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ABSTRACT: Ni foam@reduced graphene oxide (rGO)
hydrogel—Ni,S, and Ni foam@rGO hydrogel—Co;S, compo-
sites have been successfully synthesized with the aid of a two-
step hydrothermal protocol, where the rGO hydrogel is
sandwiched between the metal sulfide and Ni foam substrate.
Sonochemical deposition of exfoliated rGO on Ni foam with
subsequent hydrothermal treatment results in the formation of
a rGO-hydrogel-coated Ni foam. Then second-time hydro-
thermal treatment of the dried Ni@rGO substrate with
corresponding metal nitrate and sodium sulfide results in
individual uniform growth of porous Ni;S, nanorods and a

Co;S, self-assembled nanosheet on a Ni@rGO substrate. Both Ni@rGO—Ni;S, and Ni@rGO—Co;S, have been
electrochemically characterized in a 6 M KOH electrolyte, exhibiting high specific capacitance values of 987.8 and 1369 F/g,
respectively, at 1.5 A/g accompanied by the respective outstanding cycle stability of 97.9% and 96.6% at 12 A/g over 3000
charge—discharge cycles. An advanced aqueous asymmetric (AAS) supercapacitor has been fabricated by exploiting the as-
prepared Ni@rGO—Co;S, as a positive electrode and Ni@rGO—Ni;S, as a negative electrode. The as-fabricated AAS has shown
promising energy densities of 55.16 and 24.84 Wh/kg at high power densities of 975 and 13000 W/kg, respectively, along with
an excellent cycle stability of 96.2% specific capacitance retention over 3000 charge—discharge cycles at 12 A/g. The enhanced
specific capacitance, stupendous cycle stability, elevated energy density, and a power density as an AAS of these electrode
materials indicate that it could be a potential candidate in the field of supercapacitors.
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1. INTRODUCTION

Increasing awareness of the global effect and pollution caused
by the atomic power source and depletion of fossil fuel has
motivated exploration of alternative energy resources. Although
solar cells, water turbines, or wind turbines may be considered
promising alternatives, their intermittent nature still limits them
as primary energy sources. Supercapacitors can be considered
alternative energy storage systems with hybrid properties of
batteries and capacitors in terms of both high energy density
and high power density accompanied by high cycle life." The
charge-storage mechanism in a supercapacitor is solely
dependent on its electrode material and supporting electrolyte.
High-surface-area carbonaceous materials like carbon nanotube
(CNT), graphene, and activated carbon having no redox-active
functionality can act as electrical double-layer capacitors
(EDLCs), and the charge stored is purely electrostatic in
nature." Redox-active transition-metal oxides or conducting
polymers are established sources of pseudocapacitors and are
capable of storing a larger amount of charge via electron-
transfer faradaic reaction. Cobalt and nickel are the two most
studied transition metals, the oxides™®/hydroxides*®/molyb-
dates®” of which have shown promising electrochemical
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behavior because of the high redox activity of the metal ions.
However, electrochemical investigation regarding the sulfide
compounds of these two transition metals is still in the primary
stage and requires much attention because of the higher
electrical conductivity and mechanical and thermal stability
compared to that of their corresponding metal oxides and
overall rich redox chemistry.® Nickel sulfide and cobalt sulfide
may exist in several phases and different morphologies and
exhibit a variety of specific capacitances depending on the
morphology. For example, NiS hollow spheres, NiS nano-
flowers, NiS, nanocubes, Ni;S, nanoflakes, CoS, octahedra,
CoS nanowires, hollow CoS hexagonal nanosheets, CoySq
nanotubes, CoS nanospheres, and flowerlike CoS have been
reported, exhibiting high specific capacitance values of 927 F/g
(4.08 A/g), 857.76 F/g (2 A/g), 695 F/g (1.25 A/g), 1293 F/g
(5 mA/cm?), 236.5 F/g (1 A/g), S08 F/g (2.5 mA/cm?), 326.4
F/g (64.6 A/g), 285 F/g (0.5 A/g), 383 F/g (SmV/s), 586 F/g
(1 A/g), respectively.” '® Apart from the nickel and cobalt
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sulfides, recently some other metal sulfides have also been
investigated. Ramadoss et al. have reported nanostructured
MoS,, exhibiting a maximum specific capacitance of 403 F/g at
1 mV/s,"® which was higher than that of 3D flowerlike MoS,,
exhibiting a maximum specific capacitance of 168 F/g at 1 A/g
current in a 1 M KCI electrolyte.”® Recently, Ratha and Rout
have reported sheetlike WS, and its composite with reduced
graphene oxide (rGO), showing specific capacitances of 70 and
350 F/g, respectively, at a 2 mV/s scan rate.”!

Although the specific capacitance is good, the neat
pseudocapacitive materials often suffer from swelling and
shrinking during consecutive charging and discharging,
resulting in a poor cycle life. A hybrid composite of these
pseudocapacitive materials with high-surface-area carbon
materials can be effective in this respect. Graphene is a 2D
combination of an sp>-hybridized carbon atom with the unique
properties of high conductivity, high specific surface area, and
the highest flexibility. A few approaches to prepare a hybrid
composite of these pseudocapacitive metal sulfides with a high-
surface-area double-layer capacitive material, like CNT,
graphene, etc. It has been found that the hybrid material in
the form of a composite of both the EDLC and
pseudocapacitive materials exhibits superior electrochemical
behavior in terms of both high cycle life and high specific
capacitance.m_26

Still, the problem with the supercapacitor is its low working
potential, which restricts its energy density. An attempt to
fabricate an asymmetric electrode configuration of pseudoca-
pacitive material with EDLC material or a hybrid composite
material can be helpful in increasing the energy density where
the pseudocapacitive material will lead the energy density due
to high specific capacitance and the EDLC will lead the high
power density.””

In our present study, we have prepared rGO-based hybrid
composites of Ni;S, and Co;S, grown on Ni foam by a two-
step hydrothermal approach, where the rGO hydrogel is
sandwiched between the metal sulfide and Ni foam. The
prepared Ni;S, and Co;S, showed pure phase and different
architectures of nanorods and self-assembled cross-linked
nanosheets, respectively. The as-prepared Ni@rGO—Ni;S,
and Ni@rGO—Co,S, were electrochemically characterized as
working electrodes in a 6 M KOH electrolyte to investigate
their supercapacitive behavior. To understand the effect of rGO
on the electrochemical performance of Ni;S, and CosS,, we
also prepared Ni@Ni;S, and Ni@Co,S, electrodes without
using rGO. In order to get a superior supercapacitive property,
we have also fabricated an asymmetric supercapacitor, where
the as-prepared Ni@rGO—Ni;S, has been used as a negative
electrode and the Ni@rGO—Co;S, as a positive electrode.

2. RESULTS AND DISCUSSION

2.1. XRD Pattern. The XRD patterns of the as-prepared
graphene oxide (GO) paper, rGO paper, and as-grown nickel
and cobalt sulfide on Ni@rGO are shown in Figure 1. The
XRD pattern of GO shows a sharp peak at 20 = 10.8°
corresponding to the (001) plane. The successful flame
reduction of the GO film is confirmed from the disappearance
of the sharp (001) plane of the GO film and the appearance of
a broad peak centered at 20 = 23.3° corresponding to the
(002) plane of exfoliated graphene. The XRD patterns of the
cobalt and nickel sulfide grown on Ni@rGO match well with
respective JCPDS card nos. 01-071-4923 and 44-1418,
indicating the formation of CosS, and Ni;S,. The crystalline
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Figure 1. XRD patterns of the GO paper,
Ni;S,, and Ni@rGO—Co,S,.

rGO paper, Ni@rGO—

peaks at 20 = 44.8°, 52.3° and 76.8° correspond to the (111),
(200), and (220) planes of Ni in the Ni foam.

2.2. Morphological Characterizations. The field-emis-
sion scanning electron microscopy (FESEM) images of the as-
prepared GO paper surface and cross section are shown in parts
a and b of Figure 2, respectively. The cross section indicates

ALY

Figure 2. FESEM images of the as-prepared GO paper: (a) surface;
(b) cross section. FESEM images of the surface of rGO paper after
flame reduction (c), Ni foam (d), and the rGO hydrogel deposited on
Ni foam after hydrothermal treatment (e). High-magnification image

of the rGO hydrogel (f and g).

many GO layers. The smooth surface of the GO paper becomes
rough in the flame-reduced rGO paper (Figure (2c)
accompanied by about 10 times expansion, suggesting that
the rGO sheets are well exfoliated. Parts d and e of Figure 2
represent the FESEM image of neat Ni foam and the rGO
hydrogel uniformly coated Ni foam, respectively. The
sonochemical deposition post hydrothermal treatment results
in the formation of rGO hydrogel from the exfoliated rGO on
the Ni foam. Parts f and g of Figure 2 represent the FESEM
images of the as-formed rGO hydrogel at various magnifica-
tions, revealing its porous architecture.

The FESEM images of Ni@Ni;S, and Ni@Co,S, at different
magnifications are shown in Figure S2 in the Supporting
Information (SI). The FESEM images of the as-grown Ni;S,
and Co3S, on Ni@rGO are shown in parts a—d and e—h of
Figure 3, respectively, at various magnifications. The FESEM
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images of Ni@rGO—Ni,S, reveal the vertically aligned nanorod
morphology of the as-grown Ni;S, on a Ni@rGO substrate.

Figure 3. FESEM images of Ni@rGO—Ni,S, at various magnifications
(a and b) and growth of 1D Ni;S, on the rGO hydrogel (c). High-
magnification image of Ni;S, nanorods (d). FESEM images of Ni@
rGO—Co,S, at various magnifications (e and f). Higher-magnification
image of a cross-linked interconnected nanosheet of Co;S, (g and h).

A nucleation center is created on the rGO hydrogel for the
growth of Ni;S, nanoparticles on the rGO surface, which then
creates heterogeneous nucleation sites for further growth of
Ni;$, laterally, resulting in the formation of a 1D structure with
average lengths of 1—3 ym and diameters of 100—300 nm. The
nanorods are firmly bonded to the rGO hydrogel, as shown in
Figure 3c. The FESEM images of Ni@rGO—Co;S, indicate
that Co;S, is comprised of numerous ordered interconnected
nanosheets, forming a mesoporous structure. The nanosheets
are densely packed on the Ni@rGO substrate with an average
sheet thickness in the range of 50—80 nm. The elemental
mapping of Ni@rGO—Ni;S, and Ni@rGO—Co;S, is shown in
Figures S3 and S4 in the SI, respectively. The elemental
mapping also clearly indicates the distribution of Ni;S, and
Co;S, over the rGO hydrogel.

Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) analyses of the as-prepared
composites were carried out after scratching rGO—Ni;S, and
rGO—Co;S, from the Ni foam. The TEM image of rtGO—Ni;S,
(Figure 4a,b) also supports FESEM analysis of the 1D nanorod
morphology of Ni;S,, one end of which is covered by the rGO
hydrogel. The presence of both spot and ring patterns in the
selected-area electron diffraction (SAED) pattern (Figure 4c)
of rGO—Ni;S, also confirms that the growth of Ni;S, nanorods
occurs from the rGO hydrogel. The HRTEM image of rGO—
Co,S, (Figure 4d) indicates that Co;S, is composed of the
crumpled nanosheets with many folded edges and is well
distributed over the rGO surface. A highly magnified image of
Co,S, (Figure 4e) indicates a clear color contrast between the
center and edge of the nanosheet network, signifying that a
nucleation center is created on the rGO surface for the growth
of Co;S,, which then creates a heterogeneous nucleation center
for growth of the interconnected ordered mesoporous
nanosheet network. In the SAED pattern on the Co;S, sheet,
both the ring and spot patterns coexist, indicating that the

Figure 4. TEM image of rGO—Ni;S, after scratching from Ni foam at various magnifications (a and b). SAED pattern on rGO—Ni;S, (c). HRTEM
image of rGO—Co,S, after scratching from Ni foam at various magnifications (d and e). SAED pattern on rGO—Co;S, (f).
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Figure S. Schematic diagram of the growth of a Ni;S, nanorod and a Co;S, nanosheet network over Ni@rGO.
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Figure 6. CV plots of (a) Ni@rGO, (c) Ni@Ni;S,, and (e) Ni@Co;S, at different scan rates. GCD plots of (b) Ni@rGO, (d) Ni@Ni,S,, and (f)
Ni@Co;S, at different currents.
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Figure 7. (a) CV and (b) GCD plots of Ni@rGO—Ni;S,. (c) CV and (d) GCD plots of Ni@rGO—CosS,.

Co;S, nanosheets are anchored on the rGO hydrogel. Both the
Ni;S, nanorods and Co;S, cross-linked nanosheets are firmly
attached to the rGO hydrogel. Even long-time sonication for
the TEM sample preparation did not result in the separation of
rGO from both Ni,S, and Co,S,, indicating strong interaction
of the metal sulfides with the rGO hydrogel.

The schematic diagram of the growth of a Ni;S, nanorod and
a Co3S, nanosheet network over Ni@rGO is shown in Figure 5.
Soaking of Ni@rGO in a Na,S solution results in adsorption of
the active S*~ ion on the rGO surface. The addition of Co** and
Ni** ions results in the precipitation of corresponding metal
sulfide nanoparticles on the rGO surface. Once the nucleation
center is created, it triggers further growth of Ni;S, and CosS,
nanoparticles in the same direction. Hydrothermal treatment
for a long time results in the orientation growth of the Ni;S,
nanorods with quite uniform size and shape, and 1D nanorod
morphology is obtained following the Ostwald ripening
mechanism. Although the initial growth of CosS, over rGO is
likely to occur following the same growth mechanism of Ni,S,,
the hydrothermal treatment of Co;S, at high temperature for a
long time results in their reorganization (possibly due to
different interactions of the metal ions) and a cross-linked
nanosheet network structure is obtained by the Ostwald
ripening mechanism.

2.3. Electrochemical Characterizations. The Ni@rGO
electrode was electrochemically characterized in terms of both
cyclic voltammetry (CV) and galvanostatic charge—discharge
(GCD) analysis within the potential range of —1 to —0 V, and
the corresponding CV plots at different scan rates and GCD
plots at different currents are shown in parts a and b of Figure
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6, respectively. The rectangular nature of the CV plots confirms
the formation of an efficient EDLC and fast charge propagation
within the Ni@rGO electrode.”® The maximum specific
capacitance of 156 F/g was achieved for the Ni@rGO electrode
at a 2 mV/s scan rate. The GCD plots of Ni@rGO show typical
triangular behavior at each current of 1.5, 6, and 12 A/g,
revealing the absence of pseudocapacitance distortion behavior
and indicating typical double-layer capacitance behavior.

The maximum specific capacitance of 144 F/g was obtained
from the GCD plot at 1.5 A/g current. CV analyses of Ni@
Ni;S, and Ni@Co3S, were carried out within the potential
ranges of —0.75 to 0 and 0—0.55 V, respectively, at various scan
rates of 2, 10, 20, 30, and 50 mV/s, and the respective CV plots
are shown in Figure 6¢,e. Both electrodes exhibit a pair of redox
peaks in the CV plots, indicating their typical pseudocapacitive
behavior in the KOH electrolyte. In the case of Ni@Co;S,, the
pseudocapacitance comes from the quasi-reversible electron-
transfer process between the Co*"/Co®" redox couple in the
presence of OH™ ions.” The redox peaks in the CV plots of
Ni@Ni;S, also come from the redox reaction between the
Ni**/Ni** redox couple in the presence of OH™ following the
equation30

Ni,S, + 30H™ < Ni,S,(OH), + 3¢~

The maximum specific capacitances obtained from Ni@Ni,S,
and Ni@Co,S, were 1019 and 1369 F/g, respectively, at 2 mV/
s scan rate. Increasing scan rate resulted in decreasing specific
capacitance, and the specific capacitances of 672 and 763 F/g
were recorded at a high scan rate of 50 mV/s for the Ni@Ni;S,
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and Ni@Co,S, electrodes, respectively. The GCD plots of Ni@
Ni;S, and Ni@CosS, at different currents of 1.5, 6, and 12 A/g
are shown in parts d and f of Figure 6, respectively. All of the
GCD plots show typical nonlinear behavior, also confirming
their pseudocapacitive nature. The maximum specific capaci-
tances of 834 and 1260 F/g were obtained for the Ni@Ni;S,
and Ni@Co;S, electrodes, respectively, at 1.5 A/g current.

The electrochemical characterizations of Ni@rGO—Ni;S,
and Ni@rGO—Co;S, were carried out within the same
potential region as that used for Ni@Ni;S, and Ni@Co;S,,
respectively, and their respective CV plots at various scan rates
of 2, 10, 20, 30, and 50 mV/s are shown in Figure 7a,c. The CV
plots of both Ni@rGO—Ni;S, and Ni@rGO—Co;S, also show
a pair of redox peaks, indicating typical pseudocapacitive
behavior in a 6 M KOH electrolyte. With increasing scan rate,
the total current increases in the CV plots, clearly indicating a
diffusion-controlled phenomenon, which is a slow process.
Depending on the voltage scan rate, the diffusion layer size
above the electrode surface is changed. A higher scan rate
results in a decreased difference between the diffusion layer and
electrode surface, which indeed results in increased flux to the
electrode surface; hence, a higher current is achieved. The
redox peaks showed a little shifting, which resulted in increased
peak separation with increasing scan rate. The peak separation
is due to solution resistance and a major effect of the iR drop.
The increasing peak separation with increasing scan rate also
indicates a quasi-reversible process, where the heterogeneous
electron-transfer rate is slow compared to the time scale of the
experiment.>’ The maximum specific capacitances calculated
from the CV plots were 1165.8 and 1463.4 F/g, respectively,
for the Ni@rGO—Ni;S, and Ni@rGO—Co,S, electrodes at 2
mV/s scan rate.

The various specific capacitances obtained from all of the
Ni@rGO, Ni@Ni;S,, Ni@Co;S,, Ni@rGO—Ni;S,, and Ni@
rGO—Co,S, electrodes at different scan rates are shown in
Table 1.

Table 1. Scan-Rate-Dependent Specific Capacitances (F/g)
of the Ni@rGO, Ni@Ni;S,, Ni@Co;S,, Ni@rGO—Ni;S,, and
Ni@rGO—Co;S, Electrodes

scan rate (mV/s)

2 10 20 30 S0

specific capacitance of Ni@ 156 129 111 101 84
rGO

specific capacitance of Ni@ 1019 842 798 729 672
Ni;S,

specific capacitance of Ni@ 1369 1031 928 847 763
CosS,

specific capacitance of Ni@ 11658  976.6 890.3  822.7 752
rGO—Ni;S,

specific capacitance of Ni@ 14634 11124 1002 922 821
rGO—Co;S,

The specific capacitances obtained at different scan rates for
both Ni@rGO—Ni;S, and Ni@rGO—Co,;S, were considerably
higher than the virgin Ni@Ni;S, and Ni@Co;S,, respectively.
This clearly signifies that the rGO hydrogel does not just act as
a basal plane for the growth of Ni;S, nanorods and Co;S, cross-
linked nanosheet networks, but rather some sort of synergistic
interaction is there between the rGO and metal sulfide to lift
the specific capacitance to a higher value. The interaction of
metal sulfides with rGO hydrogels occurs probably via a linkage
of thiol bonds between the metal sulfide and residual surface
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group of the rGO hydrogel.>* The increasing scan rate resulted
in a decreased specific capacitance. However, both the Ni@
rGO—Ni;S, and Ni@rGO—Co,S, electrode materials showed
excellent rate capability, as is obvious from their respective
specific capacitance retentions of 64.5% and 56.1% at a high
scan rate of 50 mV/s with respect to the low scan rate of 2 mV/
s. The CV plot of the Ni@rGO—NI,S, electrode exhibits more
symmetrical behavior than that of Ni@rGO—Co,S,, with a
quite rectangular-shaped CV plot also indicating its better
reversibility.

The GCD plots of the Ni@rGO—Ni;S, and Ni@rGO—
Co;S, electrodes at different mass normalized currents of 1.5, 3,
6, 12, and 20 A/g are shown in parts b and d of Figure 7,
respectively. Both materials showed a slight nonlinear charge—
discharge plot, which also supports their deviation from ideal
character, where the specific capacitance is mainly contributed
by the redox reaction. The maximum specific capacitances
obtained from the Ni@rGO—-Ni;S, and Ni@rGO—-Co,S,
electrodes were 987.8 and 1369 F/g, respectively, at a low
mass normalized current of 1.5 A/g. The specific capacitance
exhibited a linear decrease with increasing current due to the
quick attainment of the operating voltage range at high current,
resulting in a fast charge—discharge. Still, the high current
responses of both electrodes were outstanding with high
specific capacitances of 536.7 and 684.5 F/g, respectively, for
Ni@rGO—Ni;S, and Ni@rGO—Ni;S, at 20 A/g. The high rate
capability of both electrodes must correspond to the very low
electron spin resonance (ESR) of the electrode materials, as is
obvious from the least iR drop at the discharge plot even at
high mass normalized current.

Although both electrodes showed high specific capacitance
and excellent rate capability, the low working potential restricts
their energy and power densities. The maximum energy
densities of 77.17 and 57.51 Wh/kg were obtained for Ni@
rGO—-Ni;S, and Ni@rGO—Ni;S, at the respective power
densities of 562.5 and 412.5 W/kg. For the symmetric
supercapacitors consisting of two identical rGO@Ni—Nis;S,
and rGO@Ni—Co,;S, electrodes, the specific capacitance
would be one-fourth that of a single electrode tested in a
three-electrode configuration.**** Considering the specific
capacitance of the rGO@Ni—Ni;S, and rGO@Ni—Co;S,
electrodes from GCD analysis within the potential ranges of
—0.75 to 0 and 0—0.55 V, respectively, the maximum energy
densities of 19.29 and 14.38 Wh/kg can be obtained. However,
the low cell voltage restricts their energy density. To address
the issue, an asymmetric supercapacitor was fabricated using
Ni@rGO—Ni;S, as the negative electrode and Ni@rGO—
Co;S, as the positive electrode. The Ni@rGO—Co,S,//Ni@
rGO—Nj;S, electrode showed a large cell voltage of 1.3 V. The
stable working potential was chosen by considering the
Coulombic efficiency from the GCD test at low mass
normalized current. Beyond the potential range, the Coulombic
efficiency was too high to compensate for the energy density.
The CV plots of the Ni@rGO—Co,;S,//Ni@rGO—Ni;S,
asymmetric supercapacitor at different scan rates are shown
in Figure 8a. The CV plots also exhibit two pairs of redox peaks
during the positive and negative sweeps, indicating typical
pseudocapacitive behavior coming from both Co;S, and Ni;S,.
The maximum specific capacitance obtained from the CV plot
of the asymmetric supercapacitor was 1044 F/g at 2 mV/s scan
rate. To further evaluate the practical application of the Ni@
rGO—Co,S,//Ni@rGO—Ni;S, electrode, the GCD test was
carried out at different mass normalized currents of 1.5, 3, 6, 12,
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and 20 A/g, and the plots are shown in Figure 8b. The
maximum specific capacitance obtained was 940 F/g at 1.5 A/g.
The various specific capacitances obtained at different mass
normalized currents are shown in Table 2.

Table 2. Mass-Normalized-Current-Dependent Specific
Capacitances (F/g) of Ni@rGO—Ni,S,, Ni@rGO—Co,S,,
and Ni@rGO—Co;S,//Ni@rGO—Nij,S,

mass

normalized
current
(a/g)
J(ES) 3 6 12 20
specific capacitance of 987.8 861.8 7459 625 536.8
Ni@rGO—NisS,
specific capacitance of 1369 11073 9264 7745  684.5
Ni@rGO—Co;S,
specific capacitance of 940 8172 688 5612 4322

Ni@rGO—Co,S,//
Ni@rGO—Ni,$,

The maximum energy density calculated from Ni@rGO—
Co;S,//Ni@rGO—Ni;S, was 55.16 Wh/kg at a high power
delivery rate of 975 W/kg. The increased power density did not
result in a significant loss of energy density, and a high energy
density of 24.84 Wh/kg was achieved at a very high power
delivery rate of 13000 W/kg. The maximum specific energy
density is much higher or somewhere comparable than some
other reported related asymmetric supercapacitors, such as
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AC//Co(OH), (25.7 Wh/kg),** CNT/Ni(OH),//AC (16.8
Wh/kg at 400 W/kg),*® AC//NiO (15-20 Wh/kg),”” CNTs/
MnO,//CNTs/SnO, (20.3 Wh/kg),*® Ni(OH),//graphene
(30 Wh/kg).*” Ni(OH),/CNT-AC (32.5 Wh/kg at a power
density of 1800 W/kg),** AC//Ni;S,/CNT (19.8 Wh/kg),*!
nickel—cobalt sulfide//AC (25 Wh/kg),42 NiCo,S,//RGO
(31.5 Wh/kg),* and CoS,//AC (37 Wh/kg).** Variation of
the energy density with the power density of Ni@rGO—Ni;S,,
Ni@rGO—CosS,, and Ni@rGO—Co,S,//Ni@rGO—Ni,S, is
shown in Figure 6c. In order to understand the cycle life of the
as-fabricated electrodes, the GCD tests were continued to 3000
consecutive charge—discharge cycles at 12 A/g for all of the
Ni@Ni;S,, Ni@Co,S,, Ni@rGO—Ni;S,, Ni@rGO—Co,S,, and
Ni@rGO—Co;S,//Ni@rGO—Ni;S, electrodes, and the respec-
tive specific capacitance retentions of 91%, 90.3%, 97.9%,
96.6%, and 96.2% were achieved at the end. The plot of the
percentage of specific capacitance retention with the cycle
number is shown in Figure 8d. The very high specific
capacitance retention of Ni@rGO—Ni;S, and Ni@rGO—
Co,;S, over Ni@Ni;S, and Ni@Co,;S, can be attributed to
the presence of a flexible rGO hydrogel sandwiched between
Ni;S, and Ni foam and between Co;S, and Ni foam. The high
flexibility of rGO releases the mechanical strain faced by the
pseudocapacitive metal sulfides during the consecutive charge—
discharge cycles. Besides, it also strongly binds the metal
sulfides possibly through both chemical covalent bonding at the
sulfur-containing sites and van der Waals interaction with
conjugated domains of graphene. Thus, both Ni;S, and Co3S,
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are strongly anchored on Ni@rGO, which minimizes the
possibility of degradation of the electrode material.

The electrochemical impedance spectroscopy of the as-
prepared Ni@rGO—Ni;S,, Ni@rGO—Co,;S,, and Ni@rGO—
Co5S,//Ni@rGO—Ni;S, electrodes were carried out within the
frequency range of 100 kHz to 0.01 Hz and have been
represented in terms of the Nyquist plot in Figure 9a. All three
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Figure 9. (a) Nyquist plots of Ni@rGO—Ni;S,, Ni@rGO—Co;S,, and
Ni@rGO—Co,S,//Ni@rGO—Ni,S, and (b) their variation of the
specific capacitance with frequency.

electrodes showed low ESR at 1.29, 1.19, and 14 Q,
respectively. Variation of the specific capacitances of the Ni@
rGO—Ni;S,, Ni@rGO—Co;S,, and Ni@rGO—Co,S,//Ni@
rGO—Nj;S, electrodes as a function of the frequency is
shown in Figure 9b. With increasing frequency, the specific
capacitances showed a rapid decrease, and at high frequency, all
three electrodes exhibited very low specific capacitance. Thus,
the electrodes showed capacitor behavior at the low-frequency
region and resistor behavior at the high-frequency region.

3. CONCLUSION

Ni foam@rGO hydrogel—Ni;S, and Ni foam@rGO hydrogel—
Co;S, composites were successfully synthesized by a two-step
hydrothermal approach, where the rGO hydrogel was
sandwiched between the metal sulfide and Ni foam substrate.
Sonochemical deposition of the flame-induced rGO paper on
Ni foam followed by hydrothermal treatment resulted in the
formation of rGO-hydrogel-coated Ni foam. A hydrothermal
treatment of the Ni@rGO foam substrate with the correspond-
ing metal nitrate and sodium sulfide resulted in the formation
of porous Ni;S, nanorods and Co;S, self-assembled nanopetals
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uniformly grown over the Ni@rGO substrate. Both Ni@rGO—
Ni;S, and Ni@rGO—Co;S, were electrochemically character-
ized in a 6 M KOH electrolyte, which showed high specific
capacitances of 987.8 and 1369 F/g, respectively, at 1.5 A/g
mass normalized current accompanied by very high cycle
stability. An advanced aqueous asymmetric (AAS) super-
capacitor was fabricated by exploiting Ni@rGO—Co;S, as a
positive electrode and Ni@rGO—Ni;S, as a negative electrode.
The as-fabricated AAS exhibited a very high energy density of
55.16 Wh/kg at a high power density of 975 W/kg and a high
energy density of 24.84 Wh/kg at a very high power delivery
rate of 13000 W/kg accompanied by high cycle stability, which
makes it an efficient candidate in the field of supercapacitor.

4. EXPERIMENTAL SECTION

4.1. Synthesis of GO and rGO Papers. GO was synthesized
using a modified Hummers method and described elsewhere.** The
GO paper was prepared from a GO aqueous colloid.*® In brief, 100 mg
of solid GO was dispersed in 200 mL of H,O by ultrasonication for 1 h
at high power, followed by centrifugation for 15 min at 3000 rpm,
forming a black-brown GO aqueous colloid. A total of 20 mL of the
GO aqueous colloid was diluted with 20 mL of H,O and filtered
through a filter paper of 0.45 um pore size, followed by washing, air
drying, and detachment from the filter paper to obtain the GO paper.
The GO paper was reduced by a butane flame to prepare the rGO
paper.

4.2. Preparation of Composite Materials. Part (20 mg) of the
as-prepared rGO paper was dispersed in 30 mL of H,O by
ultrasonication for 1 h, keeping two pieces of cleaned Ni foam (1 X
1 cm?) inside the solution vertically aligned. The ultrasonication
process helps the dispersed rGO to deposit on the Ni foam. A post
hydrothermal treatment of the whole suspension along with the Ni
foam in a 50 mL capacity Teflon-sealed autoclave at 180 °C for 6 h
resulted in formation of the rGO hydrogel on the Ni foam (Ni@rGO).
Then the two Ni@rGO were dried at 70 °C. The mass of deposited
rGO on the Ni foam substrate was about ~0.88 mg. The two as-
prepared Ni@rGO were then soaked individually in 10 mL of a 0.1 M
Na,S solution for 10 min in two S0 mL capacity Teflon-sealed
autoclaves, and 10 mL of 0.1 M Ni(NO;), and 10 mL of 0.1 M
Co(NOs;), were poured in each autoclave at once with gentle shaking.
An immediate precipitation occurred. Then the two autoclaves were
maintained at 120 °C for 6 h. The hydrothermal treatment helps to
grow the corresponding metal sulfide directly on Ni foam, and almost
pure phase on Ni;S, and Co3S, on Ni@rGO were obtained. The Ni
foam substrate containing all of the materials was washed with a
stream of distilled water in order to remove the extra precipitation
from Ni@rGO, which had no direct contact with the substrate. The as-
prepared materials were labeled as Ni@rGO—Ni;S, and Ni@rGO—
CosS,, respectively, with respective masses of 2.8 and 2.7 mg of the
active material. Ni;S, and Co;S, were also grown directly on the
cleaned Ni foam substrate without using rGO, using the same amount
of precursor at the same reaction conditions.

4.3. Preparation of Electrodes. The Ni@rGO, Ni@Ni,S,, Ni@
Co5S,, Ni@rGO—-Ni;S,, and Ni@rGO—Co;S, electrodes were
electrochemically characterized in a three-electrode cell, where
platinum and saturated calomel electrodes were used as the counter
and reference electrodes, respectively, in a 6 M KOH aqueous
electrolyte. An asymmetric supercapacitor was fabricated using the as-
prepared Ni@rGO—Ni;S, as the negative electrode and Ni@rGO—
Co;S, as the positive electrode, directly separated by a distance of 2
cm with Whatman filter paper as the separator in a 6 M KOH
electrolyte. Platinum wire was used for the current connection
between the electrode and instrument. The performance of an
asymmetric supercapacitor depends on the charge balance in both
electrodes, ie., ¢*(m*C*V*) = g (m~C V)Y

Following this equation, considering the specific capacitance at 1.5
A/g, the optimum mass ratio of anode to cathode is 0.98, which is very
close to the used active material mass ratio of 0.96.
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