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Abstract. In this present study, NiC0,S4-rGO (NCS-rGO) composites were fabricated by mix-
ing active materials including NCS and rGO individually using polyvinylpyrrolidone (PVP) as
a binder to form a homogeneous mixture. Therein, rGO was prepared by modified Hummer’s
method while NCS nanosheets were successfully synthesized by a thermal decomposition method
using 1-dodecanethiol (DDT) as a sulfur source. The NCS-rGO composites based electrode was
then produced using a 3D printing technique making it easy to design electrodes with the desired
shape. The morphology and elemental composition of electrode components are characterized by
energy dispersive X-ray analysis (EDX) and scanning electron microscopy (SEM). The electro-
chemical activity of the NCS-rGO electrode was studied in the three electrode configuration in
6M KOH electrolyte by CV, GCD and EIS measurement. The obtained results indicate that the
combination of NCS nanosheets and rGO could improve the electronic conductivity of individual
materials, enhance the electrochemical performance of the electrode. The as-prepared NCS-rGO
electrode possesses a high Cs, of 1535.8 Fg~' at 4 Ag~" with excellent cycling stability even af-
ter 2500 charge-discharge cycles, demonstrating that they are promising candidate for electrode
material for high-performance energy storage devices in the future.
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I. INTRODUCTION

The serious impacts of global warming, climate change, environmental pollution and the
depletion of fossil fuels have put urgent demands on the development of renewable energy sources
and eco-friendly, advanced energy conversion - storage devices [1-4]. In order to resolve this
problem, supercapacitors (SCs) and lithium ion batteries have been selected as the most promising
candidates for research and development in recent years. Therein, SCs with unique properties such
as higher energy density, faster charge/discharge rates, better cycle stability and longer life time
have attracted tremendous attention and application wider in modern electrical products compared
with traditional batteries and conventional capacitors [2,3,5-8].

According to the energy storage mechanisms, SCs are generally classified into two cate-
gories as electrical double layer capacitors (EDLCs) and pseudocapacitors [9]. In particular, the
main factor, which contributes to the energy storage of SCs is electrode materials. Currently, the
used electrode materials often contain carbon-based components (graphene, active carbon, car-
bon nanotubes), transition metal oxides/hydroxides (Co, Mn, Ru, Ni,...) or conductive polymer
(polyaniline, polypyrrole,...) [10, 11]. However, in recent years, transition metal sulfides (NiS,
CoS, NiCo,S4, MnCo0,S4, etc.) have emerged as the best choice for electrode materials owing to
their high conductivity and electrochemical activity, large capacitance and excellent cycle stability,
exhibiting potential applications in high performance supercapacitor [12]. Among them, NiCo,S4
(NCS) with different nanostructures such as nanoparticles (NPs), nanosheets (NSs), nanorods,. . . is
being considered as a promising electrode material for supercapacitor applications because of its
outstanding electrochemical characteristics. The NCS exhibits stronger reactions compared to
the corresponding single metal sulfides, due to the synergistic effect between cobalt and nickel
with different valence states [13—16]. In addition, when compared to NiCo,04, NCS displays a
higher conductivity because of its lower band gap, especially sulfur ions tend to create more flex-
ible structures than the oxygen ions making charge transportation easier [17-19]. Nevertheless,
the drawback of NCS for practical applications is the complexity of the two step synthesis pro-
cess, resulting in high cost of products [20-23]. Furthermore, the obtained NCS is often prone to
agglomeration, which decreases the capacitive performance. In addition, improving the electro-
chemical stability and rate capability of NCS is still a challenge.

As well known, the introduction of carbon-based materials into active components of the
electrode could enhance the electrochemical performances of SCs [24-26]. Especially, graphene
with 2D structure possesses a large surface area (theoretical value of 2630 m?/g), outstanding con-
ductivity and mechanical properties, the introduced graphene into the electrochemical system not
only improves conductivity, but also play a role as a matrix that facilitates the dispersion of NCS,
preventing the NCS from aggregating, leading to improved electrochemical performance [27,28].
For all the above mentioned reasons, in this paper, we report an effective method to fabricate
NCS-graphene composites as electrode materials and analyze its electrochemical performance for
energy storage applications.
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II. EXPERIMENT

II.1. Chemicals

Cobalt (I) acetylacetonate 99 % (Sigma Aldrich), Nickel (II) chloride hexahydrate 99%
(Xilong, China), oleylamine 70% (OLA), dodecanethiol 98% (DDT),octadecene (1-ODE), nitro-
syl tetrafluoroborate 95% (NOBF,) (Sigma Aldrich), dimethylformamide 99% (DMF) (Xilong,
China).

Graphite flakes (Merck), KMnO4 99.5% (Merck), H,SO4 98%, H>O, 30%, HCI, deion-
ized water, ascorbic acid 99% (Sigma Aldrich), polyvinylpyrrolidone (PVP) (Sigma Aldrich),
n-hexane, ethanol.

I1.2. Fabrication of electrode based on rGO-sulfide nanomaterials

Synthesis of NCS nanosheets: NCS nanosheets were prepared using a modified thermal
decomposition method as reported previously [29, 30]. In a typical synthesis, 8 mmol Nikel (II)
chloride hexahydrate, 16 mmol cobalt (II) acetylacetonate and OLA as a surfactant were mixed
with 30 mL of 1-ODE in a three-neck, round bottom flask and evacuated at room temperature
for 30 min. The solution was then heated to 140°C, where 6 mL of 1- DDT as a sulfur source
was quickly injected. The reaction mixture was then heated to 290°C for 30 min with continuous
stirring. The solution was allowed to cool to room temperature. The NiCo,S4 nanosheets were
washed several times with a mixture of n-hexane, ethanol and centrifuged at 10000 rpm for 5
minutes to obtain a black product. Finally, NOBF4 was used as an exchange ligand to modify the
surface of NiCo,S4 nanosheets. At this time, the NiCo,S4 nanosheets have the ability to disperse
in a polar and hydrophilic solvent such as water, DMF.

Synthesis of reduced GO (rGO): GO was synthesized according to modified Hummer’s
method [31]. Firstly, 0.5 g graphite flake was dispersed into 50 mL H>SO4 (98%), 0.5 g KMnOg4
was then added gradually while stirring and the temperature was controlled at 50 °C. The reaction
mixture was diluted with 150 mL deionized water. After that, 25 mL H,O, was added to the
mixture. The resultant was centrifuged and washed several times with 10% HCI solution and then
with deionized water to obtain GO suspension. Finally, GO was reduced with ascorbic acid to
obtain rGO.

Fabrication of NCS-rGO electrode: The NCS-rGO electrode was fabricated by mixing
90 wt% active materials (including NiCo,S4 NSs and rGO with the ratio of 1:1) and 10 wt%
PVP binder in DMF solvent to form a slurry. The slurry was coated on the graphite paper sub-
strate of 2x 1 cm? as the current collector by a modified 3D printer and kept for drying at around
100°C [30].

I1.3. Characterization

The surface morphology and elemental distribution of the samples were analyzed using
SEM-EDX. The phase structure of the material was determined by XRD.

The electrochemical properties of the supercapacitor electrodes were studied in a three-
electrode configuration system using a 6M KOH solution including the as-prepared NCS-rGO
electrode is used as the working electrode, the counter electrode is a platinum foil, and the refer-
ence electrode is a standard calomel electrode (SCE).

Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of
100 kHz-10 mHz.
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III. RESULTS AND DISCUSSION

II1.1. Morphology and element composition of materials

The morphology and size of as-synthesized products were investigated by SEM technique.
Figure la-c show the SEM images of 1GO, NiCo0,S4 NSs (NCS) and NCS-rGO material, respec-
tively. From the obtained results, it can be seen that the thickness of the rGO sheets is very
thin with a wrinkled silk-like morphology. Meanwhile, Figure 1b indicates the pristine NiCo,S4
nanosheets with the lateral size of 150-250 nm and the thickness approximately 10-20 nm. Fig-
ure 1c shows the good dispersion of NiCo,S4 nanosheets on the rGO surface with high density,
suggesting a great combination between metal sulfides and rGO sheets. Furthermore, NiCo,S4
nanosheets also act as a supporting agent to prevent the re-stacking of rGO sheets and vice versa
rGO sheets are like walls that protect NiCo,S4 nanosheets from agglomeration, thus facilitating
ion transportation during the charged-discharged process, which is beneficial for improving the
electrochemical properties.

The elemental composition of NCS-rGO composite is further investigated by energy dis-
persive X-ray spectroscopy (EDX) analysis, as presented in Figure 1d. From the EDX spectrum, it
can be observed the elements are detected including C, O, Ni, Co, S and Cl, where C, O originate
from rGO and the Cl element comes from the residual chlorine-containing precursor component.
In addition, the Ni:Co atomic ratio of NCS-rGO is virtually 1:2, which is also equivalent to the
initial molar ratio of Ni*>* and Co?* used in the synthesis.

NiCo,S4 nanosheets synthesized by thermal decomposition method, will be surrounded by
organic surfactants. Therefore, to perform the XRD analysis, NiCo,S4 material must be treated
with NOBF,. Figure le shows the XRD patterns of the NiCo,S4-NOBF,. The diffraction peaks
at260 =26.8, 31.6, 38.3, 50.4, 55.3, 65.1 and 69.3 were indexed as the crystal planes (220), (311),
(400), (511), (440), (533) and (444) of NiCo,S4, respectively [14].

IIL1.2. Electrochemical properties

In order to investigate electrochemical behavior of as-prepared NCS-rGO electrode, CV,
GCD and EIS measurements were performed using 6M KOH as electrolyte. Fig. 2a displays
the CV curves of the NCS-rGO electrode at different scan rates from 5 to 100 mVs~! in the
potential window of -0.9-0.1 V (vs. SCE). As can be seen that the CV curves present a quasi-
rectangular shape with a weak redox peak, indicating that the capacitance can be attributed to the
combination of electrical double-layer capacitance and pseudocapacitance mechanism, in which
the redox peak originates from the faradaic reactions occuring with the Co?>*/Co** and Ni>*/Ni3*
ions. Additionally, the symmetrical shape of CV curves in all scan rates exhibits good reversibility
and stability of the NCS-rGO material as supercapacitor electrode. Based on CV curves, the
specific capacitance (Cy,) of NCS-rGO is calculated according to the following equation [32]

__S -1
Cor = 5oy (F&)

ey

where v is the scan rate (Vs~!), m is the mass of the active material (g), AV is the potential window
(V) and S is the area under the CV curve.

The obtained results from Fig. 2b reveal that NCS-rGO electrode provides a high capaci-
tance of 1069.3 F/g at 5 mVs~! scan rate. However the capacitance gradually decreases to 882.7,
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Fig. 1. (a-c) SEM images of rGO, NiCo,S4 NPs (NCS) and NCS-rGO material, respec-

tively; (d) The EDX spectrum of NCS-rGO material with inset showing the percentage of
elements; (e) XRD patterns of the NiCo,S4-NOBF;,.

713.3, 506.4, 343.9 Fg_1 when increasing the scan rate to 10, 20, 50 and 100 mVs~!, respec-
tively. The capacitance drop can be explained that at the higher scan rate, the rate of electrolyte
ions transfer becomes slower, limiting the diffusion of the electrolyte to access the surface elec-
trode [33]. Simultaneously, increasing the scan rate leads to shorter redox reaction time, the redox
reactions within active material occur incompletely, resulting in a decrease in capacitance [34].
Besides, the obvious increase of current density with increasing the scan rate demonstrates a good
rate capability for NCS-rGO electrode.

The specific capacitance of the obtained NCS-rGO electrode was further evaluated by GCD
measurements at various current densities ranging from 4 to 60 Ag~!, as shown in Fig. 2c. As can
be observed the potential drop in discharge curves, which is attributed to the contribution of the
internal resistance of the electrode material. However, voltage drop is negligible at lower current
density. In addition, the discharge time decreases with increased current density ranging from 4 to
60 Agfl. According to the GCD curves, the C, can be acquired as follows [35]

1At

_ -1
Cs _mAV( & )

2

where I represents the discharge current (A) At is the discharge time (s) and m is the mass of the
active material.
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Figure 2(d) shows the Cj, values of the NCS-rGO electrode calculated from the discharge
curves. As can be observed that the Cy, as a function of current density exhibits that the specific
capacitance decreases with corresponding increase in current density, which is due to slow rate
of redox reactions at high current densities [36,37]. Specifically, the NCS-rGO electrode achives
the Cy, values of 1535.8, 1251.3, 1036.1, 954.1, 891.2 and 892.5 Fg_1 at current densities of 4,
8, 16, 25, 40 and 60 Ag~!, respectively. Especially, the NCS-rGO electrode still retained 58%
of initial C;;, value even at a very large current density of 60 Ag~!, indicating the excellent rate
performance of electrode material.
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Fig. 2. CV curves (a) at different scan rates, (b) change in Cy, as a function of the scan
rate, GCD curves at various current densities (c), dependence of current density on Cy,
values of NCS-rGO electrode (d).
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In order to further study the electrochemical characteristic of electrode material, EIS was
performed to investigate charge transfer mechanism at an electrode/electrolyte interface. Fig. 3a
shows the Nyquist plots of rGO, NCS and NCS-rGO electrodes, which were recorded in the fre-
quency range of 10 mHz to 100 kHz, and the equivalent circuit according to the EIS spectra is
shown in the inset Fig. 3a, where R represents the solution resistance; CPE is the constant phase
element accounting for a double-layer capacitance; R, is the charge transfer resistance related to
the Faradic reactions; W is the Warburg impedance coming from the ion diffusion and transport
in the electrolyte [14,38]. As observed from these plots, all the samples consist of two parts, a
semicircle at high frequency and a linear line at low frequency regions. The equivalent series resis-
tance (Ry) values for NCS, rGO and NCS-rGO electrode are 1.24, 1.15 and 1.09 Q, respectively,
indicating the better electronic conductivity of NCS-rGO electrode when compared with NCS and
rGO individually. Furthermore, at the high frequency range, the semicircle of NCS-rGO electrode
with the smallest diameter can be found, which means that the NCS-rGO electrode represents
the lowest charge transfer resistance (R.;). Based on EIS data, R.; value for NCS-rGO, rGO and
NCS electrodes is 0.34, 0.70 and 0.77 Q, respectively. The small R, of the NCS-rGO electrode
illustrates fast ion diffusion and easy electron transport. Besides, in the Nyquist plots, the slope of
NCS-rGO electrode at the low frequency region called as Warburg impedance (W) is greater than
the NCS and rGO electrodes, revealing the better electrolyte ion diffusion within NCS-rGO elec-
trode during the redox reactions, which is a suggestion of an ideal capacitive behavior of NCS-rGO
materials.
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Fig. 3. EIS measurement (Nyquist plot) of rGO, NCS, NCS-rGO samples (a) and cycling
performances of the NCS-rGO electrode at a constant current density of 60 A g~! for
2500 cycles (b).

Electrochemical stability of the electrode is an important factor for energy storage appli-
cation of SCs. For this reason, in this work, the cycling stability of the NCS-rGO electrode was
measured at the constant current density of 60 Ag~!, and the result is presented in Fig. 3b. The
specific capacitance retains 93.4% of its initial value after 2500 charge-discharge cycles, indicating
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excellent cyclic stability of the material. In summary, NCS-rGO electrode displays high specific
capacitance, large rate capability and great cycle stability. This good performance was ascribed to
the synergistic effect between rGO and NCS nanosheets.
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Fig. 4. GCD curves (a) and EIS spectra (b) of NCS-rGO electrodes with different mass

loadings at a current density of 4 Ag~!.

To further study on the electronic conductivity and electrochemical activity of the NCS-
rGO material, the specific capacitance of the NCS-rGO electrode with different material loadings
are evaluated. Fig. 4 shows GCD curves and EIS spectra of the NCS-rGO electrode with different
material loadings at the current density of 4 Ag~!. As can be observed from Fig. 4b, R, value is
nearly unchanged while R.; increases with increasing material loadings. This is consistent with
the decrease in C;, value obtained from the discharge curve presented in Fig. 4a. However, the de-
cline of the Cy, value is negligible, demonstrating the good conductivity and high electrochemical
activity of the NCS-rGO material, indicating that NCS-rGO material is suitable for the electrode
material of supercapacitor.

IV. CONCLUSIONS

In summary, NiCo,S4-rGO nanocomposites were successfully fabricated through a simple,
easy to scale-up approach in laboratory conditions. The obtained NiCo,S, is spherical with the
size of hundreds of nanometers while we obtained a sheet-like NiCo,S4 structure, which is benifi-
cial for transportation and anchoring of charged ions during the charged-discharged process. The
as-prepared NiCo,S4-rGO material revealed the outstanding electrochemical behaviors such as
good rate capability, a high specific capacitance of 1535.8 Fg~! at the current density of 4 Ag~!,
excellent cycling stability with 93.4 % of initial capacitance retention at the high current density
of 60 Ag™! after 2500 charge-discharge cycles. The results are approximately equal to, even supe-
rior to the results of reported papers previously [39—43]. It obviously indicates the great potential
of NiCo,S4-rGO composite as electrode materials for the next generation electrochemical energy
storage devices.
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