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NiS, has become a research hotspot of anode materials for Na-ion batteries due to its high theoretical
specific capacity. However, the volume effect, the dissolution of polysulfide intermediates and the low
conductivity during the charge/discharge process lead to the low specific capacity and poor cycling
stability. NiS,/rGO nanocomposite was prepared by a facile two-step process: GO was prepared by
modified Hummers method, and then NiS,;/rGO nanocomposite was synthesized by i-cys assisted
hydrothermal method. NiS,/rGO nanocomposite shows excellent cycle performance and rate
performance, which could be attributed to the mesoporous structure on the graphene skeleton with
high conductivity. Besides, the chemical constraint of a unique S—O bond on NiS, could inhibit the
dissolution of intermediates and the loss of irreversible capacity.
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Lithium-ion batteries (LIBs) with high working voltage, long
cycle life and high energy density have been widely used in
portable devices and energy storage systems in recent years [1].
The world’s limited lithium reserves restrict the future mass
application of LIBs. Na-ion batteries (SIBs), as one of the most
promising substitutes for LIBs, have attracted considerable
attention due to their significant advantages of low-cost, abundant
sodium resources and similar electrochemical properties of
sodium to lithium [2]. However, the intrinsic large ionic radius
(1.02 A for Na* vs. 0.76 A for Li") and molar mass of Na* result in
severe volume expansion and make the intercalation of Na* into
the host materials difficult during charge/discharge process [3]. To
improve the cycling stability and rate performance, people have
focused their research on anode materials that play a decisive role
in electrochemical performance.

In recent years, various Na-ion storage mechanisms were
proposed and corresponding materials have been intensively
investigated for SIBs, For instance, intercalation-type (e.g., graphite
and carbon nanotube) [4], alloy-type (e.g., Sn and Sb) [5],
conversion-type (e.g., SnO; and Fe,03) [6]. Among them, transition
metal sulfides (TMS) with high electrochemical activity,excellent
mechanical stability, rich redox chemistry and enhancedreversi-
bility have emerged as promising high-performance anodes for
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SIBs. NiS,, as an important member of TMS, has a high theoretical
capacity (807 mAh/g), high conductivity (55 S/cm), and narrow
photonic bandgap width (0.3 eV), which is an idealanode material
for SIBs [7]. However, NiS, would suffer from large volume
expansion during charge/discharge process with structural
collapse. Besides, the dissolution of polysulfide intermediates
formed from the oxidation of Na,S usually leads to a serious loss of
irreversible capacity, as known in Na-S batteries [8]. To overcome
these drawbacks, various strategies [9,10] such as nanostructure
design and hybridization with carbon are often applied. Among
them, reduced graphene oxide (rGO) is considered to be an ideal
carbonaceous material for its high surface area, chemical stability
and outstanding electronic conductivity [11]. Therefore, decorating
NiS, nanoparticles with rGO is expected to be a promising
approach to obtain an excellent electrochemical performance of
the electrode materials.

Herein, NiS,/rGO nanocomposite was prepared via a facile two-
step hydrothermal controlled method. As an anode material of
SIBs, the NiS,/rGO electrode shows an excellent reversible specific
capacity of 334 mAh/g at the current density of 100 mA/g over 500
cycles. Furthermore, the nanocomposite could maintain a capacity
of 202 mAh/g at the current density of 1 A/g, demonstrating its
outstanding long-term performance.

The fabrication process of the NiS,/rGO nanocomposite is
illustrated in Fig. 1a. 1.-Cys plays the role of sulfur source and
reductant for hydrothermal reaction (details in Supporting
information). The NiS, formed by i-cys and Ni2* can easily
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Fig. 1. (a) Schematic of synthesis of the NiS,/rGOnanocomposite. (b) XRD patterns
and (c) Raman spectra of NiS,/rGO nanocomposite. (d) SEM image of NiS,/rGO. (e, )
TEM image and corresponding element mappings of NiS,/rGO.

electrostatically adsorb with oxygen-containing functional groups
in graphene oxide [12], thereby forming the strong S—O bonds.
X-ray diffraction (XRD) was used to characterize the crystal
structure of the material, and the results are shown in Fig. 1b. It can
be seen from the spectrum that all of the XRD peaks of NiS,/rGO
can agree well with the cubic pyrite NiS, (PDF No. 88-1709). It can
be noticed that NiS,/rGO nanocomposite does not show diffraction
peaks of graphene, indicating that the growth of NiS, on the
surface of graphene inhibits the stacking of graphene sheets [13].
In order to further study the existence form of carbon, Fig. 1c is the
Raman diagram of NiS,/rGO nanocomposite. The two strong peaks
at 1372.6 cm ™! and 1570.1 cm ™! correspond to the D peak and G
peak respectively, confirming the presence of rGO.

The morphology of NiS,/rGO nanocomposite was shown in
Figs. 1d-f. It can be seen from the SEM image of Fig. 1d that the
agglomerated spherical NiS; particles are distributed on the
surface of the graphene sheet, and the particle size is in the order of
hundreds of nanometers. Considering that the sample was
ultrasonically treated before the SEM test, NiS, nanoparticles
and graphene nanoplatelets are still well combined, indicating that
there is a strong interaction between NiS;, and rGO. Figs. 1e and f
are TEM images of NiS,/rGO and corresponding element mappings.
It can be seen that the nanocomposite contains C and O elements,
which are derived from the reduced graphene oxide and the
oxygen-containing functional groups in the rGO, respectively. It
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Fig. 2. (a) XPS survey spectrum of nanocomposite. High-resolution XPS spectra of
(b)S2p,(c)C1sand (d)Ni2p.(e) N, adsorption/desorption isotherms and pore size
distribution (the inset) of NiS,/rGO. (f) TG curve of NiS,/rGO.

can be noted that the similar segregated regions of the O element
correspond to the Ni and S elements, indicating that there is some
interaction between O and NiS,.

The elemental compositions and the chemical states on the
surface of NiS,/rGO were further determined by X-ray photoelec-
tron spectroscopy (XPS). Fig. 2a shows the XPS survey spectrum of
NiS,/rGO, indicating the only existence of S, C, O and Ni elements.
As presented in Fig. 2b, three peaks could be fitted in the
high-resolution spectrum of S 2p, assigned to the Ni-S bond
(162.5-163.8eV) and the strong interaction of S—O bond
(168.7 eV), respectively [14]. The C 1s (Fig. 2c) displays two
obvious peaks located at 284.6 eV and 286.1 eV, which respectively
correspond to the C—C and C—O bonds in NiS,/rGO [15]. The Ni 2p
(Fig. 2d) can be divided into spin-orbit doublets and two shakeup
satellites. The peaks situated at 856.1 and 874.6 eV are assigned to
2p3;2 and 2pqj; of Ni?*. While the peaks located at 854.1 and
871.3 eV are attributed to 2p3), and 2py, of Ni*[16]. This indicates
that the transition metal Ni has multiple different oxidation states,
and higher Na-ion storage capacity can be obtained through an
effective redox reaction.

The N, adsorption/desorption isotherm (Fig. 2e) of NiS,/rGO
represents a typical type-IV behavior corresponds to the meso-
porous structure. This implies that there exists a large number of
mesopores in NiS,/rGO (Table S1 in Supporting information),
which exhibits a high specific surface area of 14.76 m?/g. In detail,
the BJH pore size of NiS,/rGO is in the range of 3-6 nm from the
inset of Fig. 2e. Large specific surface area promotes the
capacitance behavior in the electrochemical reaction, thus
providing more discharge capacity [17]. Besides, high porosity is
conducive to the full infiltration and flow of electrolyte, which
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Fig. 3. (a) Cyclic voltammetry curves of NiS,/rGO. (b) The corresponding equations of the redox peaks in the cyclic voltammetry curves. (c) Discharge/charge curves at a
current density of 0.1 A/g. (d) Rate capability at different rates (increased from 0.1 A/g to 1 A/g). (e) Cycling performance at a current density of 0.1 A/g.

plays an essential role in improving the rate performance [18]. The
characteristic TG curve of NiS,/rGO (Fig. 2f) can be observed in the
TG method in the air with the carbon content. The initial slight
weight loss can be assigned to the loss of adsorbed water, and the
notable weight loss between 250~1000 °C corresponds to the
decomposition of graphene and oxygen-containing functional
groups [19]. The emergence of the platform between 600-700 °C is
caused by the oxidation of NiS, to the final product NiO, increasing
in weight [20]. Because 39.0 wt% of the original mass is retained,
the contents of NiS, and graphene in NiS,/rGO are 64.3 wt% and
35.7 wt%, respectively.

Cyclic voltammetry (CV) was performed on NiS,/rGO at the
scan rate of 0.1 mV/s for the first three cycles, as shown in
Fig. 3a. It can be seen from the figure that there is a strong
irreversible reduction peak at 112V (A) during the first
discharge (sodium insertion), which corresponds to the
formation of Na,NiS, and SEI films [21]. The bump at 0.80V
(B) corresponds to the Na* insertion into the Na,NiS, crystal lattice
to form Na,S [22]. Two oxidation peaks are displayed at about
1.75V (C) and 1.90 V (D), which represent the oxidation of Na,S to

Na,NiS, and the formation of NiS, [20]. In addition, the potential
and intensities of redox peaks have good symmetry and
consistency during the 2™ and 3™ cycles, indicating the excellent
electrochemical performance of the conversion. The correspond-
ing equations of the redox peaks in the CV curves can be elucidated
in Fig. 3b.

The discharge/charge curves of various cycles of the NiS,/rGO
at a current density of 0.1 A/g are revealed in Fig. 3c. There is a
visible platform at 1.2-0.8 V during the first discharge of NiS,/rGO
anode, which corresponds to the sodium insertion reaction of
NiS,/rGO and the formation of SEI film [21]. Because the
formation of SEI film is an irreversible process, the platform
gradually weakens and migrates to lower potential in the
subsequent discharge process (Fig. S1 in Supporting information).
In the first charge process, the two platforms, which are more
obvious at 1.5V and 1.9V, correspond to the oxidation reaction
process in which Na,S gradually removes sodium to form NiS,. It
is highly consistent with the following charge platform, and
corresponds to the oxidation peak of the cyclic voltammetry
curves in Fig. 3a.
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Fig. 4. (a) Nyquist curves, (b) equivalent circuit models and (c) corresponding fitting parameters of NiS,/rGO anode with different cycles.

The applicability of NiS,/rGO as anode materials is further
evaluated through rate capability in Fig. 3d. Specifically, after
activation for first three cycles, the NiS;/rGO anode affords
reversible capacities of 492.3, 388.8, 314.7 and 203 mAh/g,
respectively, at rates of 0.1, 0.3, 0.5 and 1 A/g. Note that the
capacity of the NiS,/rGO anode can be recovered to 365.9 mAh/g
and remains stable when the current rate was reverted to 0.1 A/g.
The outstanding rate performance is mostly ascribed to the
graphene sheet with the high specific surface area for efficient
electron transport and mesoporous for fast penetration of
electrolyte [23].

The stability of NiS,/rGO anode is verified by cycling the
nanocomposite at the current density of 0.1 A/g. Fig. 3e depicts
the electrochemical performance of the NiS;/rGO after a
galvanostatic discharge/charge test of 500 cycles. It can
be seen that the initial discharge/charge capacities were
935.6/555.2 mAh/g, and the FCE was reckoned as 59.3%. The
loss capacity during the first cycle was attributed to the
formation of SEI film [24]. Moreover, the reversible capacity of
NiS,/rGO nanocomposite slowly decreases in the first 60 cycles
and then keeps a stable value and reaches 334.4 mAh/g after
500 cycles with a CE of nearly 100%, corresponding to 52.6%
capacity retention, which is better than the electrochemical
performance of reported nickel sulphide based anodes (Table S2
in Supporting information). The excellent cycle performance
and high reversible capacity of the as-prepared NiS,/rGO could
be attributed to the nanocomposite structure and chemical
restraint. On the one hand, the excellent flexibility of graphene
effectively could buffer the volume expansion of NiS, during
intercalation/extraction of Na* [13]. On the other hand, S—O
bond with strong chemical action inhibits the dissolution of
sulfur intermediates and sustains the capacity retention during
long-term cycling.

The interfacial properties of the charge transport/transfer
havebeen measured by the EIS technic on the NiS,/rGO after
various cycles under similar conditions. The initial and subse-
quent EIS (the 1%, 3™, 10" cycles), as well as corresponding
equivalent circuit model and fitting curves are shown in Figs. 4a
and b, respectively. It can be seen from the fitting results that the
initial EIS of NiS,/rGO consists of a semicircle (interface S1
between NiS; and electrolyte) in the high-frequency region and a
straight line in the low-frequency region. Another semicircle
(interface S2 between SEI and electrolyte) was added to the EIS
diagram of NiS,/rGO after cycling, which was caused by the
formation of SEI film [25]. The EIS curve was fitted and the
parameters obtained included electrolyte contact resistance (R;),
space charge capacitance (CPE1, CPE2), charge transfer resistance
(R2, R3) and Warburg impedance (W1). Warburg coefficient (o),
Faraday current density (Ig) of S1 interface and the diffusion
coefficient of Na* (Dy) calculated by Egs. (1)—(3) [26] are shown in

Fig. 4.
Z =Ry + R+ 00 02 1)
RT
Ir = arRg 2
RT
Do =0.5 3
0 ( Ao, C) 3)

Here, R is charge-transfer resistance, w is the angular frequency,
Tis the temperature (298 K), A is the surface area of the electrode, F
is the Faraday constant 96,500 C/mol, C is the molar concentration
of Na* and n is the number of electrons transferred per molecule
during the intercalation.

It can be seen from Fig. 4c that after 10 cycles, R, reduces
from 641.9 () to 12.41 (), accompanied by its space charge
capacitance CPE1 reduces from 8.87 x 107> F to 3.98 x 10°® F, and
the corresponding Ir increases from 5.53 x 10°® mA/cm? to
6.16 x 10> mA/cm?, which shows that with the decrease of the
charge transfer resistance at the interface S1, the space charge
accumulated at the interface is gradually destroyed, thus
accelerating the diffusion of Na* into the active material [27]. In
addition, R3 and CPE2 increased from 4.46 () and 9.99 x 107 F to
4242 Q) and 9.78 x 10" F during the 1°¢ cycle to the 10™ cycle,
respectively, which is attributed to the resistance of electrolyte
penetration at S2 interface, caused by the incomplete and unstable
structure of SEI film formed after the first cycle [28]. The diffusion
coefficient of Na* (Do) increases and Warburg coefficient W1
decreases during the whole cycle, which may be due to the
graphene skeleton with a mesoporous structure providing a
transport channel for the rapid migration of Na®.

In summary, NiS,/rGO nanocomposite was prepared by L-cys
assisted hydrothermal method. NiS,/rGO nanocomposite, as the
anode material of Na-ion batteries, shows excellent cycle perfor-
mance (reversible specific capacity reaches 334.4 mAh/g after 500
cycles at a current density of 100 mA/g) and rate performance
(reversible specific capacity reaches 203 mAh/g at a current
density of 1000 mA/g). The excellent cycle stability of NiS,/rGO
comes from the chemical restraint of the S—O bond and the
buffering effect of the graphene skeleton. Through further analysis
of EIS, it is proved that the mesoporous structure of rGO accelerates
the migration of Na* in the active material.
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