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Novel Composites between Nano-Structured Nickel Sulfides and
Three-Dimensional Graphene for
High Performance Supercapacitors

Xiaomin Wang", Huanglin Dou', Zhen Tian', Jiujun Zhang*
(1. College of Materials Science and Engineering, Tatyuan University of Technology, Taiyuan 030024, China;
2. College of Science, and Institute for Sustainable Energy, Shanghai University, Shanghai 200444, China)

Abstract: In this paper, a three-dimensional graphene (3DG) network grown on nickel foam was employed as a template for
synthesizing graphene-based composite materials of supercapacitor electrode. The composites (crystal Ni,S, nanorods on the surface
of 3DG (abbreviated as Ni;S,/3DG)) were obtained through a one-step hydrothermal reaction. The morphological and structural
evolution of the Ni;S,/3DG composites were investigated by SEM, TEM, XRD and Raman spectroscopy. Detailed electrochemical
characterization showed that the Ni;S,/3DG-coated electrodes exhibited both a specific capacitance as high as 1825 F-g' at 5 mV s

and a discharge capacitance as high as 517 F-g' at 10 mA. Remarkably, a high cycling performance (~ 100% capacitance retention

after 1000 cycles) is achieved at a current density of 20 mA.
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As a new-type of energy storage devices, super-
capacitors have drawn much attention to researchers
worked in electrochemical energy storage and con-
version due to their extreme high power density and
long cycle life when compared to batteries and fuel
cells, which have shown great potential applications
for portable electronics, electrical vehicles, and so on™,
However, one of the major disadvantages for com-
mercial applications is low energy density, which
limits their practical applications where high energy
density is required™. Therefore, great efforts have been
made to improve energy density by using novel elec-
trode materials with high values of specific capaci-
tance and electrolytes with wide voltage windows"™*,
Regarding electrode materials of supercapacitors,
considerable work has been done to develop a variety
of active electrode materials, such as transition metal

sulfides, carbon-based materials and conducting

polymers!?,
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Transition metal sulfides and their compounds,
used for many applications including magnetization,
ceramic tougheners and hydrogenation catalysts, have
been explored for high-performance supercapacitors
in recent years because of their low cost, low toxicity,
and great flexibility in structure and morphology!"*".
However, these materials normally have either low
conductivity or poor electrochemical stability, which
may limit their widespread applications in superca-
pacitors.

To make transition metal sulfides being suitable
for supercapacitor application, combining them with
high conductivity material, such as metal nanoparti-
cles, conducting polymers, or carbon materials in-
cluding graphene, has been explored"'®., In the most
recent years, graphene-based materials have been
identified as excellent conductive matrix materials for
anchoring nanoparticles”™™. In particular, 3D-graph-

ene (abbreviated as 3DG), which can facilitate ion

*Corresponding author, Tel: (86-21)66133250, E-mail: wangxiaomin@tyut.edu.cn;
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transport by providing a smaller resistance and short-
er diffusion pathway, is strongly recommended for
the fabrication of advanced supercapacitors. Howev-
er, the conductivity of graphene-based materials
could be largely compromised by the chemical
groups and defects introduced during the synthesis
process!"”. Furthermore, the aggregation and restack-
ing of graphene nanosheets during processing could
lead to significantly reduced surface areas, making it
difficult for ions to gain access to the electrode sur-
faces. In this paper, with the aim of achieving a high
energy density and excellent cycle life, a simple, one-
step, and cost effective chemical synthesis method
was explored for synthesizing composites consisted
of nickel sulfide and 3DG. By optimizing the temper-
ature and time, a coaxially-coated nickel sulfide onto
3DG surface was achieved. The materials showed
high capacitances, demonstrating that they are the
feasible materials for supercapacitor applications.
1 Experimental
1.1 Materials

Nickel foams (0.5 mm thick) were purchased
from Alantum Advanced Technology Materials, Chi-
na. Argon, hydrogen and methane were purchased
from Taiyuan Fujiang gas Co., Ltd., China. Ethanol,
Thioacetamide (TAA, C,HsNS) and potassium hydrox-
ide were supplied from Sinopharm chemical reagent
Co., Ltd., China. The water used throughout all ex-
periments was deionized (DI) water purified through a
Millipore system.
1.2 Preparation of 3DG/Ni

Nickel foams (~ 30 mg-cm? in areal density)
were used as 3D scaffold templates for the CVD
growth of graphene. They were cut into pieces of
3 x 2 cm? and placed in a quartz tube, then heated to
1000 °C in a tube furnace (KTL1700) at a 10 °C-min™
heating rate under Ar (500 sccm) and H, (200 sccm),
and maintained for 10 minutes to remove the surface
oxide layer of nickel foam. A small amount of CH,
was then introduced into the quartz tube with a flow
rate of 7 sccm. After 10 minutes of reaction-gas mix-
ture flow, the samples were rapidly cooled to room
temperature at a rate of 100 °C -min™. Then 3DG/Ni

was obtained.
1.3 Preparation of Ni;S/3DG Composite

The Ni;S,/3DG composite was synthesized by a
simple one-step hydrothermal process. First, the
above obtained 3DG/Ni was cut into small pieces of
2 cm x 1 cm. For a typical synthesis, a piece of
3DG/Ni was wrapped with polytetrafluoroethylene
sealing tape with exposure area of 1 cm’ Then
putting it into a Teflon-lined stainless-steel autoclave
containing 25 mg TAA of 20 mL homogeneous solu-
tion. The autoclave was then sealed and heated at
180 °C for 3, 6, 12 or 24 hours . After the autoclave
was cooled down to room temperature, the sample
was removed and washed with ethanol and DI water,
then dried at 60 °C for 12 hours in vacuum. Then the
Ni;S,/3DG composite was obtained.
1.4 Material Characterizations

X-ray diffraction (XRD) system (Tongda, TD-3500)
was used for the structural analysis. Step scanning
was done with 26 intervals from 10° to 70°. Field
emission scanning electron microscope (FESEM,
TSCAN, Mira3-LMH) and transmission electron
microscope (TEM, JEM 2100F, JEOL) were used to
observe the morphology and microstructural charac-
teristics of the synthesized samples. Energy disper
sive spectroscope (EDS, TSCAN, Mira3-LMH) and
X-ray photoelectron spectroscope (XPS, Amicus Bud-
get) were used to investigate the chemical composi
tion. Raman spectroscope (WITEC, CRM200) was
used to analyze the quality and number of layers of
3DG.
1.5 Electrochemical Measurements

All the electrochemical measurements were car
ried out with an electrochemical analyzer (CHI 660D
work station, CH Instruments, Inc. USA) using a three-
electrode system in 3 mol-L"' KOH electrolyte solut-
ion under ambient conditions. The electrode poten-
tials were measured with respect to a reference elec-
trode of Hg/Hg,Cl, (saturated KCI). Pt wire was used
as the counter electrode. The cyclic voltammetric
measurements were performed at various scan rates

in the potential range from -0.2 to 0.7 V.
2 Results and Discussion
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The morphology of the 3DG foam was examin
ed by SEM, as shown in Fig.1A. After removal of the
Ni template, graphene was remained, keeping the 3D
network and the porous structure of the compressed
Ni foam without collapsing and cracking. The width
of the graphene skeleton was about 100 to 120 pm.
Fig. 1B shows the XRD pattern of 3DG. A large
diffraction peak was observed at 260 = 26.5°, which
can be attributed to the (002) reflection of graphitic
carbon. Fig. 1C shows the Raman spectrum of 3DG.
Except for the characteristic of graphene and 2D
peaks at ~ 1577.3 cm™ and 2725.7 ¢cm’, in addition,
there was a weak grapheme D band at ~ 1350 cm™,
indicating that the graphene foam is of high quality,
that is, lack of defects™™. The integral ratio of the 2D
and G band indicates that the as-grown graphene
foams consist of mainly one- to few-layered domains.
This result was in accordance with the SEM observa-
tion.

In order to explore the morphological and struc-
tural evolution of Ni;S,/3DG in a series of experi-
ments with different hydrothermal reaction time, four
samples prepared with different time were examined
by SEM, as shown in Fig. 2. It can be observed that
when the hydrothermal reaction time was 3 hours, an
irregular rod-like structure of Ni;S, sample with di-
ameters between 100 to 250 nm can be seen from
Fig. 2A. After a hydrothermal reaction time of 6
hours, both the density and sample size were increased
(Fig. 2B). When the hydrothermal reaction was car-
ried out for 12 hours, the irregular block structure
sample was observed. The diameter of the sample
varied from 400 to 600 nm (Fig. 2C). Fig. 2D is the
SEM image of the sample at a longer reaction time of

24 hours. The rod-like structure disappeared entirely®!..

Fig. 3 shows the XRD spectra of the as-grown
Ni;S,/3DG at different conditions and it can be seen
that the peak intensity of Ni;S, was slightly increased
with the reaction time extending. The identified
peaks of Ni;S/3DG composite at 260 = 21.7°, 31.1°,
37.8°, 49.7° and 55.2° corresponded to the (101),
(110), (003), (113) and (122) faces of Ni,S, (JCPDS
No. 44-1418), respectively. The peaks at 26 = 44.5°
and 51.8° corresponded to the (111) and (200) of the
Ni crystals located at the Ni foam substrate (JCPDS
No. 65-2865)!", The diffraction peaks of Ni;S,/3DG
composite showed the feature of broadening, which
indicates the well crystalized structure. The results
were concordant to the SEM analysis, as well as the
TEM analysis to be given below.

The nanostructure of Ni;S, nanorods was further
investigated using TEM. Fig. 4A shows an individual
Ni;S, nanorod on the 3DG substrate film. It can be
seen that there were some flake structured particles
on the 3DG surface with a diameter of about 100 nm.
Fig. 4B image was taken by selecting a certain posi-
tion in Fig. 4A with a further enlarged observation.
The image obtained from the white square area in
Fig. 4B with a lattice spacing of 0.28 nm in the back-
bone area of the Ni;S, nanorod, which corresponds to
the (110) interplanar spacing of Ni;S,#?, In addition,
the energy dispersive X-ray spectrometric (EDS)
analysis was conducted to confirm the composition of
Ni;S, (Fig. 4C).

In order to further confirm the chemical compo-
sitions of the Ni;S,/3DG composite, X-ray photoelec-
tron spectroscopic (XPS) measurements were perfor-

med in the region of 0 ~ 1000 eV for the samples pre-
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Fig. 1 SEM image (A), XRD pattern (B), and Raman spectrum (C) of 3DG
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Fig. 2 SEM images of Ni;S,/3DG prepared with different
reaction time
A. 3 hours; B. 6 hours; C. 12 hours; D. 24 hours

pared with different hydrothermal reaction time, nam-
ely, 3, 6, 12 and 24 hours. The XPS spectra of the
Ni;S,/3DG composite are given in Fig. 5(A-L), which
mainly show nickel (Fig. 5(A-D)), sulfur (Fig. 5(E-H))
and carbon (Fig. 5(I-L)) species with four different
reaction time. For the four samples prepared with dif-
ferent reaction time,the XPS spectra of Ni 2p in Fig.
5A-D all exhibited four main peaks. The peaks at
855.2 eV and 873.7 eV corresponded to Ni(OH),

10 20 30 40 50 60 70
20/(°)

Fig. 3 XRD patterns of Ni;S/3DG prepared with different

reaction time

Ni 2p;, and Ni 2p,,, respectively, with a spin-energy
separation of 17.6 eV. The peaks at 852.8 eV and
870.6 eV corresponded to Ni;S,, Ni 2ps, and Ni 2pyp,
respectively, with a spin energy separation of 17.8
eV 2 The XPS spectra of S2p in Fig. 5(E-H) dis-
played peaks at 162.3 eV, 162.5 eV, 162.0 eV, and
168.0 eV. The peaks located at 284.8 eV in C 1s
spectra of grapheme corresponding to C—C are shown
in Fig. 5(I-L) for the four samples with different reac-
tion time, indicating that graphene exists in all the
samples, which is consistent with the result from the

Fig. 4 High resolution TEM image (A), Lattice fringe image (B), and EDS pattern (C) of Ni;S/3DG
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Fig. 5 XPS spectra of Ni 2p (A-D), S2p (E-H) and C1s (I-L) the for Ni;S/3DG composite prepared with various reaction time

Raman spectra (not shown). These XPS results con-
firm the presence of NisS, in all the samples synthe-
sized at different reaction time, which is also consis-
tent with the XRD results. The results demonstrate
that the Ni;S,/3DG composite samples have been suc-
cessfully synthesized.

Fig. 6A shows the cyclic voltammograms (CVs)
of the Ni;S,/3DG samples coated electrode recorded
at a scan rate of 5 mV -s™. All of the CV curves ex-
hibited a pair of redox peaks, which are distinguish-

able from those of electric double-layer capacitors,

implying the presence of reversible Faradaic reaction.
The specific capacitance values of the Ni;S,/3DG
samples prepared with 3, 6, 12 and 24 hours were
calculated to be 1270, 1355, 1825 and 772 F-g", re-
spectively. The Ni;Sy/3DG-12 h electrode was the
highest among the samples studied. This indicates
that the 3DG-composited Ni,S, on the surface of
nickel foam played an role in enhancing the superca-
pacitor performance*?!, Combined with the SEM
analysis, this enhanced electrochemical performance
due to the surface of Ni;S,/3DG obtained at 12 hours
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was much more smooth, which could reduce the dis-
tance of electron transport and increase the rate of
Faradaic reaction.

Fig.7A shows the comparison of galvanostatic
charge-discharge (GCD) curves for the samples at a
current density of 10 mA -cm? The specific capaci-
tance, C,, (listed in Table 2) can be calculated using
the following equation:

_ Ix A\
Ca mx AV M

where AV (V) is the potential window, I(A) is the
charge-discharge current, At(s) is the discharge time,
and m(g) is the mass of an active material.

From Table 1, it can be seen that the N1;S,/3DG-
12 h electrode could deliver the highest specific capa-
citance of 516 F -g"'. To further understand the rate
capability and the electrochemical capacitive proper-
ties of the composite electrodes, the galvanostatic
charge-discharge measurements were carried out at
various current densities of 10, 20, 40 and 80 mA -cm?
(Fig. 7B). The Cm values of Ni,S,/3DG-12 h electr-
ode at 10 and 80 mA -cm™ were 516.7 and 373.7 F- ¢,
respectively, which are much higher than those of 3,
6 and 24 hours electrodes at the same current density.
About 90.4% of the C,, could be retained when the
current density was increased from 10 to 80 mA -cm™.
The specific capacitance was gradually decreased
with increasing the current density due to the
increment of voltage drop and the insufficient active
material involved in redox reaction at higher current
density. However, the Ni;S,/3DG-12 h electrode poss-
essed an excellent capacitance with all the current

__0201A
0.15}
0.10
0.05F
0.00

Current density/(A-g"

-0.05r

-02 00 02 04 06 08

-0.10
Potential/V(vs. SCE)

densities and showed a good rate capability. This
might be due to the 3D structure of electrode
allowing rapid transportation of electrolyte ions,
which then improved the rate capability of the
electrodes. The high performance of electrode over a
wide range of large current densities confirmed that it
was a promising electrode material™®!. As shown in
Fig. 7E, the cycling test was carried out for one thou-
sand cycles at 20 mA - cm™ The Ni;Sy/3DG-12h elec-
trode exhibits excellent cycle stability in the entire
cycle numbers. After 200 cycles, the capacitance of
the Ni;S,/3DG-12 h electrode increased 7% of its
initial value, then remained stable capacitance till the
end, demonstrating that the Ni;S,/3DG-12 h electrode
possessed a long-term electrochemical stability.

In order to further investigate the electrochemical
conductivity behavior of the Ni;S,/3DG electrodes, an
electrochemical impedance spectroscopic (EIS) anal-
ysis was conducted in a frequency ranging from 0.01
Hz to 100 kHz, as shown in Fig. 7D. The impedance
plots include a high frequency component (partial
semicircle), a low-frequency component (straight
slopping line along the imaginary axis) and a
transition zone between two regions. The impedance
curve can be explained by an equivalent Randles
circuit that includes solution resistance, double layer
capacitance, charge transfer resistance, and Warburg
impedance. The intercept with the real axis at very
high frequency represents a combined resistance (R,)
including intrinsic resistance of the active material

and the binder in the electrodes, ionic resistance of

a.5 mVs'
b. 10 mVs"
c.20mV.-s’

)
(=)
e}

—_
(=}
T

Current density/(A-g")
> o

\®)
S
:
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Fig. 6 A. Cyclic voltammograms of composite electrodes measured at a scan rate of 5 mV-s™; B. Cyclic voltammograms of Ni,S,/

3DG-12 h electrode at various scan rates



552 4 E R« W AR =2 W25 A0 S50 55 AR 28 K A T M B D 2 4 1 N TTBIE Y -223-
05ra a3h 05 B a. 10mA
= 0 = 0.4
7 Q
%0 Q 03
20 £ 02
,% 0 % 0.1
g ~—
g 0.0 § 0.0
]
=01l | & .01
\
-0.2 : ' : ‘ ‘ : -0.2 : : ' '
0 100 200 300 400 500 600 0 40 80 120 160 200
Time/s Time/s
30
—.:0500_C .00000000.00.0.00 D i . = 3h
&= e e NiS/3DG-12h 25¢ = 3 . ?Zhh
=3 0.5 A e A
8 400 I G - ° e 24h
g Q 04} 20+ IRTEE ]
8300' 503 E\:‘. 151 .. A e is :..:
§ g 0= N, LTS * . * o %
& 2000 £ o} 10F = {10 23
.g 100k E 0.0+ : ) ‘ . 5| ... 0.5 ‘::ﬁ
o 0 200 400 600 800 1000 f 09
Time/s 025 050 075 1.00 125
0 I | . | . L 21 4

0 200 400 600 800
Cycle number

0
1000 0 2 4 6 8 10 12

Z/Q

Fig. 7 Electrochemical performances of the composite electrodes

A. GCD curves at a current density of 10 mA -cm? of the composite electrodes; B. GCD plots at various current densities
of Ni;S,/3DG-12 h electrode; C. Cycling performance of Ni;S,/3DG-12 h electrode at a current density of 20 mA -cm?; D.

EIS plots of the composite electrodes in the frequency range from 100 kHz to 0.01 Hz. Inset: expanded views of the high

frequency region displayed in the right part.

Tab. 1 Electrochemical performance parameters of the composite electrodes at 5 mV - s

Parameter Ni;S,/3DG-3 h

Ni;S,/3DG-6 h

Ni;S,/3DG-12 h Ni;S,/3DG-24 h

CACVY/(F-g") 1270.6 1355.1
203.7 (10 mA - cm?);

148.1 (80 mA -cm?)

C(GCD)/(F-g")

R/Q 0.4 0.5

Rate capability 72.7% 90.4%

277.8 (10 mA - cm?);
251.4 (30 mA - cm?)

1825.3 772.4

516.7 (10 mA -cm?); 157.7 (10 mA - cm™);
373.3 (80 mA-cm?) 112.3 (80 mA -cm?)
0.6 0.6

72.2% 71.2%

the electrolyte, and contact resistance at the interface
active material and current collector. It can be seen
that, the charge transfer resistance (R) of Ni;S/3DG-
12 h electrode was much smaller than those of others,
which means the easier electron transport™, It also
showed a more vertical line than other electrodes at
low frequency, which illustrates that the electrode
had a smaller Warburg impedance (W), meaning that
the ion diffusion in the solution and the adsorption of
ions onto the electrode surface occurred more swiftly.
It could be explained that the existence of 3DG in

electrode provides easy access and more space for
electrolyte diffusion. The small bulk resistance, inter-
facial charge transfer resistance and Warburg imped-
ance all indicated that the Ni;S,/3DG-12 h electrode

was a high-performing material for supercapacitor.

3 Conclusions

In summary, the Ni;S,/3DG electrode materials
were synthesized by a simple one step hydrothermal
reaction. By controlling the reaction time, different

nanostructured Ni;S,/3DG samples were obtained.
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Detailed electrochemical characterization showed
that the Ni;S,/3DG, in particular, Ni;S,/3DG-12 h, ex-
hibited a high specific capacitance (1825 F-g' at 5
mV -s?) and a discharge capacitance (516.7 F-g' at
10 mA) with high cycling performance (almost 100%
capacitance retention after 1000 cycles). The en-
hanced supercapacitor performance might arise from
the synergistic effect between Ni;S, nanorods and
3DG network.
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