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Abstract

In this study, rGO/NiCo,Ss composite materials were successfully synthesized by
hydrothermal method. The properties of obtained materials were systematically
characterized using XRD, SEM, EDX, and Raman techniques. The electrochemical
performance of the materials was evaluated through cyclic voltammetry (CV) and
Galvanostatic charge-discharge (GCD) measurements. The results show that the
supercapacitor fabricated using rGO/NiCo,04 could store energy using both double-layer
and pseudocapacitor mechanisms with outstanding electrochemical properties. The specific
capacity was up to over 2000 F/g at scanning speed of 10 mV/s or 1200 F/g at a current
density of 1 A/g, which is 200-250% higher than the specific capacity of NiCo,S4 materials.
This result demonstrates that rGO/NiCo,Ss material is a potential electrode material for
supercapacitor applications.
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1. Introduction

One of the promising future energy storage technologies is supercapacitor. It is
well-known that supercapacitors have a lower energy density than batteries, while their
power density is substantially higher. In addition, supercapacitors have several
advantages over batteries, including longer lifetime and cheaper manufacturing costs.
Of note, the electrochemical properties of supercapacitors are highly dependent on the
electrode materials. Based on operating principles of supercapacitor energy storage, the
electrode materials could be categorized into two types. The first type is the
electrochemical double layer (EDLC) active materials, in which charge storage is
dependent on the absorption/desorption of electrolyte ions at the interface between
electrolyte and electrode. The second type is known as pseudo-capacitive (SP) active
material, which facilitates the storage of electrical energy through a mechanism that
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involves reversible Faradaic redox reactions, and the intercalation/de-intercalation of
ions or molecules into electrode structure [1]. Carbon-based materials, such as graphene
and activated carbon, are typical examples of EDLC-operating materials, which have a
high specific surface area and fast electrolytic ion exchange [1-4]. Meanwhile, transition
metal oxide and transition metal sulfide are chosen as possible SP fabrication materials
because of the variety of oxidation states present in their compounds, making them ideal
for use as SP mechanism supercapacitor electrodes [5, 6].

Regarding the energy storage capacity, the pseudocapacitor materials have a
higher specific capacity than that of EDLC materials, but their charging and discharging
rates are significantly lower. Therefore, a number of studies have been conducted to
enhance the charging and discharging rate of the pseudocapacitor materials. To
overcome this issue, controlling composition and morphology of pseudocapacitor
materials is considered as a simple and effective way. In a recent report, to create an
electrodynamic material for hybrid supercapacitors, J. Cao et al. synthesized a mixture
of nickel, cobalt, and manganese sulfide called NiCoMn-S [7]. As a result, the
NiCoMn-S material exhibited superior electrochemical performance compared to nickel
sulfide (Ni-S), cobalt-manganese sulfide (CoMn-S). Notably, the specific capacity of
NiCoMn-S material was 1322 F/g at the current density of 1 A/g, and it remained
unchanged at 880 F/g when subjected to a current density of 50 A/g. The synergistic
effects of transition metals and the low resistance of the as-prepared electrode materials
are the main reason for this superior electrochemical performance. In another research,
B. T. Al-Abawi et al. did propose a strategy to control the morphology of nickel sulfide
(NiS) on 3D Ni-foam (3DNF) for supercapacitor application [8]. By regulating sulfur
precursor and thiourea concentration, different morphologies of NiS on 3DNF could be
obtained including sheet-like structure, irregular sphere-shaped and uniform spherical
morphology. The electrochemical measurements showed that the interconnected
uniform sphere-shaped NiS on 3DNF had the highest specific capacitance of 694.0 F/g
at 1 A/g with the excellent cycling stability of 88% after 6700 cycles. In short,
composition and morphology often have a great impact on the electrochemical
performance of electrode materials.

In another viewpoint, surface modification by coating or making composite with
conductive materials such as polymers and carbon is also considered an effective
strategy to improve electrochemical efficiency, especially charge-discharge rate [9, 10].
Souvik Ghosh et al. coated NiS> with carbon to simultaneously improve specific power,
speed capacity and cycle efficiency [11]. This study found the optimal ratio between
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carbon precursors and metal sulfides to create electrode materials with uniformly
distributed particle size and lowest resistance, resulting in superior electrochemical
performance. Specifically, the as-prepared electrode could provide an excellent specific
capacitance of 2212 F/g with a current density of 2 A/g. Even at very high current
density of 10 A/g the specific capacitance still reached 2000 F/g.

In this present work, we have successfully synthesized a mixture of nickel-cobalt
sulfide (NiC02S4) on rGO (rGO/NiCo02S4) by hydrothermal method. With the presence
of rGO, the morphology NiCo2S4 was changed from rod-shape to granular shape. The
characteristic properties of the composites were carefully and systematically
investigated through XRD, Raman, SEM, and EDS analysis. Cyclic voltammetry (CV)
and Galvanostatic charge-discharge (GCD) measurements were performed to evaluate
the electrochemical performance of rGO/NiC02Ss. The results show that the
rGO/NiCo0,S4 material has an outstanding specific capacity of up to over 1000 F/g at a
current density of 1 A/g, almost twice as high as that of NiCo.S4 (587 F/g at a current
density of 587 F/g). 1 A/g); maintained 97.5% after 2000 cycles of charging-discharging
continuously at a current density of 2 A/g. In short, we have demonstrated the superior
energy storage performance of the rGO/NiCo2Ss nanocomposite, highlighting its
potential as a high-performance electrode material for supercapacitor applications.

2. Experiments

2.1. Chemicals

Nickel (Il) nitrate hexahydrate (NiNO3z.6H20); Cobalt (Il) nitrate hexahydrate
(CoNO3.6H20); Thiourea (CH4N>S); Hydrochloric acid (HCI), Potassium hydroxide (KOH),
Porous Nikel, Superconducting Carbon (Supper P), Polyvinylidene fluoride (PVDF);
N-methyl-2-pyrrolidone (NMP). All chemicals were supplied by Aladdin Bio-Chem
Technology Co., Ltd. and were of analytical purity, with no further purification required.

2.2. Synthesis of rGO/NiCo0,Ss materials

Graphene oxide was synthesized by the improved Hummer method [12].
rGO/NiCo.S4 materials were then synthesized by hydrothermal method. Specifically,
4.42 g of GO solution was first dispersed in 25 mL water and stirred for 30 min at 80°C
to get solution A. Next, dissolve 1 mmol of Ni(NOs)..6H,O and 2 mmol
Co(NO3)2.6H20 in 15 mL of H20 and keep stirring for 30 min to obtain solution B.
Following this, add solution B slowly to solution A under continuously magnetic
stirring at 80°C for 2 h to obtain solution C. 4.5 mmol Thiourea and 2 mmol NHsF were
then added into solution C and stirred for 30 min to obtain solution D. Finally, solution
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D was transferred into 50 mL Teflon reactor, reaction was carried out at 180°C for 12 h.
After this, let it cool naturally. The obtained material was filtered, washed with water
and ethanol, and dried in vacuum at 60°C for 12 h. For comparison, NiC02Ss materials
were synthesized by the same process as rGO/NiCo2Ss materials but without the
presence of graphene oxide.

2.3. Material characterizations

The crystal structure, morphology and composition of the materials were
determined using X-ray diffraction (XRD Bruker D8) with A (Cu Ka2) = 1.54 A,
Raman spectroscopy (Horiba Jobin-Yvon LabRam HR800 Raman spectrometer) with
the He-Ne laser of 632.8 nm as the excitation source, scanning electron microscopy
(SEM, Hitachi S-48000) equipped with X-ray energy dispersive spectroscopy (EDS).

The electrochemical properties of the composites were evaluated by CV and
GCD. All electrochemical measurements were conducted using Metrohm Autolab
PGSTAT 302N equipped with a 3-electrode system consisting of working electrode,
reference electrode (Ag/AgCl), counter electrode (platinum plate) in 3M KOH solution.
To prepare the working electrode, a homogeneous mixture in NMP solvent is made by
mixing active materials (rGO/NiCo2S4 or NiCo02S4), superconducting carbon and PDVF
with a weight ratio of 8:1:1, respectively. The homogeneous mortar mixture was then
pasted on the nickel foam sheet (0.5 cm x 0.5 cm) and dried in a vacuum oven at 60°C
for 5 h. The mass of active material on the electrode was determined to be 0.4-0.6 mg.

3. Results and discussions

3.1. Structural and morphological characterization

As shown in Fig. 1, the observed diffraction peaks at 26.8, 31.6, 38.2, 50.2, and
55.2 were assigned for the lattice planes of (220), (311), (400), (511), and (440) of
NiC0,S4 materials, respectively. The alignment of these peaks corresponds well to the
characteristic cubic phase of NiCo2S4 (JCPDS # 20-0782), providing evidence that the
synthesis of NiCo2Ss nanomaterials was successful [13] Fig. 1 shows that the
characteristic peaks of NiCo02S4 appeared fully on the XRD spectrum of rGO/NiC0,Ss
materials. However, the diffraction peaks of rGO were not observed, probably because
of the small amount of rGO used. Furthermore, it is well-known that rGO usually
processes a very board weak diffraction peak due to the low crystallinity of graphene
[14, 15]. The XRD diffraction pattern also confirmed the high purity of obtained
materials because there are no diffraction peaks of impurities observed.
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Fig. 1. The XRD pattern of NiCo,Ss and rGO/NiCo2Sa.

Figure 2 shows the Raman spectra of NiC02Ss and rGO/NiCo.S4 materials. The
Raman spectrum of NiCo,S4 shows the the raman peaks at the low wavelength range of
300-700 cm, which are identified as vibration modes of the A-S bond (A = Ni, Co).
Similar signals are also observed in Raman spectrum of rGO/NiCo2Ss materials.
Additionally, the Raman spectrum of rGO/NiCo0,Ss also exhibits the D, G, and 2D
bands of the rGO at about 1353, 1586, 2706 and 2918 cm™, respectively, which is
consistent with the result of the previous studies [16]. Specifically, the D band
corresponds to the vibrations of photons at the defects in the sp? plane. The G band
corresponds to the scattering of photons in the sp? carbon plane and the prolonged
vibration of the C-C bond. The 2D band at 2706 cm™ demonstrates the synthesized rGO
is multilayer [12]. Of note, the strength ratio between the D-band and G-band (D/G) is
the basis for determining the degree of defect and the size of the sp? plane. This high
ratio indicates that the degree of defect is large and the dimension of the sp? plane is
reduced. Fig. 2 illustrates that the D/G ratio of rGO component in rGO/NiC02S4
material is 1.65, which is larger than that of graphene synthesized using the physical
methods (about 0.9 to 1.1). This is because the oxidation of graphite, in addition to
dissection, is accompanied by destruction of the sp? plane leading to a reduced size of
the sp? plane. Furthermore, the reduction of graphene oxide (GO) to rGO increases the
defect density in the sp? plane [12]. In short, the results of Raman analysis agree with
the XRD analysis, confirming that the rGO/NiCo02Ss composite materials are
successfully synthesized composing of rGO and NiCo02Sa.
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Fig. 2. The Raman spectra of NiC0,04 and rGO/NiC0,0..

The morphology of the obtained materials was determined using SEM, which are
shown in Fig. 3. The low and high magnification SEM images (Figs. 3a-3b) show that
the NiCo2S4 had rod-shaped with the aspect ratio of about 50 x 500 nm. Interestingly,
with the presence of rGO during synthezing process, NiCo2Ss was grown differently,
which had the uniform granular shape with a size of about 50 nm (Figs. 3c-3d). The
reason is that when nickel and cobalt precursors were added to the rGO dispersion, the
graphene surface adsorbed Ni?* and Co?* cations through electrostatic interaction.
During the hydrothermal procedure, graphene nanosheets with a large specific surface
area acted as a deposition matrix for NiC02Ss nanoparticles due to their ability to
provide numerous nucleation sites, based on the theory of heteromorphic nuclei [17,
18]. Moreover, graphene nanosheets contain a unique structure with abundant oxygen-
containing functional groups and high binding energy, resulting in the formation of
nanoparticles in the composite [19]. The incorporation of a graphene network into the
composite is expected to significantly enhance its electrical conductivity, which
consequently improve the electrochemical perfomance of supercapacitor electrode.
Notably, the rGO layer was clearly observed and resembles crumpled paper, which is
probably because GO was synthesized using the strong oxidizing agent and the
formation process was affected by agitation.

The chemical composition of the asprepared materials was investigated using
EDS analysis. Fig. 4 shows the existence of Ni, Co, S and O in NiC02S4 nanomaterials,
while rGO/NiCo2Ss materials shows the signal of Ni, Co, S, O and C. Of note, the
presence of O element in both NiCo02Ss and rGO/NiCo02Ss materials was probably
because of the absorption of moisture during sample preparation. The atomic
composition ratios of Ni, Co, and S in NiCo,S4 and rGO/NiCo0.S4 materials are close to
the empirical formula of NiCo02S..
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Fig. 3. The SEM images at (a) low and (b) hlgh magnlflcatlon of NiCo,Ss and SEM images

at (c) low and (d) high magnification of rGO/NiCo,Sa.
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Fig. 4. EDS analysis of (a) NiC0,S4 and (b) rGO/NiCo,S..
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3.2. Electrochemical properties

The mechanism and energy storage capacity of the NiCo2Ss and rGO/ NiC02S4
were determined using CV scanning at the applied voltage ranging from 0 to 0.5 V and
different scanning speeds of 10, 20, 40, 60, 80 and 100 mV/s. Fig. 5a shows the CV
curve of rGO/ NiCo2S4 exhibits larger area compared to that of NiCo2Sa4, suggesting that
the electrical energy storage capacity of rGO/NiCo2Ss material is higher. The redox
peaks were clearly observed in both obtained materials, which indicates redox reaction
would play an important role in energy storage mechanisms. The pair of redox peaks in
the CV curve of NiCo2Ss and rGO/NiCo.S4 were determined to correspond to the
Fraday reaction between M-S/M-S-OH (where M is Ni, Co) [20]. Figs. 5b-5c¢ show the
CV curves of NiC02Ss and rGO/NiCo,S, at different scanning rates, where the redox
peaks of the materials are not shifted when the scanning speed is increased. This is
evidence that the electrochemical reaction occurs on the surface at a fast rate, without
electrode polarization and the process is almost ideally reversible [21].
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Fig. 5. (a) The cyclic voltammetry curves of NiCo,Ss and rGO/NiCo0,S, at the scanning rate
of 10 mV/s; The cyclic voltammetry of (b) NiCo,S.s and (c) rGO/NiCo,S, at different scanning
rates; (d) The calculated specific capacities at different scanning rates.
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The specific capacity of the material was determined from the cyclic voltammetry
curves. The result shown in Fig. 5d indicates that the specific capacities are decreased
with increasing scanning speed, which is related to the nature of the redox-based energy
storage process limited by the reaction kinetics. By comparing storage capacity at the
same scanning speed, rGO/NiCo2Ss materials exhibited a higher specific capacity than
that of electrode materials fabricated using NiCo02S4 materials only. Specifically, the
rGO/NiC0,S4 material had a maximum net capacity of 2000 F/g at 10 mV/s, which is
250% higher than that of NiCo2S4 (800 F/g).
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Fig. 6. (a) The GCD line of NiCo,Ss and rGO/NiCo2S4 at 1 A/g; The GCD line of (b) NiCo254
and (c) rGO/NiCo,S, at different current density; (d) the calculated specific capacity of NiC0,S4
and rGO/NiCo3S; at different current density.

GCD analysis for all material samples was performed in 3M KOH solution with
current densities from 1 to 10 A/g while the applied voltage varied from 0 to 0.42 V.
Fig. 6a shows the GCD curve of NiCo2Ss4 and rGO/NiCo.Ss materials at a current
density of 1 A/g, which indicates that the charge-discharge time of rGO/NiC02S4
materials took longer corresponding to the higher specific capacity. Figs. 6b and 6¢
show that all GCD lines have a voltage plateau (horizontal part) on the charge and
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discharge lines at the voltage range corresponding to the redox peak observed on the CV
line. The concordance of observed results on CV and GCD curves is an important basis
to confirm that the energy storage mechanism of all materials is based on redox
reaction. The specific capacities of the materials are calculated from the GCD curves
shown in Fig. 6d. Like the CV analysis results, due to the limitation of the reaction
kinetics, the specific capacities of all materials decrease with increasing charge-
discharge current density from 1 to 10 A/g. Specifically, the maximum/minimum
specific capacities of NiC02S4 and rGO/NiCo2Ss materials are 578/304 and 1210/560
F/g, respectively. The superiority in energy storage capacity of rGO/NiC02S4 materials
over NiCo2Ss materials was determined due to the simultaneous resonance effect of
both EDLC and PS energy storage mechanisms in rGO/NiC02S4 materials.

Finally, the electrode performance of rGO/NiCo02S4 in our study, as demonstrated
in Table 1, is comparable to other studies that utilized NiC02S4 and their composite with
carbon or graphene.

Table 1. Comparison of electrochemical properties of electrode materials ultilizing
NiCo,S4 and their composite with carbon or graphene

Electrode materials Methods Electrolyte Cs Reference
. drothemnal 1000 F g [22]
NiCo2S4 Hydrothema 1M KOH at1Ag!
. 1455 F g 23
Carbon@NiCo,Ss-H Hydrothemal 6M KOH g [23]
at1Ag
b . drothemal 7389 F g* [23]
Carbon@NiCo0,S4 Hydrothema 6M KOH at1Ag!
NiSIFGO i Hydrothermal 3M KOH 053Fg° [24]
iS/rGO composites ydrotherma at 0.5 A gl
NiC02S4/GNS Hydroth I 1M KOH 1063 F 9" 18
1C0254 ydrotherma at2 A g [18]
NiC02S,-rGO Hydroth I 6M KOH 107 Fo” 2
iC02S,-r ydrotherma at1Agh [25]
. 1 26
Sandwich-type Hydrothermal oM KOH 2003F g (2]
NiC028:@rGO atlAg?
NiC0,5,@rGO/rGO Hydrothermal 6M KOH 1100.0F g™ at [27]
film electrode 1Ag!
NiC0,S;@NiC0,04 core@ Hydrothermal 6M KOH 15900 F g at 28]
Shell on rGO sheet 5A¢g"
-1
NiC0,S./rGO Hydrothermal 2M KOH %63Fg [29]
atl1Ag!
-1
rGO/NiC0,S, Solvothermal 3M KOH 1345Fg This work
at2 Ag?
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4. Conclusion

In this study, rGO/NiCo,S4 composite was successfully synthesized using hydrothermal
reaction. Thanks to the resonance effect of EDLC and PS mechanism, rGO/NiC0,Ss
composite had superior electrochemical properties compared to that of the single-component
NiCo2S4. Consequently, rGO/NiCo.Ss composite had a maximum specific capacity of up to
2000 F/g at a scan rate of 10 mV/s or 1200 F/g at a current density of 1 A/g, which is double
of that of NiCo,S4. Based on these results, it is suggested that rGO/NiCo2S4 composite is a
potential material for supercapacitor electrode applications.
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TONG HOP VA NGHIEN CUU TiNH CHAT PIEN HOA
CUA VAT LIEU COMPOSITE rGO/NiCo0,S4
UNG DUNG LAM PIEN CUC SIEU TU

T6 Van Nguyén?, Duong Minh Tuan?, Pham Viét Linh?, Lé Thi Vinh Hanh?,
Tran Vi Sinh?, Lé Xuan Duong?, L& Thé Son?, Pham Manh Thao?
@Khoa Hoa - Ly ky thudt, Pai hoc Ky thudr Lé Quy Pon

Tém tit: Trong nghién ctru nay, vat liéu composite rGO/NiCo,S, duge tong hop thanh
cong bang phuong phap thuy nhiét. Cac tinh chat cua vat liéu thu duge duge nghién ctru mot
cach co hé théng béng cac ky thuat XRD, SEM, EDX, Raman. Tinh chét dién hoa cua vat liéu
dugce danh gia thong qua phép do dién thé tuan hoan (CV) va phép do phong dién tinh dién
(GCD). Két qua cho thy siéu tu dién duoc ché tao bang rGO/NiC0,04 ¢6 thé luu trit ning
luong bang ca co ché hai 16p va gia tu dién voi cac dic tinh dién héa vuot troi. Dung lugng
riéng 1én téi hon 2000 F/g & tde do quét 10 mV/s hoac 1200 F/g & mat do hién tai 1 A/g, cao
hon 200-250% so véi cong suat riéng cua vat lidu NiCo,Ss. Két qua nay cho thdy vat lidu

rGO/NiC0,S, 14 vat liéu dién cuc tiém ning cho cac ing dung siéu ty dién.
Tir khéa: Siéu tu dién,; NiC0,S4; graphen oxit.
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