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ABSTRACT

The growth of two-dimensional (2D) VS, nanosheets along the NiCo,S4 needle arrays was prepared via
an in situ sulfurization-assisted hydrothermal process. The binder-free NiCo2S4@VS. supercapacitor
electrode has contributed to a high specific capacity of 1023. 4 mAh g, which is 1.7-fold higher than
NiCo02S4 and 9.8-fold higher than VS, electrode under the current density of 0.45 A g in a three-
electrode system. Additionally, the NiCo2S4@VS: supercapacitor electrode exhibited remarkable cyclic
stability where 96% of its capacity retained after 2000 cycles. Promoting for real supercapacitor
applications, an asymmetric supercapacitor (ASC) composed of NiCo2S4@VS: as the positive electrode
and activated carbon (AC) as the negative electrode with polypropylene as the separator was fabricated.
The assembled ASC contributed to a maximum energy density of 31.2 Wh kg'! at the power density of
775 W kg'! with good stabilities under different current densities during the cycling test. Thereby, this
design of free-standing NiCo2S4@V Sz nanocomposite provides a new strategy for synthesizing efficient
electrode materials for high-performance supercapacitors.
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The depletion of fossil fuels and skyrocketing environmental issues have urged the needs for
sustainable and green energy sources for the development of electronic devices and applications[ 1, 2].
Among the energy conversion and storage appliances, supercapacitors (SCs) have attracted considerable
attention as one of the promising energy storage devices owing to their merits such as environment-
benign, low-cost, long-cycle life and good safety over a broad temperature range[3-7]. Furthermore, SCs
possess higher power density than batteries and larger energy density than traditional metal plate based
electrostatic capacitors. So far, commercial SCs which employ carbon as the electrode material have
been used in portable devices and vehicle systems|[8, 9]. Nevertheless, the limited energy density of SCs,
as compared to batteries impedes their widespread applications[8, 10-13]. Thus, relentless efforts have
been devoted to increase the energy density of SCs by tailoring the electrolyte and electrode materials
used in SCs to enhance the operational potential window and material capacity[3, 14]. For instance,
although the organic electrolytes exhibit a larger stable potential window than aqueous based electrolyte,
nevertheless, the poor conductivity, toxicity and high cost of organic electrolytes may restrict their usage
in large scale SCs applications[15]. Alternatively, assembling asymmetric SCs using aqueous
electrolytes is said to be an effective way to broaden the working potential of SCs. The capacity of a SC
is depending on the intrinsic properties of electrode materials, which includes chemical activities, surface
area, conductivity and configuration[16, 17].

Since the capacitive performance of carbon-based electrode materials is limited by the electrostatic
charge accumulation, thus, the continuous exploration has been allocated in using faradaic materials to
provide capacity surge from the faradic redox reactions[4]. Among the various faradaic materials that
have been reported, vanadium disulphide (VS2) has shown promising electrochemical properties for
high-performance SCs. Different from other layered transition metal dichalcogenides (WS, CoS> and
MoS,), 2D layered VS, exhibits excellent intrinsic metallic conductivity[18-21]. Consequently, 2D

layered VS, has been employed as the electrode materials in SCs[22-24]. Unfortunately, the bare VS,



based electrode material shows limited capacity due to the decreased ion-accessible surface area and
reduced kinetics caused by the restacked thick and bulky V'S, layers. Compared to bulk VS,, VS, ultra-
nanosheets have been proven to have unparalleled properties such as large accessible surface area, high
conductivity and great mechanical characteristic[25]. However, the disadvantage of naosheets is
attributed to its readily stacked property caused by strong van der Walls force, consequently reduces its
surface active sites for electrochemical reaction[23]. An effective way to alleviate this problem is
directly to grow the VS, nanosheets on a highly conductive backbone, to guarantee the good kinetics
without compromising the accessible active sites. According to previous research, NiCo2S4 is a potential
backbone to in situ grow VS, nanosheets due to the controllable morphology, high specific capacity and
metal-like conductivity[26]. Aforementioned, the capacity is related to the morphology and
configuration of the composite apart from the inherent quality of electrode materials[15, 16].

Herein, we demonstrated a new approach in synthesizing a free-standing electrode composed of
NiCo02S4@VS: on Ni foam by facile hydrothermal method. The highly conductive NiCo,S4 nanoneedle
arrays grown on the Ni foam was then used as the scaffold to in situ grow ultrathin VS, nanosheets. In
this free-standing nanostructured composites, faradaic NiCo02S4 needles not only prevent the restacking
of VS» nanosheets, but also act as super-high-way for charge transfer channels. Moreover, the highly
conductive VS> nanosheets grafted on NiCo,Ss needles further provide enhanced electrochemical
performance. Therefore, the prepared NiCo2S4@VS> nanostructured electrode material exhibited a
specific capacity of 1023.4 mAh g! in a three-electrode system. At a two-electrode system, the
asymmetric supercapacitor possessed good stabilities under different current densities, coupled with a
high energy of 31.2 Wh kg™! at the power densities of 775 W kg™ in a wide potential window of 1.55 V.
2. Experimental
2.1. Reagents and materials

Sodium orthovanadate (Na3VOs4-12H>0), nickel chloride (NiCl2-6H20), cobalt chloride



(CoCl2-6H0), thioacetamide (TAA), ammonium fluoride (NH4F), potassium hydroxide (KOH),
polytetrafluoroethylene (PTFE) and other organic solvents were obtained from Wako (Japan). Active
carbon (AC) and carbon black (50% compressed, 75 m*/g, 80-120 g/L) were purchased from Alfa Aesar,
American. Nickel foam (thickness: 1 mm) was purchased from Suzhou zhongditai metal material Co.
LTO, china. All the analytical grade reagents were used without further purification.
2.2. Synthesis of VS>

Typically, 3 mmol Na3VOs-12H>0 and 15 mmol TAA were dissolved in 40 mL deionized water
and magnetically stirred to form a dark green solution. Then, the homogeneous solution was transferred
to a 50 mL Teflon-lined stainless steel autoclave (TLSSA). The TLSSA was then sealed and maintained
at 160 °C for 24 h. After cooling to room temperature, the obtained black precipitate was filtered and
washed several times. Subsequently, the black powder was dried in a vacuum oven at 60 °C for 24 h.
Finally, the powder was annealed at 300 °C for 2 h.
2.3. Synthesis of NiCo>S4 and NiCo>S«@VS> on Ni foam

Preparation of NiCo,S was referred to the previous report[26]. In a typical synthesis procedure, a
transparent solution consists of 2 mmol NiCl,-H>O and 4 mmol CoCl,-H>O in 80 mL deionized water
was first prepared. After this, 3 mmol NH4F and 24 mmol urea were added into the solution. The solution
and pretreated Ni foams were transferred into a 100 mL TLSSA for hydrothermal reaction at 100 °C for
5 h. After cooling to room temperature, the obtained Ni foam coated with pink color materials was
washed by deionized water and ethanol under sonication. To prepare NiCo2S4, Ni foam coated with
NiCo carbonate hydroxide was put into a TLSSA containing TAA for sulfurization reaction. The final
NiCo2S4 product was washed by ethanol and deionized water, subsequently was dried in a vacuum oven
at 60 °C for 24 h. To make NiCo2S4@VS,, TAA and Na3VO4 were magnetically stirred and transferred
into a TLSSA containing NiCo precursors under the same reaction conditions. The fabricated sample

was subsequently washed and dried before electrochemical test was carried out. Prior to the beginning,



Ni foams (3 cmx3.5 cm) were cleaned with 3 M HCI to remove the surficial nickel oxides, and then
washed with ethanol and water individually. The average weight of Ni foam is 35.3 mg and the mass of
positive electrode materials is 2.5 mg cm™, respectively.

2.4. Asymmetric supercapacitors (ASC)

The positive and negative supercapacitor electrodes were assembled, forming a sandwich structure
separated by the polypropylene as the separator. The electrochemical performances of the ASC were
conducted via two-electrode system using 3 M KOH as the electrolyte. The preparation of negative
electrode is provided in Supplementary Materials. To achieve high supercapacitor performance, the mass
of positive and negative electrodes were determined based on the charge balance theory shown as
followings[15]:

my C_ XAV

m. _ C, x AV,
Where m (g), C and AV (V) are the active materials excluding the current collectors, specific capacity

and working potential in three-electrode system.

2.5. Characterization

The material phases and structure were recorded by X-ray diffractometer employing Cu Ka
radiation (XRD; RIGAKU, model D/max-2500 system at 40 kV in the 2theta range of 10°- 80°. The
morphologies of the prepared electrode materials were characterized by a field effect scanning electron
microscope (HITACHI, S-5200, Japan). The high-resolution transmission electron microscopy

(HRTEM) images of the materials were observed with a JEM-F200 (JEOL) at 200 kV.

2.6. Electrochemical measurements

The electrochemical properties of the materials were recorded by a Solartron 1287 Potentiostat

Galvanostat and 1255B Frequency Response Analyzer in a 3-electrode and 2-electrode systems. For the



3-electrode configuration, the as-prepared materials were used as working electrodes after sonication. Pt
plate (2 cmx2 cm) and Hg/HgO were employed as counter and reference electrodes, respectively.
The specific capacity was calculated from the discharge curves according to the equation[8, 12]:
Cs=ixAt
where Cs is capacity (mAh g!), i and At present current density (A g') and discharge time (s),
severally.
The energy density (E) and power density (P) of the asymmetric SCs were determined from the

following equations|[2, 7, 27, 28]:

It should be pointed out that only mass of active materials of both positive and negative electrodes
was used in the calculation of E and P in this work.
3. Results and Discussion

3.1. Material synthesis and characterization

Fig. 1 the synthesis illustration of NiC02S4@V S

Fig. 1 illustrates the synthesis route of free-standing NiCo02S4@V Sz nanorod arrays on a 3D sponge-
like structure nickel foam with high specific surface area and superior electrical conductivity (Fig. S1).
The formation of NiCo2S4@VS> active materials in an enclosed system of hydrothermal process
happened where firstly, Ni*" and Co?" are co-precipitated with CO3>” and OH" (released from urea), thus
form NiCo carbonate hydroxide needle arrays grown on Ni foam in the hydrothermal reaction[26, 28].
The needle arrays of NiCo possess high surface area, which enable the anchoring of ultrathin VS, sheets
in the subsequent temperature-controlled hydrothermal process. While the TAA used to synthesize VS,

converts NiCo carbonate hydroxide to NiCo2Ss. Finally, a highly conductive and accessible faradaic’s
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active sites NiC02S4@VS> composite was successfully synthesized and is highly desirable for high
performance SCs applications. Consequently, the tedious process to synthesize multicomponent

electrode materials can be avoided without compromising electrochemical properties in the strategy.

Fig. 2 XRD patterns of VS» (red line), NiCo2S4 (blue line) and NiCo2S4@VS: (black line)

XRD was performed to investigate the crystallinities and phase structures of the obtained VS,,
NiCo02S4 and NiCo02S4@VS». The strong diffraction peaks located at 15.3°, 35.7°, 45.2° and 57.2° (red
line) are indexed to (001), (011), (012) and (110) planes, indicating the hexagonal 1T phase of VS»
(JCPDS card No. 01-089-1640)[17, 18, 23]. In addition, the strong and sharp peak situated at 15.3°
suggests the lamellar stacking feature of the as-prepared VS>[24]. The strong peaks at 31.5°, 38.2°, 50.4°
and 55.2° (blue line) are corresponded to (311), (400), (511) and (440) planes of cubic NiC02S4, while
the high intensity Ni foam peaks are located at peaks 44.5°, 52.0° and 76.6°[15, 26, 29]. Notably, all the
remarkable peaks can be successfully indexed to either VS, or NiCo02S4, apart from the 3 strong peaks
of nickel foams. Thereby, NiCo02S4@VS> was successfully synthesized, as proven through the XRD

profile.

Fig. 3 FESEM and HRTEM of NiC0,S4 (a, b, ¢) and NiCo2S4@VS: (d, ¢, f)

The morphologies of NiCo02S4 and NiCo2S4@V Sz (Fig. 3) were observed via FESEM. Apparently,
the Ni foam has been fully covered by the needle arrays of NiCo2S4, as shown in Fig. 3a and b. The thin
and long (about 100 nm in diameter and over 1 um in length) NiCo,S4 (Fig. 3c) needles provide a
favourable condition for in situ growing of VS, tiny sheets, as exhibited in Fig. 3c. Compared to NiC02S4,
the nanorod arrays of NiC02S4@V Sz nanostructured composite are still remained. The twining of VS:
nanosheets along the NiCo02S4 needle arrays has subtly changed the morphology of NiCo2S4@VS: to

furry-like structure, as manifested in Fig. 3d and e. Interestingly, the alteration of VS; bulk stacking



layers (Fig. S2) to nanosheets was due to NiCo2S4 needle arrays, which effectively alleviate the stacking
of the VS, layers. The rough and compact fur-like NiCo2S4@VS; structure was also presented in Fig. 3f
(TEM image), suggesting large amount of active sites and efficient charge transfer channels for redox
reaction.
3.2. Electrochemical properties (three-electrode system)

Series and systematic studies on three-electrode configured electrochemical evaluations such as
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and cyclic stability measurements

were firstly conducted for VS,, NiC02S4, and NiCo02S4@ VS, supercapacitor electrodes, respectively.

Fig. 4 Electrochemical performance of VSa: (a) CV curves at various scanning rates; (b) GCD curves
under different current densities; (c) specific capacities at different current densities; (d) cycle

performance at a current density of 0.45 A g’!

Fig 4a shows the CV curves of VS; electrode at various scan rates. It shows that there are no obvious
changes on the CV pattern as the scan rate increases. However, a pair of redox peaks observed in CVs
(Fig. 4a), implies its faradaic behavior. Therefore, the oxidation peaks and reduction peaks due to the
reversible transformation of V®"/*/V*[30]. Due to internal resistance and polarization effect, the
reduction and oxidation peaks, both are shifted to more negative and more positive regions, respectively,
in conjunction with the increasing scan rates[3, 29, 31]. As depicted in Fig. 4b, all GCD curves present
symmetry platforms, which is consistent with the CV patterns. The specific capacities of the VS»
electrode under different current densities were calculated based on equation of C =i X At and the
relations between current density (x-axis) and specific capacity (y-axis) were plotted, as shown in Fig.
4c. It shows that the maximum specific capacity is less than 110 mAh g™! at the smallest current density,
which may be due to the stacking layers of bulky VS, (as observed in Fig. S2). In addition, it shows that
the specific capacity decreases with increasing current density owing to insufficient time for the

electrolyte ions to diffuse throughout the VS, electrode at high current densities. Fig. 4d manifests the
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well-maintained cyclic retention of VS; electrode where 96% of its original capacity was retained after
1000 charge discharge cycles, thus demonstrates its potential to be applied for supercapacitor

applications.

Fig. 5 Electrochemical performance of NiCo02S4: (a) CV curves at various scanning rates; (b) GCD
curves under different current densities; (c) specific capacities at different current densities; (d) cycle

performance at a current density of 1.125 A g’!

The electrochemical performances of NiCo02S4 electrode were evaluated. The representative CV
(Fig. 5a) and GCD (Fig. 5b) profiles show no different against the VS, electrode. The apparent peaks
and well-defined plateaus in CV (Fig. 5a) and GCD (Fig. 5b) suggest its capacity is mainly from redox
reaction[31].

NiCo02S4 + 20H™ «» NiSOH + 2 CoSOH + 2 ¢
CoSOH + OH™ +» CoSO + H20 + ¢

Fig. 5c¢ shows the plot of calculated specific capacities at various current densities. At a current
density of 0.45 A g'!, the NiC02S4 electrode achieved high specific capacity of 588.1 mAh g!, whereas
the specific capacity dropped to 468 mAh g at a high current density of 4.5 A g'! due to inadequate
response time for the electrolyte ions to reach the active surface of the materials at high current density.
Interestingly, NiCo2S4 supercapacitor electrode exhibited remarkable stability (110% capacity retained)
after 2000 cycle. A slight decrease in specific capacity for the first 500 cycles could be attributed to the
loosely bonded active materials on the Ni foam upon sonication process before electrochemical
performances were conducted. Subsequently, the increase in specific capacity might be contributed to
activation process and complete wetting of the electrode[3]. The high capacity and good stability of
NiCo2S4 as well as the conductive needle arrays verify its feasibility as an ideal scaffold for in situ

growing VS nanosheets.



Fig. 6 Electrochemical performance of NiCo2S4@VSz: (a) CV curves at various scanning rates; (b)
GCD curves at different current densities; (c¢) specific capacities at different current densities; (d) cycle

performance at a current density of 0.675 A g’!

Fig. 6 depicts the electrochemical properties of NiCoxS4@VS2 composite electrode measured
through CV (Fig. 6a), GCD (Fig. 6b), and cyclic retention (Fig. 6d) in a three-electrode system. The
redox peaks and platforms of NiC02S4@VS; are from the reversible processes of V&*/V>*/V*# Ni**/Ni**,
Co?"/Co*" and Co’"/Co*' transitions. Fig. S4a presents the CV curves of VS, NiCo0Ss, and
NiCo02S4@ VS, at the same scanning rate in the potential range of 0-0.65 V. It shows that NiC02S4@VS:
electrode material exhibited larger voltammogram area than VS, and NiCo,S4 active materials,
suggesting the best charge storage performance. As given in Fig. S4b, the nanostructured composite has
achieved a high specific capacity of 1023.4 mAh g! at current density of 0.45 A g'!, which is about 1.7-
fold and 9.8-fold higher than separate NiCo02S4 and VS, electrodes, respectively owing to longer
discharging time of 2275 s, as illustrated in Fig. S4b. At higher current density of 4.5 A g!, the specific
capacity of composite NiC0o2S4@VS: could still retained at 715 mAh g!, implies good rate capability
(Fig. 6¢). Fig. 6d shows the cyclic performance of NiC02S4@VS> electrode material at current density
of 0.675 A g''. The gradual increasing in specific capacity for the first 1000 cycles is due to the activation
process in the electrode. As the charge discharge cycles increases, the gradual decrement in specific
capacity could be resulted from electrode deterioration, which attributed to extensive expansion and
contraction of the electrodes during the charge discharge process. Overall, the NiCo2S4@V S, electrode
possesses excellent stability up to 96% capacity retained upon 2000 cycles, indicative of its high

recyclability and reversibility of the electrode materials.

Fig. 7 Schematic illustration of charge storage and transfer merits of NiCo2S4@VS2

The schematic illustration of NiCo02S4@VS: is exhibited in Fig. 7 and the advantages of depositing

NiCo2S4@VS: on nickel foam: (1) large accessible surface area for redox reaction where in situ
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growing of NiCo02S4 needle arrays on conductive 3D sponge-like Ni foams provide ample active sites
for grafting of VS» nanosheets; compared to stacked and bulky bare VS», the ultrathin VS, nanosheets
supported on NiCo,S4 resulted in larger surface area[32-34]. (2) Excellent charge transfer and shorter
diffusion path. It is known that NiC02S4 has metal-like conductive property, which is ideal for charge
transfer. Additionally, synthesis of binder-free active materials directly grown on the Ni foam current
collector further enhances its conductivity. Furthermore, nanostructure and abundant pores among
intercrossed VS, nanosheets shorten the diffusion length and facilitates the penetration of electrolytes,
resulted in an increased active site for redox reaction and greatly enhanced diffusion kinetics. (3) Both
of the NiCo02S4 and VS: possess faradaic features, both of which contribute to the increased capacity.
Additionally, the good mechanical adhesion among aforementioned materials further improves the
stability. Therefore, the advantages of corresponding single components are maximally optimized,
leading to the high capacity and good long-term stability.

3.3. Electrochemical performance of NiCoxS4@VS2/AC asymmetric supercapacitors

Fig. 8 The assembled ASC: (a) schematic illustration of the device; (b) CV curves at different scanning
rates; (¢c) GCD plots under various current densities; (d) Ragone plot and (d) cycle performance under

different current densities

An ASC composed of NiCo2S4@VS: as the positive electrode and AC as the negative electrode
separated by polypropylene membrane separator was fabricated to gauge the potential of the synthesized
NiCo2S4@VS: material for practical application. The material loading for the ASC was determined
based on the charge balance theory where the calculated mass ratio of NiC02S4@VS> and AC is 2.5:4.2.
Fig. 8a presents the schematic illustration of the as-assembled ASC. The positive electrode of ASC
recorded a working potential from 0-0.55 V, while the negative electrode recorded a working potential
from -1-0 V (Fig. S7), hence give rise to an operating potential window of 0-1.55 V. The CV curves (Fig.

8b) show a mixed feature of electric double layer and faradaic reaction without any observable distortion,
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implying its excellent charge transport ability and rate capability. The triangular GCD profiles with
plateaus obtained at various current densities further confirm its combined properties of double layer
capacity and faradaic reaction. Fig. 8d illustrates the Ragone plot of ASC where the maximum energy
density decrease from 31.2 Wh kg to 11.7 Wh kg! when the power densities are increased from 775 W
kg to 7750 W kg!, which are higher than other reported works[13, 15, 34-41]. Fig. 8e shows the cycle
performance of device at various current densities. At the current density of 1.5 A g!, the capacity first
maintained at 114.1 mAh g and slightly increased due to the activation process. Nevertheless, the
capacity dropped at high current density of 5 Ag™!, which may be resulted from the insufficient response
time for the electrolyte ions to intercalate and de-intercalate from the surface of supercapacitor electrode
at a high current density. Interestingly, the capacity simultaneously reverts to about 80.4 mAh g! when
the current density returns to 3 A g''. All in all, the impressive electrochemical performances of
NiCo2S4@ VS based asymmetric supercapacitors show its great potential for practical energy storage

system and future commercialization.

4. Conclusions

We have successfully prepared NiCo2S4@VS> nanorod arrays on Ni foam by facile in situ
sulfurization-assisted hydrothermal process and its electrochemical performances either in three-
electrode or two-electrode system were investigated. The NiCo,S4@V S electrode materials exhibited a
high specific capacity of 1023.4 mAh g at a current density of 0.45 Ag™! and excellent stability
performance upon 2000 charge discharge cycles. When the NiCo2S4@VS: positive electrode was
coupled to an activated carbon negative electrode, the ASC presented a high energy density of 31.2 Wh
kg! at power densities of 775 W kg'!, respectively, without compromising its cyclic stability
performance. In conclusion, the as-synthesized NiCoxS4@V'S; active materials have the potential to be
used as electrode materials for real supercapacitor application owing to its excellent cyclic stability and

charge storage ability.
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