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1 Introduction

In the past decade, more and more nature issues have
received increasing attention, such as climate change,
species extinction, sea-level rise, and so on, which
owned to the gradual increase in the greenhouse
effect and the depletion of fossil fuels [1]. A clean,
safe, efficient, and convenient energy alternative to
fossil fuels is urgently needed [2, 3]. Recently, con-
verting clean and renewable resources such as solar
energy, wind energy, and tidal energy into electric
energy has become increasingly popular. The rapid
development of electric energy storage devices pro-
vides a convenient, efficient way for storing and
conversing electrochemical energy [4, 5]. Superca-
pacitors have drawn much attention, owned to their
fast charge and discharge rates, long-term cyclability,
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and balance of energy density and power density
have outstanding performance among electrochemi-
cal energy storage devices [6, 7]. Supercapacitors rely
on two charge storage mechanisms, which are electric
double layer capacitance(EDLC) and pseudocapaci-
tance [8]. The difference is that the former adsorb
charges at the interface between electrodes and elec-
trolytes, and the latter undergo fast reversible redox
reactions between electrode materials and electrolyte
ions [9]. Carbon-based materials are the earliest
electrode materials used in supercapacitors, and their
high conductivity, huge specific surface area, com-
plex pore structure, and stable physical and chemical
properties are the main reasons why carbon-based
materials are typical representatives of EDLC [10],
but it is also widely known that carbon-based elec-
trode materials have varying degrees of
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shortcomings, such as low capacitance, the complex
synthesis process, high cost, and low yield of carbon
nanotube (CNTs), carbon fiber (CFAs), and thin layer
graphene [1, 11].As for transition metal compounds
as a typical representative of pseudocapacitance have
been regarded as ideal electrode material in the
future because of their various valence states, rich
natural reserves, and high capacitance performance,
but low electrical conductivity of oxides and
hydroxides dominated by manganese-based, molyb-
denum-based, cobalt-based, nickel-based, and other
elements lead to good rate performance and cycle
performance cannot be obtained [12]. Therefore, the
preparation of electrode materials with superior
performance, low price, and high conductivity is still
a challenge and the future research focus is the per-
formance coordination between carbon-based mate-
rials and transition metal compounds.

In recent years, cobalt sulfide, nickel sulfide, and
nickel-cobalt-sulfur ternary transition metal sulfides
as new electrode materials for electric energy storage
have become a hotspot [13-15]. The reason is that
sulfur has a lower electronegativity than oxygen,
which gives sulfides a more flexible structure, richer
redox reactions, and higher electrical conductivity
than oxides [16]. Among these metal sulfides, NiS is
considered a potential electrode material for super-
capacitors, perhaps due to its high theoretical
capacity (590 mAh/g), rich redox reaction active
sites, low cost, and environmental friendliness
[13, 17]. Ni(OH), microflowers was utilized by Zhao
et al. [16] as a precursor to synthesize NiS
microflowers by adjusting the vulcanizing time. This
electrode resulted in a high specific capacitance of
13154 F/g at 1 A/g. Hu et al. [18] prepared B-NiS
microspheres via controlling the hydrothermal reac-
tion time for 3 h with a high specific capacitance of
313.1 mAh/g at 1 A/g. Due to the aggregation
between the active materials, the further improve-
ment of the electrochemical property of the single
sulfides is difficult, which reduces the utilization rate
of the active materials.

What's more significant, conductivity, redox
activity, morphology, and structural stability can also
affect the electrochemical properties of sulfides [19]
but which can be optimized by compositing with
carbon-based materials [20]. Wu et al. [21] synthe-
sized hybrid composites consisting of NiS and Zeo-
litic-imidazolate frameworks derived from porous
carbon (ZIFs-C), which displayed 1827 F/g at1 A/g.
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CNFs-NiS electrode was obtained through wrapping
carbon nanofibers with NiS by Xu et al. [13], which
exhibits high capacitance retention of 88.7% after
5000 cycles at 1 A/g.

With the discovery of many excellent properties,
graphene has swiftly become an indispensable means
to improve the properties of materials. But during
preparing graphene by the modified Hummer’s
method, will produce about 72% graphene residual
carbon (GR). The direct discard of GR will pollute the
environment and cause a waste of resources because
of its acidic nature. But, the recovery and utilization
of these resources are rarely studied. Compared with
the pure NiS (537.8 F/g at 1 A/g), the synthesized
5NiS/GR electrode not only shows higher specific
capacitance (774 F/g at 1 A/g), but the rate perfor-
mance (78.1% retention after current density increa-
ses to 10 A/g) and the cycle performance (77.2%
capacitance retention after 1000 cycles at 5 A/g) have
improved when introducing the 5% content of GR
into NiS. The enhanced electrochemical behaviors are
mainly due to the 5% content of GR in the composite
electrode (5%, 10%, and 15%) provides NiS nano-
materials more nucleation sites and proper disper-
sion of NiS and increases the active specific surface
area of its contact with the electrolyte and promotes
the reaction.

2 Results and discussion

2.1 Phase and morphology analysis
of the sample

Figure 1 demonstrates the XRD patterns of GR, NiS,
and three groups of NiS/GR composite (5%, 10%,
and 15%). For the GR sample, a broad peak at ~25°
corresponding to the (002) plane of graphite carbon,
indicating that GR is amorphous carbon. The detec-
ted peaks of NiS sample at 20 = 18.40°, 30.26°, 32.18°,
35.66°, 37.34°, 40.42°, 48.80°, 50.10°, 52.60°, 56.22°,
57.40°, 59.64°, 72.52°, 75.58°and 79.66° corresponding
well to the (110), (101), (300), (021), (220), (211), (131),
(410), (401), (321), (330), (012), (312), (042), and (440)
planes of NiS (PDF#12-0041), respectively. The XRD
profile of three groups of NiS/GR shows detected
peaks at 29.98°, 34.48°, 45.67°, 53.23°and 72.70° are
indexed to the (100), (101), (102), (110) and (202) faces
of NiS (PDF#77-1624), respectively. Further, a broad
peak at ~25° corresponding to graphite carbon can
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Fig. 1 XRD pattern of GR, NiS, 5NiS/GR, 10NiS/GR, and
15NiS/GR

be proved in the XRD patterns of NiS/GR. The XRD
result shows that the addition of GR has a certain
effect on the crystal structure of the NiS, which
changes the NiS crystal phase from R3m (160) to R3m
(160) and P63/ mmc (194) mixed crystal phase. The
peak intensity of three groups of NiS/GR composite
samples is significantly lower than that of pure NiS,
indicating that the introduction of GR decreases the
proportion of NiS because of the addition of GR (5%,
10%, and 15%) that reduces the peak intensity of NiS
[22, 23].

The morphology of all obtained samples is char-
acterized by SEM. As shown in Fig. 2a, GR shows a
folded tulle shape with a rugged surface and a multi-
layer morphology. From Fig. 2b, the prepared NiS
exhibits a micronflower structure with a diameter of
4 um, formed by the aggregation of micronrods with
a diameter of 2 pm. To compare with the NiS, con-
firming that the morphology of NiS/GR under
introducing GR has changed. From Fig. 2c-e, nano-
sphere NiS with a diameter <1 pm and distributed on
the GR surface. The SEM indicates that the addition
of GR not only transforms the morphology of NiS
particles but also reduces its size and makes it dis-
tributed. The change of the morphology is equal to
the surface-active site, which will affect the contact
between the electrode material and the electrolyte,
which could bring different influences on the specific
capacitance or other electrochemical properties.
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The TEM images of NiS/GR in Fig. 3a, b illustrate
that black NiS evenly wrapped by the transparent
GR, and the diameters~200 nm of these NiS nano-
spheres. From the HRTEM diagram of NiS/GR in
Fig. 3c, lattice fringes on the NiS. The d-spacing of
NiS belonging to the (101) plane is 0.26 nm. Addi-
tionally, the selected area electron diffraction (SAED)
pattern (Fig. 3d) reveals these rings indexed to
PDF#12-0041 (yellow) and PDF#77-1624 (red),
respectively, indicating the crystalline nature of the
NiS/GR electrode, which is accordance with the XRD
result.

2.2 Electrochemical performance analysis

Galvanostatic charge/discharge (GCD) curves of
5NiS/GR, 10NiS/GR, and 15NiS/GR compared with
NiS at a current density of 1 A/g are shown in
Fig. 4a. As you can see, the charge/discharge dia-
grams show a platform in the range of 0.35 to 0.45 V,
manifesting the presence of Faradaic reactions of the
electrodes, displaying the pseudocapacitance behav-
ior. The discharge time of 5NiS/GR and 10NiS/GR
electrode are higher than NiS electrode. It is note-
worthy that the discharge time of 5NiS/GR is longer
than others. This result shows that the addition of GR
has no impact on the pseudocapacitance of NiS in
NiS/GR, and can improve the specific capacitance
when adding a certain content of GR, which should
be associated with the enhancement of electrical
conductivity. The calculated specific capacitance is
774 F/g, 724 F/g, 510 F/g, and 537.8 F/g at 1 A/g
for 5NiS/GR, 10NiS/GR, 15NiS/GR, and NiS by
formula 6, respectively. GCD testing results demon-
strate that the importance of a suitable amount of GR
can promote the specific capacitance of the electrode,
and the excessive addition of GR could decrease the
load of NiS on the electrode material [24].

Cyclic voltammetry (CV) curves of all obtained
samples are shown in Fig. 4b. Comparing the
enclosed CV curve area among these electrodes,
which shows 5NiS/GR is the largest, indicating that
the specific capacitance of 5NiS/GR is the highest.
Furthermore, it can be seen from the image that the
presence of reversible redox peaks in the CV curves
of NiS and NiS/GR, indicating that the exchange of
electron. These redox peaks can be related to the
conversion of Ni** to Ni’*. According to the
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Fig. 2 SEM images of a GR, b NiS, ¢ 5NiS/GR, d 10NiS/GR and e 15NiS/GR

Fig. 3 TEM images (a, b and
¢) and SADE image of NiS/
GR

reference [25], it is inferred that the redox reaction
occurs in the current peak region as follows.

NiS + OH~ < NiSOH + ¢~ (1)

To further investigate the electrochemical perfor-
mance of the 5NiS/GR electrode, CV tests are con-
ducted at different low scan rates, as shown in

(@

Fig. 4c. Cyclic voltammetry curves maintain almost
the same shapes when scan rates increase from 2 to 8
mV/s. Furthermore, the anodic peaks shift to high
potential, while cathodic peaks shift towards low
potential, as a direct consequence of different scan
rates can’t match the ion diffusion rate in the elec-
trolyte. With the increase of the scan rate, the
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Fig. 4 a GCD curve at 1 A /g, b CV curve at 20 mV/s, ¢ CV curves of SNiS/GR at different scanning rates, NiS and NiS/GR. d Nyquist
plots and Bode plots of phase angle versus frequency, e Multiplier performance testing, f Cycle performance testing

utilization rate of the active material is limited as the
redox reaction takes place only at the surface of the
electrode material. As a result, the specific capaci-
tance decreases with the increase of the scan rate [26].
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The Electrochemical impedance spectroscopy (EIS)
study is an important technology to understand the
reaction kinetics between electrode and electrolyte, as
shown in Fig. 4d. Generally, the Nyquist plot can be
divided into two parts, a straight line in the low-
frequency and a semicircle in the high-frequency. The
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intercept of the semicircle on the real axis in the high-
frequency region designates the solution resistance
(Rs) of the electrolyte. The diameter of the semicircle
corresponds to the charge transfer resistance (R.) of
the electrode material. The slope is associated with
the diffusion resistance or the Warburg impedance
(W) [27, 28]. The high-frequency incomplete semi-
circle indicates a large electroactive surface area, high
conductivity, and low value of charge transfer resis-
tance [29]. The equivalent circuit model and the fit
values are shown in the inset and Table 1, respec-
tively. 5NiS/GR has the lowest R, value and the
fastest electrolyte ion diffusion rate (smaller W-T),
indicating that introducing the proper content of GR
can improve the conductivity of NiS. Combined with
the SEM image, the existence of GR and the good
dispersion of NiS increase the active surface area of
contact with the electrolyte, which indicates a posi-
tive synergistic effect between NiS and GR that leads
to superior electrochemical performance. Further-
more, in the Bode plots (inset of Fig. 4d), the char-
acteristic frequency at the phase angle of 45 °of 5NiS/
GR, 10NiS/GR, and 15NiS/GR are determined to be
31.6, 26.1, and 14.7 Hz, corresponding to the time
constant T of 0.0316, 0.0383, and 0.0680, respectively.
The smaller time constant t of the 5NiS/GR electrode
indicates the ultrafast frequency response, again
confirming the efficient charge transport of 5NiS/GR
during the charge and discharge process [30].The
relationship between specific capacitance and current
density (1, 2, 5, and 10 A/g) in Fig. 4e. The rate
capability (retention after current density increases to
10 A/g) of NiS, 5NiS/GR, 10NiS/GR, and 15NiS/GR
electrodes are 74.7%, 78.1%, 63.0%, and 72.0%,
respectively. It may be due to the proper content (5%)
of GR improve the rate capability of NiS electrode.
The cycling stability of electrodes is a key factor for
its practical applications. As shown in Fig. 4f, both
NiS and 5NiS/GR exhibit good excellent cycling
stabilities, 71.3% and 77.2% of initial specific

Table 1 Fitting Nyquist values of NiS/GR

R, Ry W-R  WT W-P

5NiS/GR 1.21 0.432 2.74 0.0286 0.355
10NiS/GR 1.18 0.480 3.22 0.0292 0.353
15NiS/GR 1.25 0.509 3.727 0.032 0.430
NiS 0.791 0.801 1.67 0.00140 0.429
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capacitances were still retained at the current density
of 5 A/g after 1000 cycles, which indicates that 5%
content of GR could improve NiS/GR electrode
cycling stability. Obviously, in the first 200 cycles, the
capacity change of the NiS electrode is similar to the
5NiS/GR electrode, and the specific capacitance of
pure NiS attenuates rapidly when the cycles increase
to 400. The possible reason for this phenomenon is
that active material (NiS) falls off during the cycle,
resulting in a decrease in the number of active
materials involved in energy storage in the subse-
quent charge and discharge. It shows that the addi-
tion of GR is helpful to improve the cyclic stability of
the electrode through immobilizing active materials.
The specific capacitance of this work presents well
than previous literature on similar nickel sulfides
composites (Table 2).

To further explore the kinetic analyses of 5Ni5/GR
electrodes based on CVs [38]. The charge storage
mechanism can be divided into two core processes:
capacitive contribution and diffusion-controlled
contribution. According to formula 2, the relationship
between peak current (i) and scan rates (v) can be
described.

The slope of the fit line is calculated by log (v)-log
(i) to determine the b values [39]. The b values at
various scan rates could reveal the kinetics [40].
Generally, the material mainly stores energy through
charge adsorption (capacitive contribution) could be
ascribed when the b values are close to 1. While the
material energy storage is realized through the
intercalation/deintercalation of electrolyte ions in the
electrode material (diffusion-controlled contribution),
the b values tend to 0.5 [41]. The b value of the 5NiS/
GR electrode is 0.52 (as shown in Fig. 5a), which
shows that the main form of energy storage is more
inclined to diffusion-controlled contribution. In
addition, the proportion of capacitive contribution to
the total capacitance can be determine quantitatively
according to the following formula 3

logi = b x logv + loga (2)

I (V) represents the current response at a fixed posi-
tion in formula 3, v represents the scanning rate, and
kyv and kyo'/? are associated with the capacitive and
diffusion-controlled contribution, respectively [42].
By drawing the fitting lines of I (V)/ 0202 at var-
ious potentials, the slope and intercept of the fit lines
can be calculated, which correspond to k; and k;,
respectively. Using these series of k; and k, values,
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Table 2 A comparison
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table of the capacity of NiS/ Material Electrolyte Current density Specific capacitance (F/g) References

stﬁz?affizgssﬂlt;g:res NiS/PEDOT: PSS-5 2M KOH 1.1l A/g 722.41 [31]
NiO/NiS 3 M KOH 1 Alg 386.7 [32]
CuS/NiS 1 M KOH 1 Alg 122 [33]
NiS/C-dot 2 M KOH 2 Alg 880 [34]
NiO/NiS@CNT 1 M KOH 1 Alg 809.7 [35]
NiS/rGO 2 M KOH 1 Alg 715.68 [36]
NiS/RGO 1 M KOH 1.1 A/g 305 [37]
5NiS/GR 1 M KOH 1 Alg 774 Fig This study
10NiS/GR IMKOH 1Alg 724 Flg This study
15NiS/GR IMKOH 1Alg 510 F/g This study

the p.rop(?rtion of capacitive a.nd diffusion—f:ontrolled q(v) = oo + ko172 (4)

contributions can be determined, respectively. The

red part represents the capacitive contribution of the ~ Where “q” is the amount of charge at various scan

5NiS/GR electrode at different scan rates from 2 to 8
mV/s in Fig. 5b—e. The summary diagram of capac-
itive contribution as shown in Fig. 5f, some conclu-
sions as obtained: (1) the capacitive contribution is
21.3% at the scan rate of 2 mV/s. (2) with the increase
of scan rates, the proportion of capacitive contribu-
tion increases, which are 25.8%, 30.9% and 35% at the
scan rate of 4, 6 and 8 mV/s, respectively. The
smallest capacitive contribution percentage at the
lowest scan rate indicates that diffusion-controlled
contribution is in charge. The diffusion-controlled
contribution occurs in the region of redox peaks,
which is directly related to the Faraday reaction rate.
It may be because the electrolyte ions have enough
time to through the bulk of the electrode material to
reach the surface of the electrode material for energy
storage when scan rate is low. Therefore, it shows
that the 5NiS/GR electrode material is essentially a
battery-type material, but it emerges pseudocapaci-
tive behavior after its size reduce [43].

The amount of charge stored at outer surface of the
electrode (g,) and inner surface of the electrode (g;)
can be quantified using Trasatti [44]. The total charge
stored (g7) is a summation of “g,” and “g;” as follows
[45, 46]:

qr = qi +qo (3)

4

where “q,” is related to the capacitive contribution
process, which is not affected by the scan rates [47].
However, “g;” is associated with the diffusion-con-
trolled contribution process. To show the relationship
between the total charge stored and scan rates using

the following formula [45, 46].

@ Springer

rates, “kv~!/2” represents the amount of stored charge

due to diffusion-controlled contribution (“k” is con-
stant), and “q..” represents the charge storage at high
scan rate. By drawing the fitting lines of “v'/?” vs.
“q~'”and “v ~'/?" vs. “q”, the values of “qr” and “q,”
can be obtained, respectively. When v —0, the value
of “qr” can be calculated by the intercept of the fitting
line on the axis (“qr” = 5459 C/g), as shown in
Fig. 5 g. While, from Fig. 5 h, when v - o0, “q,” can
also be given by the intercept of the fitting line on the
axis (“q,” = 445 C/g). According to formula 4, it
shows that the “q;” of the electrode material is
5014 C/g. Thus, it claims that the energy storage of
5NiS/GR materials is mainly diffusion-controlled
contribution.

3 Conclusions

This study reports a novel nickel sulfide composite
synthetic strategy that graphene residual carbon (GR)
is used for carbon substrate to synthesize NiS/GR
composites by hydrothermal method. A series of
characterization indicate that 5% content of GR play a
significant role in improving electrode electrochemi-
cal performance among various GR content (5%, 10%,
and 15%). We pointed out three reasons to explain
this result. (1) In terms of phase composition, the
addition of GR will reduce the crystallinity of NiS. (2)
In terms of morphology and structure, the addition of
GR will change the micronflower-like NiS particles
into nanospheres and reduce the particle size, which
apt to expose more surface-active site. (3) In terms of
electrochemical performance, the 5NiS/GR electrode
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«Fig. 5 alogv - log i, b—e Contribution of surface capacitance to
total charge storage at different scanning rates, f Comparison of
charge storage at different scan rates, g-h The relationship
between the stored charge and scan rate, g v 1/2vs. g -1, hv -
1/2 vs. q

exhibiting the highest specific capacitance (774 F/g at
1 A/g), good rate capability (78.1% retention after
current density increases to 10 A/g) and good
cycling performance (77.2% capacitance retention
after 1000 cycles at 5 A/g), which indicate that the
addition of 5% content GR can immobilize active
materials during long-term cycling performance test
and improve conductivity of NiS electrode. Through
quantitative kinetic analyses, it shows that the energy
storage of 5NiS/GR materials is mainly the diffusion-
controlled contribution.

4 Methodology section

Main chemicals including graphite powder, nickel
acetate, thiourea, and trisodium citrate are used
without any further purification.

4.1 Preparation of graphene residual
carbon

The synthesis of graphene residual carbon can be is
divided into a two-step: carbonization of graphene
residue prepared via modified Hummer's method
and activation. In the first step, the dried graphene
residue was pre-expanded at 170 °C for 30 min. Then,
graphene residue is placed in a corundum boat and
annealed to 800 °C for an hour in the N, atmosphere
with a ramping rate of 5 °C/min. The next pathway is
too active graphene residue by KOH treatment. The
KOH powder and the carbonized graphene residue
are dried and mixed in the weight ratio of 3:1. Then,
the mixture is placed in a corundum boat then heated
to 400 °C at a ramp rate of 5 °C/min and maintained
for an hour in the N, atmosphere with ramping rate.
Next, maintain the boat at 800 °C for an hour. After
the whole process, the boat is left to room tempera-
ture by cool naturally. Finally, the obtained sample is
washed with 3 M HCI and DI water to remove the
impurities and dried at 150 °C for 2 h. The final dried
product is marked as GR.
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4.2 Synthesis of NiS/GR

Three different NiS/GR composites are synthesized
as follows: nickel acetate (4 mmol), thiourea, and
trisodium citrate in the weight ratio of 1:7:4 are mixed
with 50 mL DI water in a glass bottle and magnetic
stirring for an hour, followed by addition of GR,
which have dissolved in 20 mL deionized water for
4 h. Then magnetic stirring for an hour, again. The
mixture is shifted into the autoclave then heated at
200 °C for 12 h. After cooling naturally to room
temperature, the precipitate is collected and washed
to neutral with DI water, followed by freeze-dried for
48 h. The final composites are obtained and named as
5NiS/GR, 10NiS/GR, and 15NiS/GR, respectively,
depending on the weight ratio of GR (5%, 10%, and
15%). To confirm the effect of the addition of GR on
the electrochemical performance of NiS, pure NiS is
obtained at the same conditions named as NiS.

5 Characterization

5.1 Structural and morphological
characterization

The crystalline structure of samples is investigated
using X-ray diffraction (XRD-6100) at 40 kV with Cu
Ko (4 = 1.54 A) radiation at 20 angles from 5° to 80°.
The surface morphology of the samples is examined
by scanning electron microscope (Hitachi TM3030)
and transmission electron microscope (JEOL2100F).

5.2 Electrochemical measurements

Electrochemical characteristics are carried out by
CHI660E electrochemical workstation (Chenhua,
Shanghai). The working electrode is prepared by
mixing 80 wt% of active material (Ni5/GR or NiS), 10
wt% of acetylene black, and 10 wt% of polyvinyli-
dene fluoride to form a slurry. The slurry is covered
with Ni foam (1 x 1 ecm?) and dried at 60 °C. The
electrochemical performance of working electrodes
include cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impe-
dance spectra (EIS, 5 mV amplitude in a frequency
range of 1 Hz-100 kHz) are characterized using a
traditional three-electrode configuration in 1 M KOH
solution. The platinum foil (1 x 1 cm?) and Hg/HgO
electrode were used as the counter and reference
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electrodes, respectively. The specific capacitance can
be easily calculated by the following equation:

Cmn=1xAt/(mx AV) (5)

where Cp,, I(A), At(s), m(g), AV represent the specific
capacitance (F/g), discharge current (A), discharge
time (s), designated mass (g) of the active materials,
and voltage change (V), respectively.
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