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1. Introduction

Energy conversion and storage are a major global challenge due
to issues associated with fossil fuels, such as pollution and non-
sustainability [1,2]. To tackle this problem, it is necessary to reduce
fossil fuel consumption and shift to renewable and en-
vironmentally friendly energy sources. Energy storage devices are
needed to store renewable energy, such as for electric vehicles,
and to integrate such energy into the power grid. Li-ion batteries
and supercapacitors are promising electrochemical systems for
these applications [1].

A promising approach for designing high-performance energy
storage materials is reducing the particle size to the nanometer
scale. For Li-ion batteries, nanoparticles can induce reactions for
Li* storage that are not allowed by bulk materials [3]. Nanoma-
terials also help to accommodate the strain that accompanies the
charge and discharge processes, thus improving the electrode
stability [4]. The nanometer grain size reduces electron and Li*
path lengths, thus improving rate capability [5]. In addition, the
large surface area of nanoparticles provides excellent contact with
the electrolyte, which helps to improve the power capability of the
electrode [4,5]. For pseudocapacitors, nanoparticles facilitate ionic
and electronic transport [6] due to shortened diffusion lengths.
They also increase surface area [7], leading to more exposed
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electroactive sites and higher electrolyte transport [8].

Metal sulfides have been reported as promising Li-ion battery
anode candidates, based on the “conversion reaction” [9-11],
ME*FZY -+ nxe +nxLit = xMO+yLit,Z™~ [12]. However, they suffer
from some drawbacks, such as poor kinetics, which is manifested
in electrode polarization [4], dissolution of polysulfides in the
electrolyte, thus reducing its conductivity, and electrode pulver-
ization (due to volume change during cycling), which causes ca-
pacity loss [13]. In order to overcome these challenges, new
synthesis methods have been used to control the size and mor-
phology of metal sulfides. In addition, additives such as carbon
coating have been employed to improve their electrochemical
properties. Xu et al. [14] synthesized shape-controlled FeS na-
nostructures. They observed that the performance of FeS varied
according to its morphology. The presence of a carbon coating had
a significant effect on the electrochemical performance of FeS. Shi
et al. [13] synthesized carbon-coated cobalt sulfide nanoparticles
with controlled morphology. It was found that nanodandelions
have much higher cycling stability and capacity, as compared to
nanoparticles. Nickel sulfide has been used as electrode material in
Li-ion batteries [10,15,16]. However, rapid capacity fading was
observed, which was attributed to contact loss of active materials
due to volume change and formation of polysulfides [15]. Recently,
composites of nickel sulfide with carbonaceous materials were
used to tackle these problems. Son et al. [17] observed a rapid
decay of the specific capacity of nickel sulfide upon cycling,
however, the incorporation of carbon with nickel sulfide could
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stabilize its electrochemical properties, and capacity fading was
eliminated. A specific capacity of ~470 mAh/g was achieved after
500 cycles at a current density of 1 A/g. Mahmood et al. [18] have
improved the electrochemical properties of nickel sulfide by syn-
thesizing NisS4/N-doped graphene nanocomposite in a two-step
hydrothermal process. A remarkable specific capacity of
~1300 mAh/g was achieved after 100 cycles, as compared to
~500 mAh/g for bare nickel sulfide nanoparticles. However, facile,
one-pot controlled synthesis of nickel sulfide/carbon nano-
composites with high performance as Li-ion battery anode is still
required for electrode applications.

Metal sulfides are also very promising pseudocapacitive materials
[19-21]. Different phases and shapes of nickel sulfide have been re-
ported to have good pseudocapacitive properties. NiS hollow spheres
[22], NiS, nanocubes [23] and NisS, nanoflakes [24] have shown
specific capacitances of 927, ~350 and 664 F/g at current densities of
4,08, 5 and 4 A/g, respectively. However, electrode pulverization oc-
curred over prolonged cycling, which led to capacity loss. One of the
promising approaches for tackling this problem was to use composites
of nickel sulfide with carbonaceous materials in order to stabilize their
performance during cycling [25]. Wang et al. [26] reported higher
capacity and cycling stability of NiS/graphene oxide (GO) nano-
composite than NiS and GO alone. Yang et al. [25] showed that the
introduction of carbon nanotubes or reduced GO (RGO) to NiS im-
proved its cycling stability significantly. It would be of interest to
manipulate the phase, size and shape of nickel sulfide in order to
improve its pseudocapacitive performance. This can be combined with
carbon coating and graphene wrapping to enhance the electrode
conductivity and improve its cycling stability.

Herein, we report a facile, one-pot and inexpensive method for
the synthesis of nickel sulfide and graphene-wrapped nickel sul-
fide nanoprisms. They were used as Li-ion battery anodes and
supercapacitor electrodes. The nickel sulfide nanoprisms allowed
for good interaction with the electrolyte, short ion paths and en-
hanced kinetics [14]. Graphene wrapping provided a support for
the dispersion of nickel sulfide nanoprisms, thus enhancing sur-
face area and contact with the electrolyte. It also helped to buffer
the volume change of nickel sulfide during insertion and extrac-
tion of Li ions, thus mitigating contact loss with the current col-
lector [27,28]. Moreover, it improved conductivity and prevented
dissolution of polysulfides [29].

2. Materials and methods
2.1. Synthesis of nickel sulfide nanoprisms (NS)

514 mg (0.2 mmol) of nickel (II) acetylacetonate was mixed
with 5mL of oleylamine (15.2 mmol) and 1 mL of oleic acid
(3.15 mmol) in a 50-mL 3-necked flask, and stirred for 30 min in
argon. The solution was heated to 100 °C, and degassed for 15 min
1 mL of dodecanethiol (4.2 mmol) was injected at 100 °C, and then
the temperature was increased to 250 °C where the solution was
aged for 20 min. After cooling, the solution was washed with
hexane and ethanol several times. The product was finally calcined
at 350 °C for 1 h in argon.

2.2. Synthesis of graphene-wrapped nickel sulfide nanoprisms (NS/
G)

GO was mixed with 5 mL oleylamine, and sonicated for 2 h
until full dispersion. Synthesis of graphene-wrapped nickel sulfide
nanoprisms was the same as that of bare nickel sulfide nanopr-
isms, except that GO-oleylamine was used instead of oleylamine.
NS/G materials synthesized using 5 mg, 10 mg and 20 mg of GO
were specified as NS/G-5, NS/G-10 and NS/G-20, respectively.

2.3. Materials characterization

NS and NS/G were characterized using transmission electron mi-
croscopy (TEM, FEI Tecnai F20), powder X-ray diffraction (XRD, Pa-
Nalytical X'pert PRO), thermogravimetric analysis (TGA, Perkin Elmer
Pyris 1 TGA), Raman spectroscopy (RENISHAW in Via Raman micro-
scope, 785 nm laser), N, adsorption (Micromeritics ASAP 2020), and
X-ray photoelectron spectroscopy (XPS) (VG ESCALAB 220i-XL).

2.4. Electrochemical measurements

Calcined NS and NS/G were mixed with acetylene black (Den-
ka), vapor-grown carbon fibers (VGCFs), polyvinylidene fluoride
(PVDF) at a weight ratio of 8:0.5:0.5:1, and dispersed in N-methyl-
2-pyrrolidone (NMP) to form a slurry.

2.5. Li-ion battery anode

The slurry was coated on copper foil, dried at 80 °C overnight,
and then pressed. Coin cells were assembled in an argon glove box
using Li metal as the counter electrode and 1 M LiPFg in ethylene
carbonate and diethyl carbonate (1:1) as the electrolyte. Galva-
nostatic charge-discharge measurements (0.01-3 V) were con-
ducted with Arbin BT-2000 at various current densities. Cyclic
voltammetry (CV) was performed using AUTOLAB at 0.01-3 V with
a scan rate of 0.5 mV/s. Electrochemical impedance spectroscopy
(EIS) was conducted using AUTOLAB in the range of 100 kHz to 10
mHz. Specific capacity of NS/G was calculated based on the total
mass of the nanocomposite.

2.6. Li-ion battery full cell

Full cell was assembled using LiCoO, as cathode. LiCoO,, acet-
ylene black (Denka) and PVDF with a weight ratio of 9:0.5:0.5
were used for electrode preparation. The electrode preparation
process was similar to that of calcined NS. Galvanostatic charge-
discharge measurements of the full cell were conducted between
0.5V and 4.2 V. The weight ratio of the active materials in cathode
and anode was controlled in order to match the capacities of both
electrodes. A cathode: anode active material ratio of 13.8 was used.
The specific capacity of the full cell was based on the total mass of
the anode and cathode active materials.

2.7. Supercapacitor electrode

The slurry was coated on a piece of Ni foam (1 cm x 1 cm),
dried at 80 °C overnight, and then pressed. Electrochemical mea-
surements were performed in a three-electrode system in 2 M
KOH electrolyte, using Pt and Ag/AgCl as counter and reference
electrodes, respectively. CV was conducted using AUTOLAB at
voltage scan rates of 2, 5, 10, 20 and 50 mV/s. Galvanostatic
charge-discharge was performed using AUTOLAB at current den-
sities of 3, 5,10 and 20 A/g. The specific capacitance was calculated
according to the following equation [25]:

C = IxAt/mxAV M

where C (F/g) is the specific capacitance, I (A) is the current in-
tensity, At (s) is the discharge time, m (g) is the mass of active
materials, and AV (V) is the potential window.

3. Results and discussion

Fig. 1a shows a TEM image of bare nickel sulfide nanoparticles.
The nanoparticles have a nanoprismatic shape, with the bases and
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Fig. 1. (a,b) TEM images (inset in (a): particle size distribution), (c) HRTEM image (inset: corresponding FFT pattern), and (d) SAED pattern of as prepared nickel sulfide

nanoprisms.
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Fig. 2. XRD pattern of as-prepared nickel sulfide nanoprisms. The vertical lines correspond to Ni3S4 (JCPDS card #00-047-1739).

apices clearly observed in Fig. 1b. The average size of the na-
noprisms was ~25nm (Fig. 1a: inset). High-resolution TEM
(HRTEM) showed that the nanoprisms were single crystals
(Fig. 1c). A d-spacing of 0.33 nm was measured, which could be
indexed to the (220) plane of Ni3S,4 (JCPDS card # 00-047-1739).
The single crystalline nature of the nanoprisms was confirmed by
fast Fourier-transform (FFT) pattern (Fig. 1c: inset), which showed
a typical pattern for single crystals [30]. Zone axis was determined
to be [100]. Selected area electron diffraction (SAED) of nanopr-
isms showed a polycrystalline pattern (Fig. 1d). The d-spacings
detected were 0.32, 0.28, 0.23, 0.21, 0.18 and 0.16 nm, which
matched the (220), (311), (400), (422), (511) and (440) planes of
NisS4 (JCPDS card #00-047-1739), respectively.

Fig. 2 shows the XRD pattern of nickel sulfide nanoprisms. The
XRD peaks could be assigned to the cubic polydymite phase
(Ni3S4) of space group Fd-3m (JCPDS card #00-047-1739). The
peaks at 20=16.2°, 26.7°, 31.4°, 38.01°, 47.0°, 50.1°, 54.8°, 64.4°
and 68.5° could be indexed to (111), (220), (311), (400), (422),

(511), (440), (533) and (444) reflections, respectively. No other
peaks were observed, illustrating the phase purity of this material.

Nickel sulfide with nanoprismatic shape was previously re-
ported using other methods, either mixed with other shapes
[31,32] or alone [33]. Although the latter method could produce
pure nickel sulfide nanoprisms, it required pre-synthesis of an
organic precursor, which added another step to the synthesis
process.

Fig. 3a and b shows the scanning transmission electron mi-
croscopy (STEM) images of NS/G-10. When nickel sulfide nanopr-
isms grew on the surface of GO sheets, they retained their size and
nanoprismatic morphology. Their XRD peaks (Fig. 3c) were in-
dexed to Ni3S,; (JCPDS card #00-047-1739), indicating that the
incorporation of GO in the synthesis of nickel sulfide did not affect
the morphology or phase of the nanoparticles. This was an ad-
vantage since it provided for the facile one-pot synthesis of NS/G
nanocomposite. Two extra peaks were noted at 20=11.3° and
22.5°, which corresponded to non-reduced and reduced GO,
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Fig. 3. (a) STEM image and (b) magnified STEM image of the boxed area in (a), and (c) XRD pattern of as-prepared NS/G-10 nanocomposite.
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Q6 Fig. 4. (a) TEM image, (b) HRTEM image (red arrow points to the carbon layer), and (c) XRD pattern of the calcined nickel sulfide nanoprisms. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. (a) TEM image and (b) magnified TEM image of the boxed area in (a), and (c) XRD pattern of calcined NS/G-10. (d) Raman spectra of GO and calcined NS/G-10.

respectively [34].

Calcination was performed to carbonize the organic com-
pounds in the samples to enhance conductivity, and to further
reduce GO. The calcination temperature was chosen according to
the TGA results of the synthesis precursors mixture (oleylamine:
oleic acid: dodecanethiol volume ratio=5:1:1). Calcination at
350 °C for 1 h in an inert atmosphere was sufficient to decompose
almost all the precursors (Fig. S1). These conditions were used to
calcine the as-prepared nickel sulfide and NS/G samples.

After calcination, the bare nickel sulfide nanoprisms were ag-
gregated, but the nanoprismatic shape remained intact (Fig. 4a).
The particles were surrounded by ~4 nm-thick carbon layers due
to decomposition of the capping agents (Fig. 4b). The XRD peak
positions of the calcined nickel sulfide (Fig. 4c) changed slightly to
27.5°, 31.1°, 38.3°, 40.2°, 41.6°, 50.5° and 55.4°, which could be
indexed to the Ni;Sg phase (JCPDS card #00-014-0364). This phase
change could be attributed to the loss of some sulfur during cal-
cination [18,35].

In the calcined NS/G, nickel sulfide nanoprisms were found to
be well-dispersed on the surface of the graphene sheets, with no

significant change in morphology (Fig. 5a and b). The nanoprisms
were wrapped by graphene sheets upon calcination, which could
help to improve their electrochemical properties. XRD pattern of
calcined NS/G-10 showed that phase change to NiSg had occurred
(Fig. 5¢). The diffraction peak of non-reduced GO at 20=11.3°
disappeared, showing further reduction of graphene oxide. The
(002) peak of RGO shifted from 260=22.5° in NS/G-10 to 20=24.9°
in calcined NS/G-10. This corresponded to a decrease of interlayer
spacing from 0.395 nm to 0.358 nm, which could be due to further
removal of the remaining oxygenated groups, which reduced the
interlayer spacing [34].

Raman spectrum of the NS/G-10 nanocomposite (Fig. 5d)
showed a G band at ~1595 cm ™, assigned to the vibration of sp?
carbon atoms in 2D lattice, and a D band at ~1317 cm~! assigned
to the defects in graphene layers [36]. The intensity of D band to G
band (Ip/Ig) is a measure of disorder and defects, and also gra-
phitization of the sample [36]. It was found that the Ip/Ig ratio
increased from 1.41 in GO to 1.73 in NS/G-10, which could be due
to the reduction of GO that generated defects. Although new sp?
domains were restored upon GO reduction, they became smaller
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Fig. 6. TGA of (a) pre-calcined GO and calcined NS and (b) calcined NS/G-10. Nitrogen adsorption-desorption isotherms of (c) calcined NS and (d) calcined NS/G-10 (insets:

desorption pore size distributions).

in size, causing an increase in the Ip/Ig ratio [37]. The more intense
D band could also be attributed to the growth of nickel sulfide
nanoprisms on the surface of graphene sheets [18,36].

GO (pre-calcined at 350°C for 1h in Ar atmosphere) was
analyzed by TGA in air. It was found that the weight loss started at
~420 °C, and over 90% of the weight was lost by ~650 °C (Fig. 6a).
Calcined NS showed a weight loss starting at ~670 °C (Fig. 6a).
Calcined NS/G-10 exhibited 3 distinct weight loss regions (Fig. 6b).
The first of which ended at ~420 °C and was mainly due to loss of
moisture and some sulfur [18]. The second region encompassed
~420-650 °C, and the third region was ~650-750 °C. Based on
the TGA profiles of the pre-calcined GO and calcined NS, the sec-
ond and third weight loss regions for calcined NS/G-10 could be
associated with graphene and NS, respectively. Thus, the percen-
tage of graphene in calcined NS/G-10 was calculated to be ~17%
(from the second weight loss).

Calcined NS and NS/G-10 showed Type IV gas adsorption-des-
orption isotherms (Fig. 6¢ and d, respectively), which were char-
acteristic of mesoporous nanocomposites [38]. The Brunauer-Em-
mett-Teller (BET) specific surface area of calcined NS/G-10
(~66.6 m?/g) was almost 3 times that of calcined NS
(~22.5 m?/g). Pore size distribution was determined by the Bar-
rett-Joyner-Halenda (BJH) method. Both calcined NS and NS/G-10
were mesoporous in nature; most of the pores were ~4 nm in
diameter. However, smaller pores ( <3 nm) were also observed in
calcined NS/G-10. The total pore volume of calcined NS/G-10
(~0.15 cm?/g) was ~3 times that of calcined NS (~0.05 cm?/g).

The higher BET surface area and porosity of calcined NS/G-10
could be attributed to the presence of fine pores of <3 nm, which
would facilitate electrolyte access to electrochemical active sites,
and buffer volume change of nickel sulfide during cycling. Such
characteristics could enhance the nanocomposite's storage capa-
city, rate performance and stability during cycling [27].

XPS spectra (0-1300 eV) of calcined NS and NS/G-10 showed peaks
at ~162, 285, 532 and 856 eV, which corresponded to S 2p, C 1s, O 1s
and Ni 2p, respectively (Fig. 7a and d). The C 1s peak dramatically in-
creased from ~ 25% in calcined NS to ~74% in calcined NS/G-10, due to
graphene wrapping. Ni 2p spectrum of calcined NS was fitted to a spin-
orbit doublet and a satellite peak at 853.6, 856.2 and 861.6 €V, re-
spectively (Fig. 7b). Ni 2p spectrum of calcined NS/G-10 was decon-
voluted to 2 peaks and a satellite peak at 853.5, 855.8 and 861.7 eV,
respectively (Fig. 7e). The doublet and satellite peaks could be assigned
to Ni**, Ni** and Ni**, respectively [39-41]. The presence of mixed
valences for nickel ions could enhance the conductivity of nickel sulfide
by allowing hopping of electrons between cations with low activation
energy [42]. S 2p spectrum of calcined NS was deconvoluted into a
spin-orbit doublet at 162.1 and 163.0 eV, and a satellite peak at 168.4 eV
(Fig. 7c). A spin-orbit doublet and a satellite peak were observed at
1619, 163.2 and 168.5 eV in the S 2p spectrum of calcined NS/G-10
(Fig. 7f). S 2p spin-orbit doublet corresponded to S 2psp, and S 2p;p,
respectively, and were attributed to metal-sulfur bonds and S~ [40].

The C 1s spectra of GO and calcined NS/G-10 were compared. C
1s spectrum of GO could be deconvoluted to 3 peaks at 285.0,
286.9 and 289.3 eV (Fig. S2a), which could be assigned to C-C or
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C5C, C-0 or C50 and —-COOH, respectively [43]. C 1s spectrum of
calcined NS/G-10 was deconvoluted into 3 peaks at 285.0, 286.0
and 289.1 eV (Fig. S2b). The first peak corresponded to C-C or C5C
bonds, while the latter two peaks were attributed to oxygenated
species. The intensities of the peaks corresponding to the oxyge-
nated species were decreased in calcined NS/G-10, indicating a
decrease in surface oxygenated species from GO.

3.1. Testing as Li-ion battery anode

CV was performed to study the electrochemical behavior of
calcined NS and NS/G-10. The first cathodic scan of calcined NS
(Fig. 8a) showed a small peak at ~1.6 V and a strong reduction
peak at ~1.2 V, which were attributed to the lithium incorporation
in Ni;Se (Eq. (2)) [18], and the conversion reaction of Ni;Sg to Li,S
and Ni (Eq. (3), respectively.

Ni;Sg+xLit+xe~ = LiyNi;Sg )

Ni7Se+12Li*+12e- = 7Ni + 6LiS 3)

Another reduction peak appeared at ~0.65 V, which could be
attributed to the formation of solid electrolyte interphase (SEI) due
to electrolyte decomposition [14]. In the second cycle, the cathodic
peak shifted to ~0.86 V, and was significantly diminished in the
third cycle. On the anodic side, the broad peak at ~1.5 V might be
due to SEI oxidation [13], while the weak broad peak at ~2.5V
was assigned to the Ni oxidation to nickel sulfide (Eq. (3)). We
noted the very low intensity of the Ni oxidation peak, and its
disappearance in the subsequent CV cycles of calcined NS.

In contrast, calcined NS/G-10 showed reproducible CV curves
with defined reduction and oxidation peaks (Fig. 8b). On the
cathodic side, a small broad pre-lithiation peak (Eq. (2)) appeared
at ~1.5V, which shifted in the ~1.6V in subsequent cycles. The
main reduction peak of Ni;Sg to Li,S appeared at ~1.1 V, with no
significant shift in subsequent cycles. The peak below 0.7 V could
be assigned to the formation of SEI, which was confirmed by its
disappearance in the subsequent cycles. On the anodic side, SEI
was oxidized at ~1.4V. Ni oxidation reaction to Ni;Sg (Eq. (3))
could be observed at ~2.1 V. In subsequent cycles, the SEI oxida-
tion peak disappeared, and only lithium extraction peak was ob-
served at ~2.2V.

In the case of calcined NS, the high voltage of Ni oxidation peak
compared to calcined NS/G-10 (~2.5V vs. ~2.1V) and the sig-
nificant cathodic peak shift after the first cycle showed electrode
polarization. The almost disappearance of the anodic peak and
fading of the cathodic peak after the first cycle indicated loss of
contact of the active materials due to severe pulverization during
reduction and oxidation. On the other hand, the reversible redox
peaks of calcined NS/G-10 showed that graphene wrapping helped
to maintain the redox reactions of NS nanoprisms, leading to high
capacity and cycling stability. This could attributed to the ability of
the graphene wrapping to maintain the active materials in good
contact with the current collector.

Discharge/charge voltage profiles for calcined NS and NS/G-10
were determined at 70 mA/g, between 0.01 and 3 V (Fig. 8c and d).
The first specific discharge capacity of calcined NS was
~1340 mAh/g, while the first specific charge capacity was
~839 mAh/g, with a Coulombic efficiency of ~63%. The very high
first discharge capacity and irreversible capacity loss could be due
to the decomposition of the electrolyte forming SEI, and the irre-
versible reactions between NS and Li*™ [13,14]. A small voltage
plateau appeared at ~1.7 V corresponding to NS pre-lithiation (Eq.
(2), the main plateau was at ~1.3 V corresponding to NS reduction
(Eq. (3), and a third plateau at ~0.7 V was attributed to SEI for-
mation. The first charge showed smaller plateaus at ~1.2V and

~2V, corresponding to SEI and Ni oxidation, respectively. These
discharge and charge plateaus were significantly diminished in the
second cycle with a Coulombic efficiency of ~65%, and almost
disappeared in the 10th cycle. The disappearance of the discharge
and charge voltage plateaus over the first 10 cycles illustrated the
poor redox capability and very low capacity retention of bare
calcined NS. The low Coulombic efficiencies in the 2nd and 3rd
cycles (~65% and ~88%) indicated that a major part of the lithi-
ated active materials could not be de-lithiated. They suggested
that reduction caused NS pulverization and contact loss. Cou-
lombic efficiency increased in subsequent cycles reaching ~99% in
the 9th cycle, however, discharge capacity had already dropped to
~365 mAh/g.

Calcined NS/G-10's initial discharge and charge capacities were
1432.8 mAh/g and 915.5 mAh/g, respectively, with a Coulombic
efficiency of 63.9%. The main voltage plateaus of the first discharge
were at ~1.6V, ~1.3V and ~0.7 V, corresponding to pre-lithia-
tion, reduction and SEI formation, respectively. The first charge
plateau corresponding to Ni oxidation was at ~1.9 V. Discharge
capacities in the second and 10th cycles were 922.7 mAh/g and
852.3 mAh/g, respectively, and the charge capacities were
858.7 mAh/g and 833.5 mAh/g, respectively, with Coulombic effi-
ciencies of 93.1% and 97.8%, respectively. The irreversible capacity
loss in the first cycle could be attributed to SEI formation. The high
Coulombic efficiencies after the first cycle demonstrated the po-
sitive effect of graphene on the maintenance of NS redox reactions.
The stability of the voltage profiles in the first 10 cycles further
confirmed that the nanocomposite underwent stable lithium in-
sertion and extraction, and that graphene wrapping of NS na-
noprisms stabilized the redox process by providing a conductive
support that can maintain the engagement of the active materials
in the redox processes.

Cyclic performance of calcined NS/G-10 was assessed at 70 mA/
g between 0.01V and 3V (Fig. 9a). NS/G-10 suffered an irrever-
sible capacity loss in the first cycle due to SEI formation, and ca-
pacity fading continued for 6 cycles. However, this trend was re-
versed, and the capacity increased until the 100th cycle, reaching
~1220 mAh/g. Capacity increase over cycling was previously re-
ported for CoO, and was explained by the slow reaction of irre-
versible Li,O that was formed during the first discharge [44]. An-
other possible mechanism was the disintegration of the NS na-
noparticles over cycling, which increased the surface area of the
exposed active material, resulting in enhanced capacity. This could
be inferred from the TEM images of calcined NS/G-10 after 3 and
30 cycles (Fig. S3a and b). After 3 cycles, the nanoprisms were still
observed on the surface of graphene sheets, while after 30 cycles,
irregular and very small particles were observed instead. The
presence of graphene helped to maintain the active material's
engagement after its disintegration. It also mitigated polysulfide
dissolution and enhanced electron and ionic transport [18,27].
After 100 cycles, the capacity started to decay, reaching
~622 mAh/g after 200 cycles. This might be due to the end of the
activation period and the slow contact loss of the active material. It
could also be due to other metal sulfide capacity decay mechan-
isms, such as polysulfide dissolution. A high Coulombic efficiency
of >96% was maintained during the 200 cycles. On the other
hand, calcined NS did not show any activation period, and its ca-
pacity decreased dramatically during the first 20 cycles, reaching
~236 mAh/g after 50 cycles (Fig. 9b). The absence of the activation
period in calcined NS is due to the contact loss with the current
collector, which isolated the active material and prevented any
capacity increase.

GO content was varied during the synthesis of NS/G, in order to
determine the effect of graphene loading on the nanocomposite's
electrochemical performance. Calcined NS/G-5 and NS/G-20 were
analyzed using TGA to determine their graphene contents. The
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loading of graphene in calcined NS/G-5 and NS/G-20 was
~8.5 wt% and ~30 wt%, respectively (Fig. S4). Cycling stability of
calcined NS/G-5 was very poor as compared to NS/G-10; NS/G-5's
capacity decreased to ~380 mAh/g after 50 cycles (Fig. 9b). Al-
though it exceeded calcined NS in specific capacity by ~ 140 mAh/
g, the rapid decrease in capacity showed that the amount of gra-
phene in the nanocomposite was not sufficient to stabilize nickel
sulfide and maintain its redox processes. NS/G-20's specific capa-
city reached ~830 mAh/g after 50 cycles (Fig. 9b), which was
superior to the performance of calcined NS and NS/G-5. However,
it was still lower than that of NS/G-10, which was ~980 mAh/g
after 50 cycles. Although the loading of graphene in NS/G-20 was
almost double that in NS/G-10, its specific capacity was lower.
These results indicated that the optimum amount of graphene for
stabilizing the electrochemical performance in the nanocomposite
was ~10-20%. Nanocomposites containing higher loading of gra-
phene still have good performance, but they have lower specific
capacities due to a lower loading of nickel sulfide in the nano-
composite, which decreased the theoretical capacity.

Calcined NS and NS/G-10 were cycled at higher current densities in
order to assess their rate performance (Fig. 10a). Calcined NS/G-10
showed specific charge capacities of ~834, 656, 542, 278 and
141 mAh/g at the 10th cycle at current densities of 0.07, 0.5, 1, 3 and
5 A/g, respectively. It also displayed excellent ability to recover when it
was charged again at 0.07 A/g, whereby it achieved a specific charge

capacity of ~1005 mAh/g at the 10th cycle. In contrast, calcined NS
showed specific charge capacities of ~292, 78, 55, 26 and 17 mAh/g at
0.07,0.5,1, 3 and 5 A/g, respectively, at the 10th cycle. After recharging
at 0.07 A/g, ~272 mAh/g was recovered at the 10th cycle. The superior
rate performance of NS/G-10 was attributed to the ability of graphene
to maintain good dispersion of the NS nanoprisms, which shortened
electron and Li* diffusion paths and enhanced the electrode kinetics.
In addition, the larger specific surface area and pore volume of the
nanocomposite allowed for greater electrolyte access to the electro-
chemically active sites, which further improved electrode kinetics.
Moreover, graphene wrapping formed a conductive network that
boosted the electrode conductivity, improving the rate performance.

Nyquist plots (Fig. 10b) showed that the diameter of the semicircle
in the medium-frequency region was reduced upon incorporation of
graphene (Fig. 10b inset), indicating a lower contact and charge
transfer impedance compared to calcined NS [18]. This was attributed
to the conductive network formed by graphene, which wrapped
around the NS nanoprisms. The higher slope of the inclined line in the
low frequency region of calcined NS/G-10's plot showed a lower
Warburg impedance. This indicated that the Li* diffusion was fa-
cilitated in the nanocomposite [18,45]. It could be due to less ag-
gregation of NS nanoprisms, and the higher specific surface area and
pore volume of the nanocomposite.

Full cell was assembled in order to test the performance of
calcined NS/G-10 for practical applications. Full cells are more
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challenging due to the absence Li metal anode, which acts as an
abundant Li ion source and a stable reference electrode [46]. The
full cell was cycled at a current of 70 mA/g (for calcined NS/G-10).
Fig. S5a shows the first charge/discharge voltage profile, where the
specific capacity of the full cell at the first charge was ~ 146 mAh/
g, while that of the first discharge was ~104 mAh/g, with a Cou-
lombic efficiency of ~71%. The specific capacity decreased to
~80.3 mAh/g after 9 cycles (Fig. S5b).

High-voltage anodes are needed to avoid the safety concerns
that are associated with graphite [47]. Lithium titanate (1.5 V vs.
Li*/Li) [47] has been used as a high-voltage anode in full cell with
LiFePO,4 as cathode [48,49]. Although metal sulfides [13,14,17,50]
have higher voltages (de-lithiation at >2 V vs. Li*/Li) than typical
high-voltage anodes, they have much higher specific capacity. This
can lead to comparable or even higher full-cell energy density [51].
Thus, graphene-wrapped nickel sulfide nanoprisms, having high
operating voltage (de-lithiation at ~1.9 V vs. Li " /Li), can be used
as a high-voltage anode.

Graphene wrapping was used to avoid the substantial capacity
loss shown by bare nickel sulfide nanoprisms, achieving high
specific capacity over the first 100 cycles. However, graphene-
wrapped nickel sulfide began to decrease in capacity in sub-
sequent cycles, probably caused by slow detachment of the dis-
integrated active material from the surface of graphene sheets. To
reduce material detachment and improve stability, the nano-
composite would need to be further improved, for example by
increasing the graphene content or by embedding the nickel sul-
fide nanoprisms within a carbon matrix. The full-cell configuration
should also be further optimized for capacity and stability in
practical applications.
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3.2. Testing as supercapacitor electrode

CV curves of calcined NS and NS/G-10 showed redox peaks
characteristic of pseudocapacitors (Fig. 11a and b). This was dif-
ferent from the rectangular CV curves that are shown by electric
double layer supercapacitors [25]. The symmetrical redox peaks
indicated good reversibility of the redox reactions [23]. At high
scan rates, the anodic and cathodic peaks shifted to higher and
lower voltages, respectively, due to electrode polarization at high
current densities [22]. It was observed that the linear relationship
between the cathodic peak current (ip) and the scan rate (V) could
be best fitted as i, vs. V!/2 (Fig. S6a and b). This showed that the
redox reaction of nickel sulfide was diffusion limited [24].

Based on previous reports [22,24], the redox peaks observed in
the CV curves could be assigned to the following reaction:

Ni1_17S +OH = Ni],17SOH + e 4)

According to the previous equation, the theoretical specific
capacitance was calculated to be ~2130 F/g using the following
equation [40],

Cs = Q/AV = nF/mAV )

where C; is the theoretical specific capacitance, Q is the amount of
charge stored per gram of active material, AV is the potential
window, n is the number of charge transferred during the redox
reactions, F is Faraday constant and m is the molar mass of the
active material.

Chronopotentiometry was conducted at current densities of 3—
20 A/g in a potential window of 0-0.45 V vs. Ag/AgCl (Fig. 11c and
d). The potential plateaus during charge and discharge
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Fig. 11. (a,b) CV curves of calcined (a) NS and (b) NS/G-10. (c, d) Chronopotentiometry curves of calcined (c) NS and (d) NS/G-10 at various current densities.
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Fig. 12. Cycling performance of calcined NS and NS/G-10 at a current density of (a) 5 A/g and (b) 20 A/g.

corresponded to the CV oxidation and reduction peaks, respec-
tively. The symmetrical charge and discharge curves indicated
good pseudocapacitive properties and reversible redox reactions
[24]. Calcined NS achieved specific capacitances of ~1495, 1171,
878 and 449 F/g at 3, 5, 10 and 20 A/g, respectively (Fig. S7). Cal-
cined NS/G-10 achieved specific capacitances of ~1337, 1156, 956
and 777.8 F/g at 3, 5, 10 and 20 A/g, respectively (Fig. S7). It was
observed that calcined NS/G-10 showed better performance at
high current densities (10 and 20 A/g). At 20 A/g, calcined NS re-
tained only 30% of the specific capacitance achieved at 3 A/g, while
calcined NS/G-10 could retain ~58%. This showed that the nano-
composite improved the redox behavior of nickel sulfide at high
current densities.

Cyclic performance was evaluated by continuous charge and dis-
charge for 2000 cycles at 5 A/g, in the potential range of 0-0.45 V vs.
Ag/AgCl (Fig. 12a). The specific capacitance of calcined NS increased
over the first 500 cycles until ~ 1210 F/g. It was relatively stable at
1000-1100 F/g over the next 1500 cycles. The specific capacitance after
2000 cycles was ~ 1010 F/g, which is ~83% of the maximum specific
capacitance. Similarly, the specific capacitance of calcined NS/G-10
increased over the first 300 cycles to ~1170 F/g. It slightly decreased
to ~ 1110 F/g after 1000 cycles, and then gradually declined to about
830 F/g after 2000 cycles. It could retain ~71% of its maximum spe-
cific capacitance after 2000 cycles.

The presence of graphene did not improve the cycling perfor-
mance of nickel sulfide. The NS/G-10 nanocomposite actually
showed a lower specific capacitance after 2000 cycles. However,
the cycling performance at 20 A/g was different. Calcined NS and
NS/G-10 achieved maximum specific capacitances of ~400 and
890 F/g, respectively after 100 cycles (Fig. 12b). The specific capa-
citances then decreased gradually reaching ~220 and 670 F/g,
respectively after 1000 cycles. The 3-fold higher specific capaci-
tance of calcined NS/G-10 compared to calcined NS after 1000
cycles showed that graphene had a critical role in improving the
pseudocapacitive performance of nickel sulfide at high current
densities.

The specific capacitance of calcined NS at a current density of
5 A/g was compared to previous reports of nickel sulfide at the
same or lower current densities. Our calcined NS had higher
specific capacitance than NisS; [24], NiS [22,26,52,53], NiS;, [23]
and mixed-phase nickel sulfides [20,54,55]. The performance of
the nickel sulfide nanoprisms could be attributed to their small
size, which shortened the ionic and electronic diffusion paths [6],
exposed more electroactive sites, and improved contact with the
electrolyte [8]. Carbon coating upon calcination might have con-
tributed to the high pseudocapacitive performance by improving
electronic transport [56] and stabilizing the nanoparticles. The

single-crystalline nanoprismatic structure could have facilitated
diffusion of electrons and improved the electrochemical activity, as
previously reported for NiS, nanocubes [23].

Graphene wrapping of the nickel sulfide nanoprisms did not
improve their pseudocapacitive properties at low current den-
sities. However, graphene's presence was important at high cur-
rent densities. This could be explained by the enhanced electronic
transport due to the high conductivity of graphene, which im-
proved the electrode kinetics [54]. This was augmented by the
direct anchoring of the nanoprisms on the surface of the graphene
sheets, which further facilitated electronic transport [36]. In ad-
dition, the higher surface area and porosity of the nanocomposite
facilitated electrolyte transport and ionic diffusion, which im-
proved the rate capability of the electrode [25,54].

4. Conclusions

Nickel sulfide nanoprisms were prepared by a facile synthesis
method. They had high initial specific capacity when used as Li-ion
battery anode, but suffered from rapid capacity fading. As super-
capacitor electrode, they demonstrated remarkable specific capa-
citances of ~1495 and 1171 F/g at current densities of 3 and 5 A/g,
respectively. Graphene wrapping was used to improve the elec-
trochemical properties of nickel sulfide nanoprisms. It dramati-
cally improved the performance of the Li-ion battery anode ma-
terial, achieving a specific capacity of over 1200 mAh/g after 100
cycles. Graphene also helped to improve the pseudocapacitive rate
performance, enabling the nanocomposite to achieve a 3-fold
higher specific capacitance at 20 A/g after 1000 cycles.
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