another nanoparticle
can significantly contribute to further enhancement of MnO2
based supercapacitors.10 Especially, the intercalation of Ni-
(OH)2 as a guest nanoparticle in MnO2 matrix has been seen
to induce a conducting network throughout the binary
composite which can increase the rate capability and capacitive
performance.11,12 For instance, Huang et al. demonstrated that
the intercalation of Ni(OH)2 into the MnO2 matrix has
significantly improved the accessibility of electrolytes and
transportation of electrons in the binary composite electrode
compared with the pure MnO2 electrode material.13 Several
studies have proved that the redox reactions during the
charging/discharging process are the key to showing high
capacitance for the binary composites of the Ni(OH)2-
MnO2.

14,15 Unfortunately, the binary composites of Ni-
(OH)2-MnO2 always suffer from cyclability issues because of
those unavoidable abrupt parasitic redox reactions with
electrolytes.16 Now, this problem can easily be resolved by
intercalating the binary TMO/H composites with another
conductive and tailored carbonaceous network. This approach
always showed an increase in the overall charge transfer rate
and high performance while retaining the morphology of the
ternary hybrid by suppressing the destructive effect of fast-
reversible redox reactions induced from the TMO/H.17−19

However, among other carbonaceous materials, a reduced
graphene oxide (rGO) nanosheet is always one step ahead for
outstanding features such as facile synthesis approach, high
surface area, greater conductivity, better mechanical strength,
and high thermal and chemical stability.20,21 As rGO nanosheet
stores the electrochemical charge by forming an electric double
layer (EDL), its amorphous and layered structure remains the
same even after several thousand cycles while maintaining high
specific capacitance with high power and energy density.22,23

Then, one may ask why pure rGO is not a preference in the
way of fabricating SC? It is worth mentioning that the
synthesis of pristine rGO by the conventional chemical
reduction method is quite tedious and needs extreme
sophistication because of its intensive interlayer stacking
tendency.24,25 This property leads to the agglomeration of
rGO and significantly reduces the surface area, conductivity,
surface activity, and poor electrochemical performance. So, the
intercalation of TMO/H such as Ni(OH)2 and MnO2 in
between the rGO brings about some distinctive morphology
features like more accessible channels, pores, and defects.26,27

In addition, this intercalation enhances the total surface area of
rGO by expanding its interlayer distance and generating
turbostratic structures throughout the rGO layers.28,29 These
synergistic effects of Ni(OH)2, and MnO2 in between rGO
layers facilitate more interlayer space and hence smoother
movement of electrical charge in the electrode−electrolyte
interface. Thus, this intercalation renders the scope to improve
SC performance significantly. Additionally, it resolves the
cyclability problem simultaneously by protecting the Ni(OH)2
and MnO2 from excessive self-aggregation and redox
reactions.30,31

Therefore, ongoing efforts are focused on developing an
effective method for the scalable production of ternary
Ni(OH)2-MnO2-rGO (NMr) hybrid. Unfortunately, most of
the synthesis process reported earlier for intercalating Ni-
(OH)2 and MnO2 in between rGO is tedious and followed by

multiple critical steps. In this work, a one-step hydrothermal
method was introduced to synthesize the ternary hybrid
nanostructure of NMr. Surprisingly, the synthesized ternary
hybrid exhibited a highly amorphous and wrinkled flower-like
nanostructure with exceptional SC performance, making it
suitable for the production of real-time SC devices.

■ EXPERIMENTAL SECTION

Materials and Chemicals. Potassium permanganate
(KMnO4), nickel nitrate hexahydrate (Ni(NO3)2·6H2O),
glycerol, sulfuric acid (H2SO4), polyvinylidene fluoride
(PVDF), hydrogen peroxide (H2O2), hydrochloric acid
(HCl), graphite powder, ethanol (C2H5OH), N-methyl-2-
pyrrolidone (NMP), and sodium sulfate (Na2SO4) were
purchased from Merck, Germany and used without further
purification.

Synthesis of GO, rGO, and NMr Ternary Hybrid. The
GO was prepared according to the modified Hummer’s
method.32 The ternary hybrid of NMr was synthesized by
adopting a straightforward one-step gel-forming hydrothermal
method. Briefly, a 25 mL of Ni(NO3)2·6H2O (0.5 mmol)
solution was mixed with glycerol (5 mL). Then, the mixture
was slowly added to a 50 mL of KMnO4 (0.3 mmol) solution
containing a homogeneous aqueous suspension of GO (0.2 g)
under vigorous magnetic stirring, followed by the addition of
extra H2O (3.0 mL) and glycerol (10 mL). Following that, the
precursor was moved into a 100 mL Teflon autoclave. The
autoclave was then sealed and maintained at 180 °C for 24 h to
enable the formation of NMr hybrid. After that, the gel-like
product was washed with ethanol and DI water and dried in a
hot-air oven (80 °C) to obtain the desired ternary NMr hybrid.
For comparison, pure rGO from GO was also synthesized by
the same hydrothermal process at 180 °C for 24 h without
using nickel nitrate and potassium permanganate.

Characterization of Materials. NMr sample was studied
by XRD (Rigaku Ultima IV, Japan) using Cu Kα radiation and
running at a constant current of 40 mA and a constant voltage
of 40 kV to explore phase transformations and crystallographic
structures. An FESEM (TESCAN LYRA 3, Czech Republic)
and HRTEM (JEM-2011, JEOL, Japan) were used to study the
morphologies of NMr hybrid. To perform energy-dispersive X-
ray spectroscopy (EDX), an Xmass detector with the FESEM
was employed. At ambient temperature, a Raman spectrometer
(iHR320, HORIBA, JAPAN) with a CCD detector and a
green-light laser (300 mW) with an excitation wavelength of λo
= 532 nm was used to analyze the graphitic/defective
architectures of the carbon samples. The elemental analysis
on the NMr sample was conducted produced by using the
Thermo Scientific ESCALAB 250Xi XPS Microprobe, which
was fitted with an Al Kα microfocusing X-ray monochromator.
The electrochemical characterizations of NMr was done by
using CHI 660E.

Fabrication of Electrodes and Electrochemical Meas-
urement. The electrochemical behavior of the as-prepared
NMr ternary hybrid was investigated in a standard symmetric
two-electrode system in an aqueous 0.5 M Na2SO4 electrolyte
at room temperature. A disk-shaped graphite plate as a current
collector and Whatman filter paper (pore size, 11 μm) as a
separator was used. The symmetrical two-electrode cell setup
and electrode fabrication process are described in our earlier
works.33−36 The specific capacitance (Csp), energy density (E),
and power density (P) values of the symmetrical two-electrode
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system as employed were from the GCD results using the
following eqs 1−3:

= Δ
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where I = applied current on the active material, Δt =
discharge time, m = active mass on each electrode, ΔV =
working potential window. The capacitance retention and the
Coulombic efficiency were calculated by using eqs 4 and 5,
respectively.
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■ RESULTS AND DISCUSSION
Formation of NMr Ternary Hybrid. The possible

formation mechanism of NMr ternary hybrid is depicted in
Figure 1. In the first phase, the GO suspension containing
KMnO4 reacted with glycerol (having nickel nitrate solution)
to form a cross-linked gel network. The cross-linked network
was generated from the instantaneous reaction of KMnO4 and
glycerol. Ullah et al. stated the coexistence of manganese
oxides sites (Mn2+, Mn3+) with some partially oxidized glycerol
fragments in the cross-linked network.37 As the formation of
this cross-linked network occurred within the GO environ-
ment, it is expected that the Mn2+, Mn3+ were distributed
homogeneously in between the GO surface because of the
electrostatic interaction between the GO layers. Until now,

Ni(NO3)2 solution remained unreacted in the cross-linked
network.
It is anticipated that when the temperature reached 180 °C,

(i) the glycerol reacted with Ni(NO3)2 and produced hydroxyl
(OH−) ions (eq 6), which furtherly converted to Ni(OH)2;
and (ii) the cross-linked network of Mn2+, Mn3+ was converted
into stable MnO2 in the presence of dissolved oxygen.38

+ → + + +− −4C H O NO 4C H O NH OH 2H O3 8 3 3 3 6 3 3 2
(6)

After forming those primary nanoparticles, their disordered
self-aggregation started in between the GO surface. This is due
to the hydrogen-bonding interaction between the primary
nanoparticles of Ni(OH)2 and MnO2.

39 Subsequently, the GO
reacted with glycerol and converted it into rGO during this
hydrothermal process at 180 °C.40 The self-aggregation of
MnO2 and Ni(OH)2 on the converted rGO layers resulted in
hybrid nanosheets of NMr. After 24 h of hydrothermal growth,
those hybrid nanosheets are then expected to form a wrinkled
nanostructure throughout the synthesized NMr composite. So,
it is highly likely that the intercalation of Ni(OH)2, MnO2
contributed to expanding the rGO layers and assembling
themselves into a turbostratic layered structure of NMr hybrid.

Morphology and Composition of the NMr. Surface
morphologies of the as prepared ternary hybrid were studied
using FESEM, and the micrographs are displayed in Figure 2a.
It is observed that the ternary hybrid that the rGO layers were
wrinkled flower-like and crumpled delaminating sheets. A high-
temperature and pressure-driven hydrothermal process along
with the strong van der Waals forces might be the reasons
behind the way they are folded.41 Furthermore, the presence of
extremely disordered and randomly distributed hexagonal petal
like nanoflakes were seen all over the hybrid structure as shown
in the inset of the Figure 2a. The flakes are in the range of 80
to 90 nm in diameter with visible edges, and they tend to be
layered or overlapped to construct the wrinkled flower-like
shape. These randomly orientated nanosized flakes usually
provide additional channels and exposing more active sites for
electrolytic ions.42 The growth formation of Ni(OH)2 and

Figure 1. Growth formation mechanism of Ni(OH)2, MnO2 in between the hybrid rGO layers.
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MnO2 nanoparticles expanded the rGO layers which resulted
in a thick chunk of NMr nanostructure. It is expected that the
intercalation of controlled Ni(OH)2 and MnO2 nanoparticles
prevented the agglomeration of rGO nanosheets and enhances
the overall stability of the ternary hybrid. Now, the presence of
Ni(OH)2 and MnO2 in between the rGO layers was also
confirmed by EDX mapping (Figure 2b), indicating that the
quantity of manganese and nickel contained in the rGO layers.
The chemical composition of the NMr hybrid is presented in
the Table S1.
The XRD results are shown in Figure 3a to confirm the

phase of Ni(OH)2 and MnO2 in NMr hybrid. The well-defined
peaks appeared at 23°, 36°, and 38°, indexed for γ-MnO2
(JCPDS 14-0644),43 whereas the peaks appeared at 26°, 33°,
and 59° are indexed for α-Ni(OH)2 (JCPDS 38-0715).44 The
AB stacking layers appeared in the XRD pattern of NMr at
10.2°, suggesting that the interlayer distance between two
stacked rGO layers is 0.87 nm. The wider peak regions at 26.3°

also suggested the highly amorphous 002 planes of the as-
prepared NMr hybrid. Here, a shifting in XRD peak for NMr
hybrid is observed compared with the rGO. The main reason
for shifting the NMr diffraction peaks from 22° to 26.3°
compared with rGO is the increase/decrease in the lattice
parameters that is reflected by the shift of diffraction peaks.45

Additionally, the coexistence of 100 peaks at 43° indicates the
turbostratic nature of the ternary hybrid. Comparing the XRD
curves of pure rGO and NMr, it can be concluded that
Ni(OH)2 and MnO2 nanoparticles were successfully interca-
lated in between the rGO layers, and the hybrid rGO sheets
are wrinkled.
The Raman spectrum of the nanohybrid displayed in Figure

3b shows both the bands D and G bands of the rGO layer at
1337 and 1585 cm−1, respectively. Another band that appeared
at 542 to 675 cm−1 represents the Mn−O and Ni−O
stretching vibration from MnO2 and Ni(OH)2. The G-band
is triggered by the in-plane vibrations of sp2-bonded carbon
atoms, whereas the D-band is caused by defects and disorder in
carbon structures. The number of defects and degree of
graphitization in the samples can be measured using the (ID/
IG) ratio. The (ID/IG) ratio was 1.25, attributed to extensive
curvature and wrinkled rGO layers. Usually, ordered rGO
processes an (ID/IG) ratio below 1.0, and above this value, the
disordered or defective flakes of graphite dominate over
graphitic flakes.46 In comparison with the Raman spectrum of
rGO as shown in Figure 3b, it is clearly distinguished that the
intercalation of Ni(OH)2and MnO2 contributed in the
enhancement of the ID/IG ratio in the ternary hybrid. The
Raman spectrum suggests that the disordered carbon
morphology is indeed turbostratic because of the peaks
found in T1 and T2 regions.47,48 This feature is exclusively

Figure 2. (a) SEM image of NMr composite, (b) EDX pattern
showing with inset elemental mapping of NMr.

Figure 3. (a) XRD of NMr composite, (b) Raman spectrum of NMr composite, (c, d) Ni 2p and Mn 2p XPS spectra of NMr structure.
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attributed to the rotational mismatch of the neighboring rGO
layers of the NMr hybrid and presumably due to the high-
temperature hydrothermal process.
The survey spectrum of XPS in Figure S1a shows the

elements (Mn, Ni, C, O) present in the as-prepared ternary
hybrid. The percentage of these elements from XPS survey
spectrum was also calculated and presented in Table S3. The
XPS results in Figure 3c,d again support the information on
the EDX and confirm the presence of the Mn, and Ni in the
NMr. In Figure 3c, the two signals at 874.13 and 856.9 eV
represent the Ni 2p1/2 and Ni 2p3/2 of Ni(OH)2. The spectrum
also shows two satellite (sat.) peaks with those spin−orbit
peaks of Ni 2p1/2 and Ni 2p3/2. Figure 3d shows the Mn 2p
XPS spectrum and shows the presence of Mn3/2 at 642.55 eV
and Mn1/2 at 652.51 eV, respectively. Thus, those XPS results
expose the coexistence of MnO2 and Ni(OH)2 in the as-
prepared ternary hybrid of NMr. However, the disappearance
of the peaks for carbonyl and ester in the C 1s spectrum shown
in Figure S1b suggests that the GO was converted into rGO
during the hydrothermal preparation.49

The HRTEM image in Figure 4a reveals rough and
transparent nanosheets, which indicates the ultrathin nature
of the hybrid nanostructure. The coexistence of crystalline and
amorphous regions marked in Figure 4a defines the
impregnation of crystalline Ni(OH)2 and MnO2 in the
amorphous rGO sheets and thus confirms the heterostructure
assembly. Besides, another TEM image with EDX analysis is
presented in the Figure S2, which shows the ultrathin rGO
layers consisting of manganese and nickel. The phase of those
crystallites present in the hybrid can again be observed by the
selected area electron diffraction (SAED) pattern shown in
Figure 4b. Generally, amorphous material shows this kind of
SAED pattern, and several dots appear for single-crystalline
regions present in composites. Since single crystalline material
has only a single orientation at equal spacing, an equal spaced

dots pattern can be observed. However, for polycrystalline
materials, the grains have varying orientations so the equal
spaced dot patterns can not be observed for the hybrid.50,51

However, the SAED revealed the (101), (110) planes for
Ni(OH)2 and (102), (230) planes for MnO2, respectively, and
that again supports the XRD data shown in Figure 3a. The
HRTEM image eventually supports the statements from the
XRD, EDX, and FESEM images and proves the formation of
Ni(OH)2 and MnO2 nanocrystals in between the rGO layers.
However, in Figure 4c, the chemical mapping of the composite
confirms that those layers contain rGO with Mn, Ni, and O
contents in the total composite structures. The above
characterizations thus prove that the as-prepared ternary
hybrid of NMr has successfully been synthesized by adopting
a simple hydrothermal approach. Additionally, it can be
concluded that the improved heterostructured wrinkled flower-
like and turbostratic nanostructure of NMr should be able to
store an efficient amount of electrochemical energy.

Electrochemical Characterizations. As previously stated,
the ternary NMr heterostructure has very specific morpho-
logical and structural features, as well as outstanding
properties, making them very promising candidates for
advanced electrochemical capacitors. The electrochemical
performance evaluation of NMr was conducted using CV,
GCD, and EIS in an aqueous 0.5 M Na2SO4 electrolyte in a
symmetric two-electrode setup. The resulting CV and GCD
curves are shown in Figure 5. CV was conducted with different
operating potential ranges of 0−1.2 V at a fixed scan rate of 20
mV s−1 to understand the electrochemical stable potential
window (ESPW). It is observed that the CV shapes deviate
from the perfect rectangular shape beyond the potential of 1.0
V because of the dissociation of water and O2/H2 gas
evaluation, shown in Figure 5a.34 Furthermore, the ESPW was
confirmed from the GCD results of a fixed current density of
1.0 A g−1 as the shape of the GCD curve appeared symmetrical

Figure 4. (a) HRTEM of hybrid nanosheets of NMr, (b) SAED pattern of the NMr sheet. (c) Chemical mapping of Mn, Ni, and O in the NMr.
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triangle with extended discharge time within the potential of
1.0 V, shown in Figure 5b. The electrochemical rate capability
of as prepared ternary hybrid was done by conducting CVs
with different scan rates from 10 to 100 mV s−1, and GCD
performance was conducted at 1.0, 2.0, and 4.0 A g−1 within
potential range 0 to 1 V, shown respectively in Figure 5c,d. At
high scan rates, the hybrid electrode retained its CV shape,
indicating the excellent reversibility, high-rate capability, and
low internal resistance of the SC device.36,52

For a comparative analysis, we have presented the
comparative CV and GCD profiles of NMr and rGO as
shown in Figure 6a,b, respectively; CV at the scan rate of 20

mV s−1 and GCD at the current density of 1 A g−1. The larger
integrated CV area and longer discharge time of ternary NMr
electrode, clearly confirm its superior charge storage ability and
higher capacitance in comparison with rGO, which also
comply with the outcomes of hybrid material. To validate these
results further, we have performed the CV and GCD analyses
of rGO electrodes shown in Figure S3a,b, respectively.
However, significant redox peaks should have appeared
because of the presence of Ni(OH)2 and MnO2 nanoparticles
during the electrochemical process. However, there is
significant evidence that showed the prominent redox peaks
are mostly observed when an acidic or basic electrolyte is used

to measure the CV of electrode materials, especially in a hybrid
like NMr. Usually, a neutral electrolyte in a two-electrode
setup is not suitable for observing the redox peaks of Ni(OH)2
persisting in a hybrid because of several reasons. For instance,
in comparison with Na2SO4 and NaOH electrolytes, the redox
peak is always dominant in NaOH because of the increased
anionic size of sulfate ions (1.49 Å) as compared with hydroxyl
ions (1.10 Å).53 Another reason for the absence of redox peaks
indicates that the supercapacitors are charged and discharged
at a pseudoconstant rate over the entire voltammetric cycles,
with the total capacitance arising from the redox pseudocapa-
citance of the loaded NMr coupled with the double-layer
capacitances of the Ni(OH)2, MnO2, and rGO.54,55

The Csp values of NMr and pristine rGO with different
current densities are demonstrated in Figure 7a. A maximum

Csp of 420 F g−1 was achieved for ternary NMr hetero-
structured hybrid material at the current density of 1 A g−1,
almost 2.5-fold higher than the rGO (200 F g−1) at the same
current density. The synergistic effect of the MnO2 and
Ni(OH)2 decoration in between the rGO layers is mainly
responsible for the improved Csp of the ternary hybrid. During
the electrochemical process, the presence of pseudocapacitive
nanoparticles induces extra energy storing capability by
performing the redox reactions shown in eqs 7 and 8.35,56

Those reactions offer adsorption and desorption of protons
and electrolyte cations (Na+ of Na2SO4) on the Ni(OH)2 and
MnO2, respectively. Hence, it can be demonstrated that the
growth of Ni(OH)2 and MnO2 in between the rGO surface
facilitates better charge storing capability than pristine rGO.57

+ + ↔+ −MnO Na e MnOONa2 (7)

+ ↔ + +− −Ni(OH) OH NiOOH H O e2 2 (8)

The electrochemical characteristics of the hybrid SC were
also studied using EIS analysis. Figure S3c,d respectively
displays the Nyquist plots and corresponding fitting circuit of
the synthesized NMr and rGO, which were obtained by
conducting EIS over a frequency band of 100 kHz to 0.01 Hz
with an amplitude of 10 mV. The calculated charge transfer

Figure 5. (a) CV at a fixed scan rate of 20 mV s−1 in the different
potential windows, (b) GCD at 1 A g−1 by varying the potential
window, (c) shows CV of NMr at different scan rates, and (d) GCD
of NMr at different current densities.

Figure 6. (a) Comparison of CV and (b) GCD of NMr composite
and rGO.

Figure 7. (a) Csp vs current density, (b) cyclic stability test, (c) EIS
analysis after different cycles, and (d) Ragone plot of NMr hybrid
electrode.
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kinetic parameters are tabulated in Table S2. Notably, the
small Rs (4.70 Ω) and Rct (12.20 Ω) values of the ternary
hybrid confirmed a lower solution and charge transfer
resistance compared to the pristine rGO; Rs (6.27 Ω) and
Rct (22.60 Ω) values were also evidence of its outstanding
electrolyte accesibility. The expanded rGO layers in the ternary
hybrid and enhanced conductivity owing to the nano-
decoration of Ni(OH)2 and MnO2 contribute to the lesser
resistance.
The long-term cyclic performance of the fabricated

symmetric SC of the hybrid was investigated by repeating
the GCD test 10 000 times at the current density of 10 A g−1

over the potential of 1.0 V, as demonstrated in Figure 7b. As
can be observed, the hybrid SC exhibited 97% Coulombic
efficiency and 82% capacitance retention of its specific
capacitance after 10 000 cycles. Such a negligible loss in
capacitance suggests a lesser deterioration in the chemical
structure of ternary NMr hybrid and/or dissolution of MnO2
during the cycling process.58 The evidence of such facts is the
increased electrochemical series resistance of 4.7 Ω to 8.4 Ω
after the 10 000 cycles, as shown in Figure 7c. However, the
Coulombic efficiency and the capacitance retention of ternary
NMr electrode indicates its excellent long-term cyclic stability.
It is worth mentioning that the E and P of energy storage

devices significantly impact their efficiency. We explored the
correlation between the E and P of the assembled symmetric
SC of ternary NMr materials. The findings have been
illustrated using the Ragone plot in Figure 7d and compared
to various energy-storage systems. The symmetric SC with the
hybrid electrode delivered a maximum E of 14.58 Wh kg−1 and
P of 250 W kg−1. The nanodecoration of Ni(OH)2 and MnO2
between the rGO layers provides an expanded interlayer
distance within the dense wrinkled hybrid rGO layers than the
pristine rGO. More crucially, the presence of MnO2 in this
ternary hybrid resulted in the generation of numerous
oxidation states, which brought about rich faradic reactions
for pseudocapacitance. Additionally, the insertion of Ni(OH)2
resulted in additional polarons, which resulted in a
considerable increase in electrical conductivity. These poly-
crystalline nanoparticles (Ni(OH)2 and MnO2) enable the
hybrid material to achieve more energy density by facilitating
different surfaces with nanodimensional tunnel structures.59

The total summary of the electrochemical performance of
pristine rGO and ternary NMr heterostructured hybrid is
supplied in Table S3.
To the best knowledge, this is the highest specific

capacitance reported for NMr hybrid electrode without using
nickel foam current collector and any conductive additive. A
comparison of the electrochemical performance of a few prior

works is presented in Table 1 to compare this study. However,
most existing works with higher specific capacitance are
reported with either basic or acidic (KOH, H2SO4, or HCl)
electrolytes. Those electrolytes are neither eco-friendly nor
safer for fabricating long-lasting SC devices. Instead, this
wrinkled flower-like NMr hybrid offers optimum energy
density with a high power density and high cyclic stability
using a cost-effective and safer aqueous Na2SO4 electrolyte
system.

■ CONCLUSION
In summary, the study presented a facile and scalable synthesis
route to prepare a ternary rGO hybrid intercalated with
Ni(OH)2 and MnO2 nanoparticles in between rGO surfaces.
The as-prepared NMr nanostructure having a distinguished
structure, showed excellent electrochemical performance
mainly because of its structural attributes. Furthermore, the
in situ intercalation of Ni(OH)2 and MnO2 successfully
prevented the interlayer stacking of rGO layers, and hence,
the ternary hybrid exhibited a higher specific capacitance (420
F g−1) than pure rGO sheets (200 F g−1) at 1 A g−1 current
density. More importantly, the ternary hybrid exhibited an
energy density of 14.58 Wh kg−1 while maintaining a high-
power density. Additionally, the electrode material showed
excellent cyclic performance (10 000 cycles) at a higher current
density like 10 A g−1. This work provides a robust research
aspect on TMO/H-rGO based ternary hybrid synthesis and
morphological analysis for the fabrication of high-performance
SC devices.
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