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1 Introduction

Supercapacitors (SCs) are a new type of energy storage
device and are widely investigated for applications in
portable electronics and electric vehicles [1-7]. In

ABSTRACT

Nickel cobalt sulfides (Ni-Co-S) have attracted extensive attention for application
in electronic devices owing to their excellent conductivity and high electrochemical
capacitance. To facilitate the large-scale practical application of Ni-Co-S, the
excellent rate capability and cyclic stability of these compounds must be fully
exploited. Thus, hierarchical Ni-Co-S@Ni-W-O (Ni-Co-S-W) core/shell hybrid
nanosheet arrays on nickel foam were designed and synthesized herein via
a facile three-step hydrothermal method, followed by annealing in a tubular
furnace under argon atmosphere. The hybrid structure was directly assembled
as a free-standing electrode, which exhibited a high specific capacitance of
1,988 F-g' at 2 A-g! and retained an excellent capacitance of approximately
1,500 F-g™ at 30 A-g™, which is superior to the performance of the pristine Ni-Co-S
nanosheet electrode. The assembled asymmetric supercapacitors achieved high
specific capacitance (155 F-g™ at 1 A-g™), electrochemical stability, and a high
energy density of 55.1 W-h-kg™ at a power density of 799.8 W-kg™' with the
optimized Ni-Co-S-W core/shell nanosheets as the positive electrode, activated
carbon as the negative electrode, and 6 M KOH as the electrolyte.

particular, pseudocapacitors, which store energy via
fast, reversible, multi-electron, surface Faradaic redox
reactions on electrode materials, can deliver a much
higher specific capacitance than electrochemical double-
layer capacitors (EDLCs), and thus hold great promise
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for the construction of high-energy storage devices
[8-12]. Nevertheless, the poor charge transfer ability
of pseudocapacitive materials, such as transition
metal oxides and hydroxides, hinders the large-scale
practical application of supercapacitors to a great
degree [13-18].

More recently, transition metal sulfides (TMS),
especially bimetallic nickel cobalt sulfides, have
attracted extensive attention owing to their excellent
conductivity relative to that of the oxide/hydroxide
counterparts and their higher specific capacitance
compared with that of carbon-based materials [19-24].
Compared with monometallic sulfides (such as nickel
sulfide or cobalt sulfide), the multiple valency con-
tributions from both nickel and cobalt ions in the
bimetallic sulfides can provide relatively rich redox
reactions, resulting in higher specific capacitance and
electric conductivity [25-28]. However, one of the
major drawbacks of bimetallic sulfides is the low rate
capability at fast charge/discharge rates [29, 30].
Therefore, the search for novel materials/architectures
with outstanding electrochemical performance has
become more and more essential.

Two strategies are commonly employed for the
rational design of electrode materials with well-defined
micro/nanostructures to obtain acceptable electro-
chemical performance. One approach involves
fabricating composites and hybrid materials that can
provide more accessible redox reaction sites, short
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ion and electron transport pathways, and a greater
contact area between the electrode and electrolyte
[31-35]. Another effective approach is the direct growth
of electroactive materials on conductive substrates as
binder-free electrodes, which can significantly increase
the electric contact between the electroactive materials
and the substrates, thus leading to short ion diffusion
pathways [36-38]. More importantly, the 3D array
nanostructure can greatly enhance the electron con-
ductivity, thereby enabling better contact between the
electroactive materials and the electrolyte to promote
the Faradaic reactions for energy storage [39—41].
Nickel tungstate has been investigated as a promising
material for electrochemical supercapacitors due to
its higher electrical conductivity relative to nickel
oxide and nickel molybdate because of the various
valence states of W [42, 43]. However, the low energy
density, poor rate capability, and disordered mor-
phology limit its further application [44, 45]. Therefore,
the design and synthesis of hierarchical Ni-Co-S@Ni-
W-O core—shell hybrid materials may combine the
advantages of both Ni-Co-S and Ni-W-O, leading to
unprecedented electrochemical performance [46-48].
In this study, we present the rational design and
synthesis of 3D hierarchical Ni-Co-S@Ni-W-O core—shell
hybrid nanoarchitectures on a nickel foam scaffold,
as free-standing electrodes, via a facile three-step
hydrothermal method with subsequent annealing in
a tubular furnace under argon atmosphere (Fig. 1).

Tungstate ion
& Nickel ion
¢ e

Annealing in atmospheric argon

Figure 1 Schematic of preparation of networked Ni-Co precursor/Ni foam, Ni-Co-S/Ni foam electrode, and Ni-Co-S@Ni-W-O/Ni

foam electrode (Ni-Co-S-W/NF).
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The hybrid electrode exhibits a high specific capacitance
of 1,988 F-g at 2 A-g™! and an excellent rate capability
of 75.5% at 30 A-g”". The as-assembled asymmetric
supercapacitors achieve a high energy density of
55.1 W-h-’kg™ at a power density of 799.8 W-kg™, as well
as excellent specific capacitance (155 F-g™ at 1 A-g™)
and electrochemical stability.

2 Experimental
2.1 Synthesis of Ni-Co precursor on Ni foam

All chemicals used in this experiment were of analytical
grade. Firstly, nickel foam (2 cm x 2 cm) was treated
by ultrasonication in 3 M HCI solution for 10 min to
remove the oxide on the surface and cleaned with
ethanol and deionized water. In a typical synthesis,
0.29 g of Co(NO3),-6H,0, 0.145 g of Ni(NO;),-6H,O and
0.6 g of hexamethylenetetramine (HMT) were dissolved
in 30 mL of methanol under constant magnetic stirring
to form a clear solution. The obtained solution was
then transferred to a 50 mL Teflon-lined stainless steel
autoclave with a piece of treated nickel foam (NF)
immersed in the solution and maintained at 180 °C
for 12 h. After cooling to room temperature, the Ni
foam was removed and rinsed with deionized water
and ethanol to remove any possible contamination
on the surface, and finally dried at 60 °C for 12h in a

vacuum oven.

2.2 Synthesis of wultrathin Ni-Co-S nanosheet
arrays on Ni foam

Typically, 0.3 g of C,HsNS was dissolved in 30 mL of
deionized water and the solution was subsequently
transferred to a Teflon-lined stainless steel autoclave
along with the Ni-Co precursor/NF and kept at 140 °C
for 5h. After cooling the solution, the product was
washed and dried as step one.

2.3 Synthesis of three-dimensional (3D) Ni-Co-
S@Ni-W-O hybrid structures on Ni foam

To obtain the Ni-Co-S@Ni-W-O core-shell structures,
0.237 g of NiCl,-6H,O and 0.3295 g of Na,WO,-2H,0O
were first dissolved in 30 mL of deionized (DI) water.
The solution was transferred to a 50 mL Teflon-lined
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stainless steel autoclave, and the nickel foam with
Ni-Co-S was added. The autoclave was kept at 130 °C
for respective reaction time of 20, 40, and 80 min.
Eventually, the Ni-Co-S@Ni-W-O hybrid structures
on Ni foam were obtained by annealing under argon
atmosphere at 350 °C for 2h at a heating rate of
1°C-min™. The corresponding samples were denoted
as Ni-Co-S-W (20 min)/NF, Ni-Co-S-W (40 min)/NF,
and Ni-Co-S-W (80 min)/NF, respectively.

2.4 Material characterization

The morphologies and elemental composition of the
as-prepared samples were characterized by field
emission scanning electron microscopy (FESEM, FEI
QUANTA FEG250) with energy dispersive X-ray
spectrometry (EDS). The phases and structures were
examined by X-ray diffraction (XRD, D8-Advance,
Bruker) using Cu-Ka (A = 0.15418 nm) irradiation.
Transmission electron microscopy (TEM) data were
acquired with an FEI TECNAI F20 microscope
operating at an accelerating voltage of 200 kV. High-
resolution X-ray photoelectron spectroscopy (XPS)
measurements for evaluation of the elemental species
and their chemical states were carried out on a
Thermo ESCALAB250Xi instrument with a resolution
of 0.43 eV.

2.5 Assembly of asymmetrical supercapacitors

The negative electrode was prepared by mixing
activated carbon (TF-B520, ShangHai Carbosino
Material Co., Ltd.), acetylene black (conductive
additive), and polyvinylidene fluoride (PVDF) binder
in N-methylpyrrolidone (NMP) solvent in a weight
ratio of 75:15:10 to obtain a slurry. The slurry was
then coated onto a lean nickel foam current collector
(2 ecm x 2 cm) and dried for 12 h at 120 °C under
vacuum. Finally, the fabricated electrode was com-
pressed at 10 MPa with a Manual Compressing
Machine. An asymmetric supercapacitor (ASC) device
was assembled by using an activated carbon electrode
(AC/NF) as the negative electrode, the Ni-Co-S-W
(40 min)/NF core-shell hybrid nanostructure (2 cm x
2 cm) as the positive electrode, and porous glassy
fibrous paper as a separator. The electrodes and
separator were soaked in 6 M KOH for about 12 h.
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Finally, the assembled devices were carefully sealed
using parafilm to ensure stable performance of the
device.

2.6 Electrochemical measurement

The electrochemical properties of the Ni-Co-S/NF
and Ni-Co-S@Ni-W-O/NF electrodes were evaluated
by using an electrochemical workstation (Metrohm
Autolab PGSTAT302N) with a three-electrode con-
figuration, in 6 M aqueous KOH. The prepared samples
were used as the working electrodes, Pt foil as the
counter electrode (CE), and a Hg/HgO electrode
as the reference electrode (RE). The electrochemical
properties were investigated by cyclic voltammetry
(CV) with variation of the scan rate from 5 to 50 mV-s™
at a potential between 0 and 0.7V, galvanostatic
charge/discharge (GCD) with current densities ranging
from 2 to 30 A-g™' at a potential of 0 to 0.5V, and
electrochemical impedance spectrometry (EIS) in the
frequency range of 100 kHz to 0.01 Hz.

3 Results and discussion
3.1 Structural characterization

The process for fabricating the advanced hybrid
electrode by growing Ni-W-O on the Ni-Co-5 scaffold
is illustrated in Fig. 1. First, the as-prepared Ni-Co
precursor nanoflakes on Ni foam were converted to
ultrathin and porous Ni-Co-S nanoflakes by hydro-
thermal anion-exchange reaction processes. Numerous
pores were formed on the Ni-Co-S nanoflakes, plausibly
by the release of H,S formed by the decomposition
of thioacetamide (TAA; CH;CSNH,) during the
sulfurization step [49]. Secondly, the Ni-Co-S/Ni foam
was immersed in an aqueous solution containing Ni*
and WO,?, thereby facilitating formation of the Ni-W
precursor on the surfaces of the Ni-Co-S nanoflakes.
Finally, the Ni-Co-S@Ni-W-O core-shell hybrid nano-
architectures on Ni foam were obtained by annealing
under argon atmosphere at 350 °C.

SEM images of the Ni-Co-S (40 min) nanosheet
arrays on Ni foam are presented in Figs. 2(a)-2(c),
demonstrating that the surfaces of the Ni foam were
evenly covered by the nanosheets (~ 100 nm thickness).
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Furthermore, densely packed, highly-ordered nano-
flakes (Figs. 2(b) and 2(c)) were interconnected and
intersected forming a 3D networked structure. The
energy dispersive spectroscopy (EDS) profiles (inset
in Fig. 2(b)) indicate the presence of Ni, Co, and S.
The TEM image (inset in Fig. 2(c)) reveals the porous
structure of the Ni-Co-S nanosheets. Figures 3(d)-3(f)
show the typical SEM images of the Ni-Co-S-W
core-shell nanosheet arrays on Ni foam with hydro-
thermal reaction for 40 min. Compared with the
Ni-Co-S nanosheets, the core—shell nanosheets were
thicker (~ 250 nm thickness) due to the formation of
Ni-W-O on the surfaces of the Ni-Co-S nanosheets.
The high-magnification SEM images (Figs. 2(e) and
2(f)) show the uniform formation of flocculent Ni-
W-O nanostructures on the surfaces of the Ni-Co-S
nanosheets. Figure 2(g) indicates that the Ni-Co-5i-W
(40 min) nanosheets grown on the nickel foam are
ca. 2 um in width. The corresponding EDS data and
mapping images indicate the presence of Ni, Co, W,
O, and S. The influence of the reaction time on the
thickness of the nanosheets was also investigated, as
shown in Fig.S1 in the Electronic Supplementary
Material (ESM), from which it was apparent that the
nanosheets became thicker with increasing reaction
time.

Energy (keV)
Figure 2 (a) Low and ((b) and (c)) high magnification SEM
images of the Ni-Co-S/Ni foam; (d) low and ((e) and (f)) high
magnification SEM images of Ni-Co-S-W (40 min) core—shell
hybrid composite on Ni foam; (g)—(i) SEM, EDX, and
corresponding elemental mapping images of Ni-Co-S-W (40 min)
nanosheet arrays.
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The crystal structures of the obtained Ni-Co-S
nanosheets and Ni-Co-S-W hybrid nanosheets on Ni
foam were studied by XRD, as shown in Fig. 3(a).
The three strong peaks at 44.4°, 51.6°, and 76.1° are
typical diffraction peaks from the Ni foam substrate.
The major diffraction peaks at 26.8°, 31.6°, 38.3°, 50.5°,
and 55.3° could be indexed to the (220), (311), (400),
(511), and (440) crystal planes of cubic NiCo,S, (JCPDS
No. 20-0782). The XRD patterns of the Ni-Co-S-W
hybrid nanosheets on foam show diffraction peaks at
24.0°, 24.9°, 36.6°, 54.6°, 62.3°, and 65.8°, which can be
indexed to the (011), (110), (002), (202), (113), and
(311) crystal planes of monoclinic NiWO, (JCPDS
No. 15-0755).

XPS measurements were used to explore the
compositions and oxidation states of the elements in
the Ni-Co-5-W (40 min) hybrid nanosheets, as shown
in Figs. 3(b)-3(f). By using a Gaussian fitting method,
the 4f spectrum (Fig. 3(b)) of W could be divided
into three peaks at binding energies of 35.5, 33.6, and
37.7 eV, respectively, which correspond to W 4f,, (W®*
oxidation state) and elemental W [42, 44, 49]. The Ni
2p spectrum (Fig. 3(c)) was deconvoluted into two
well-defined spin-orbit doublets, which are attributed
to Ni** and Ni*, and two shakeup satellites [49]. The
remarkable difference in the peak intensity of the two
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corresponding satellite peaks (noted as “Sat.”) indicates
that Ni**is dominant. In the XPS spectrum of Co 2p
(Fig. 3(d)), the strong peaks at 778.9 eV for Co 2p;p
and 794.1 eV for Co 2p,, are indicative of Co* [28, 29].
In the S 2p spectrum (Fig. 3(e)), the peak centered
at 168.8 eV can be fitted to one main peak and one
shakeup satellite peak. The main peak is assigned to
the surface sulfur species in certain higher oxidation
states. The peaks at binding energies of 161.6 and
162.6 eV correspond to the S2p;, and S2p;, states,
respectively (Fig. 3(e)), demonstrating the presence
of metal-sulfur bonds and S* [19, 50]. The peak at
529.8 eV in the O 1s XPS spectrum is typical of the
metal-oxygen bonds, and the peak at 531.1 eV can be
attributed to the physically adsorbed water on the
surface [42]. Therefore, the product contains W*, Co*,
Co*, Ni*, Ni*, and S*; this is in good agreement
with the XRD data for Ni-Co-S-W/NF.

3.2 Electrochemical performance of Ni-Co-S-W/NF
electrode

Figure 4(a) shows the CV curves of the Ni-Co-5-W
(40 min) nanosheet arrays supported on nickel foam
at various scan rates from 5 to 50 mV-s™. With an
increase in the sweep rate, the integrated areas of
the CV curves became larger, indicating higher
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Figure 3 (a) XRD patterns of Ni-Co-S, Ni-Co-S-W (40 min), and Ni-Co-S-W (80 min) on nickel foam; (b) W 4f; (c) Ni 2p; (d) Co 2p;

(e) S 2p, and (f) O 1s for Ni-Co-S-W (40 min) nanosheet arrays.
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capacitance. Concomitantly, the anodic peaks shifted
to the positive direction, and the cathodic peaks
shifted to the negative direction, implying relatively
low resistance and fast redox reactions at the interface
of the electrode and electrolyte [19, 29]. The GCD
curves in Fig. 4(b) exhibited a symmetrical shape over
a wide current density from 2 to 30 A-g™, revealing
high coulombic efficiency and good electrochemical
capacitive characteristics due to the highly reversible
redox reactions of the Ni-Co-S-W (40 min)/NF electrode
in the charge-discharge process. For comparison, the
CV curves of different hybrid electrodes at a constant
scan rate of 20 mV-s™ are shown in Fig. 4(c). The
integrated area of the CV curve of the Ni-Co-S-W
(40 min)/NF electrode is apparently larger than
that of the other electrode materials, which can be

Nano Res. 2018, 11(3): 1415-1425

attributed to the suitable reaction time as well as the
core-shell nanosheet array structure. The Ni-Co-S-W
(40 min)/NF electrode exhibited the longest discharge
time, as shown in Fig. 4(d), which agrees well with the
CV data presented in Fig. 4(c). The calculated specific
capacitances for the pure Ni-Co-S/NF, Ni-Co-S-W
(20 min)/NF, Ni-Co-S-W (80 min)/NF, and Ni-Co-S-W
(40 min)/NF electrodes were respectively 1,270, 1,614,
1,280, and 1,970 F-g™* at a current density of 3 A-g™..
Figure 4(e) shows that the as-synthesized Ni-Co-5-W
(40 min)/NF and Ni-Co-S-W (80 min)/NF electrodes
exhibited better rate capability (84.6% and 98.2%,
respectively) than the Ni-Co-S (38.4%) and Ni-Co-S-W
(20 min) (75.5%) electrodes at 30 A-g™'. EIS was used
to confirm the good electrical conductivity of the
Ni-Co-5-W (40 min)/NF electrode.
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Figure 4 Electrochemical performance of the samples: (a) and (b) CV and GCD curves of Ni-Co-S-W (40 min)/NF; (c) and (d) CV
and GCD curves of hybrid nanoarchitectures; (e) specific capacitances and (f) EIS curves of different samples.
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From the plots, the more vertical line for the
Ni-Co-S-W (40 min)/NF electrode in the low frequency
region reveals the lower diffusion resistance (R,),
suggesting efficient diffusion of the electrolyte ions
into the pores of the electrodes [39, 51]. The charge
transfer resistance (R.) of the Ni-Co-S-W (40 min)/NF
electrode was observed to be lower than that of the
other composite electrodes and higher than that of
the Ni-Co-S/NF electrode, which can be attributed to
the synergistic effect of Ni-Co-S and Ni-W-O and the
fast Faradaic reaction during the charge/discharge
processes [52, 53]. The data prove that the Ni-Co-S
nanosheet arrays have good electrical conductivity
and are suitable as a conducting framework. The
favorable electric conductivity contributes to the outs-
tanding electrochemical properties of the Ni-Co-S-W
(40 min)/NF hybrid electrode.

3.3 Electrochemical performance of the Ni-Co-S-W
(40 min)/NF//activated carbon asymmetric super-
capacitor

An asymmetric device was assembled by employing
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the as-prepared Ni-Co-S-W (40 min)/NF as the positive
electrode and AC/NF as the negative electrode, res-
pectively, separated by porous glassy fibrous paper
(Fig. 5(a)). Comparison of the CV curves of the
Ni-Co-S-W (40 min)/NF electrode and the AC/NF
electrode at a scan rate of 30 mV-s™ shows that the
respective working potential ranges were 0-0.7 V and
-1.0-0 V. The CV curve of the AC/NF negative
electrode exhibits a similar rectangular shape (Fig. S2(a)
in the ESM), demonstrating the ideal double-layer
capacitor behavior based on fast diffusion/adsorption
of the electrolyte ions. Figure S2(b) (in the ESM) shows
the GCD curves of AC/NF under current densities
ranging from 1 to 10 A-g. The highly linear and
symmetrical curves with their charge counterparts
demonstrate the excellent electrochemical reversibility
of the AC/NF electrode. The specific capacitance of the
AC/NF electrode can reach up to 214 F-g at 1 A-g™
and was even maintained at 200 F-g™' at 10 A-g™!
(Fig. S2(c) in the ESM). From the CV curves of the
ASC device (Fig. 5(c)) recorded in different voltage
windows, the stable operating voltage could be
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Figure 5 Electrochemical characterization of Ni-Co-S-W (40 min)/NF//AC/NF asymmetrical supercapacitors (ASCs): (a) schematic
illustration of the ASCs; (b) comparison of CV curves collected for Ni-Co-S-W (40 min)/NF and AC/NF electrodes at a scan rate of
30 mV-s™'; (¢) CV curves collected over various potential windows at 10 mV-s™'; (d) CV curves of ASCs at various scan rates ranging
from 10 to 50 mV-s™'; (e) GCD at various current densities in the voltage range of 0 to 1.6 V; (f) SCs and corresponding CE at different

current densities.
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extended to 1.8V at a scan rate of 10 mV-s™. The
CV curves obtained at various scan rates from 5 to
50 mV-s™ demonstrate the collective contributions
of the electric double-layer capacitance and pseudo-
capacitance at voltages ranging from 0 to 1.8V
(Fig. 5(d)). Furthermore, the almost symmetric GCD
curves (Fig. 5(e)) indicate a high coulombic efficiency
and electrochemical reversibility. The specific capaci-
tance was calculated to be 155 F-g* at 1 A-g™* (Fig. 5(f)),
and remained at 100 F-g™ with 65% of capacitance
retention at 20 A-g™', providing further evidence of
the high capacitance and excellent rate performance
of the Ni-Co-S-W (40 min)/NF//AC/NF asymmetric
supercapacitor.

The Ragone plots in Fig. 6(a) show that the ASCs
in this study delivered an energy density as high as
55.1 W-h'kg™ at the power density of 799.8 W-kg™;
this energy density was still maintained at 35.5 W-h-kg™
at the extremely high power density of 15,975 W-kg™.
From comparison with other electrode materials
(Fig. 6(a)), this performance is superior to those
of MnCo,0,@Ni(OH),//AC [54], NiC0,O,/MnO,//AC
[55], Ni-Co-S/G//PCNS (G = graphene, PCNS = porous
carbon nanosheets) [29], Ni-Co-S/Co(OH),//AC [9],
NiCo,5,//AC [56], and NiyC0y33M0oO4xH,O//AC [57].
The cycling performance of the asymmetric super-
capacitors was evaluated at a current density of 1 A-g™;
the ASCs displayed excellent cycling stability with

Nano Res. 2018, 11(3): 1415-1425

retention of ~91.7% of the initial specific capacitance
even after 6,000 cycles (Fig. 6(b)), indicating that
the hybrid electrode has robust interconnected
networks and good strain accommodation. To further
demonstrate the practical use of the Ni-Co-S-W
(40 min)/NF//AC/NF ASC device, two ASCs were
connected in series (inset, Fig. 6(b)). A light emitting
diode (LED) could be illuminated for more than 3 min,
as shown in Fig. 6(c). These impressive results again
confirm the excellent performance of the Ni-Co-S-W
(40 min)/NF//AC/NF ASC device.

4 Conclusion

In summary, by using Ni-Co-S as a buffer and Ni-W-O
as a shell, novel, hierarchical Ni-Co-S@Ni-W-O
core—shell nanosheet arrays were constructed on nickel
foam. The Ni-Co-S@Ni-W-O (40 min)/NF electrode
exhibited low internal resistance as well as a high
specific capacitance (1,988 F-g™! at 2 A-g™) and retained
an excellent capacitance ratio of 75.5% under extreme
charge/discharge conditions (1,500 F-g* at 30 A-g™),
which is superior to the performance of the pristine
Ni-Co-S/NF electrode. The asymmetric supercapacitor
achieved excellent specific capacitance (155 F-g™ at
1 A-g™), electrochemical stability, and a high energy
density of 55.1 W-h-kg™ at a power density of
799.8 W-kg™ with a cell voltage of 1.6 V. These excellent
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Figure 6 (a) Ragone plot illustrating energy and power densities of the Ni-Co-S-W (40 min)/NF//AC/NF asymmetrical supercapacitors;
(b) cycling performance at a constant current density of 1 A-g'; (c) images of the blue LED at different stages.
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electrochemical properties could be ascribed to the
unique core-shell architecture and the synergistic
effect of the Ni-Co-S nanosheets and the Ni-W-O.
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