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ABSTRACT: Preparation of two-dimensional (2D) gra-
phene-like materials is currently an emerging field in materials
science since the discovery of single-atom-thick graphene
prepared by mechanical cleavage. In this work, we proposed a
new method to prepare 2D NiS, where reduced graphene
oxide (rGO) was found to induce the recrystallization of NiS
from nanorods to nanosheets in a hydrothermal process. The
process and mechanism of recrystallization have been clarified
by various characterization techniques, including scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDS) mapping,

and X-ray photoelectron spectroscopy (XPS). The characterization of ex situ NiS/rGO products by SEM and EDS mapping
indicates that the recrystallization of NiS from nanorods to nanosheets is realized actually through an exfoliation process, while
the characterization of in situ NiS/rGO products by SEM, TEM, and EDS mapping reveals the exfoliation process. The XPS
result demonstrates that hydrothermally assisted chemical bonding occurs between NiS and rGO, which induces the exfoliation
of NiS nanorods into nanosheets. The obtained NiS/rGO composite shows promising Na-storage properties.

B INTRODUCTION

Graphene, a typical two-dimensional (2D) material, has
aroused intensive research topics since the pioneering work
by Novoselov et al,' due to its unique properties, including
large specific surface area,” high electrical conductivity,® giant
mobility of charge carriers* and huge mechanical strength.®
These novel properties make graphene and graphene-based
materials promising applications in various fields, such as
transistors, sensors, energy storage and conversion, photo-
catalysis, etc.°"'* Inspired by the advances in graphene
research, an increasing interest has been focused on
graphene-like 2D materials with some unusual properties.'>'®
Typically, these 2D graphene analogues were made from
layered materials, such as boron nitride and transition metal
dichalcogenides (MoS,, WS,, WSe,, etc.), with potential
applications in transistors,"”'® sensors'”** and CO, absorb-
ent”’ 2D MoS,”* and WS,** also showed promising
applications in Li-ion batteries for short Li-ion diffusion
pathways and large exposed surface to electrolytes.”*

Diverse approaches such as mechanical exfoliation,'”*® liquid
exfoliation,”>® chemical®* and electrochemical'? lithiation, and
chemical vapor deposition,”” have been proposed to prepare
2D graphene-like materials. However, these methods generally
involve a complex process with low yield, which are not
practical for large-scale production. In addition, for nonlayered
materials, it is difficult to obtain graphene-like structure via a
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facile route unless a complex process is introduced, for example,
using organic ligand molecules.”®* In this work, graphene-like
NiS was prepared by a new exfoliation method, in which
reduced graphene oxide (rGO) was used as the “adhesive tape”
to “pull” NiS nanosheets out of NiS nanorods. This method is
inspired by Novoselov’ work of preparing monolayer graphene
by mechanical cleavage of graphite using “Scotch tape
method”," which was extended to prepare other 2D inorganic
crystals.*

Graphite oxide (GO) can dissolve in water and some polar
solvents®' due to the presence of abundant oxygen-containing
groups including epoxy, hydroxyl, carbonyl, and carboxyl
groups.*>** Although bulk GO also shows a stacked structure
similar to graphite, it can be easily dispersed in water (or some
polar solvents) to form monolayer or few-layer graphene oxide
sheets because of its hydrophilic nature by forming hydrogen
bonds between oxygen-containing groups and water mole-
cules.*”** The presence of the oxygen-containing groups also
makes it possible to functionalize graphene oxide (or rGO)
with various organic molecules in solution through covalent
and noncovalent approaches.***’ In addition, strong coupling
between inorganic particles and graphene oxide (or rGO) could
also be established through possible chemical bonding.>**’ In
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Figure 1. SEM images of (a) bare NiS and (b) NiS/20rGO, (c) EDS mapping of the marked domain in (b), and (d) TEM and (e) HRTEM images

of NiS/20rGO.

all the above cases, the strong interaction could be realized
through chemical bonding.

In this work, we found that chemical bonding also occurs
between the oxygen-containing groups on rGO sheets and the
surface chemical bonds on NiS nanorods, which induces the
exfoliation of NiS nanorods into nanosheets by weakening the
binding force between surface NiS layers and bulk NiS rods.
This process can be considered as recrystallization of NiS from
nanorods to nanosheets since both are in crystalline state. The
exfoliation process and mechanism were revealed by the
systematic characterization of a series of ex situ and in situ
hydrothermal products with the use of scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDS) mapping, and X-
ray photoelectron spectroscopy (XPS).

This work provides a new method to prepare graphene-like
crystals or hybrids which show appealing applications in various
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fields. As a potential application in Na-ion batteries, the
electrochemical Na-storage properties of NiS/G composite
have been studied in this work. Na-ion batteries have long been
considered as alternatives to Li-ion batteries because of the
natural abundance of Na sources.**™* The results show that
the NiS/rGO composite exhibits better Na-storage properties
than the NiS nanorods due to its unique sheetlike structure.
The NiS/rGO composite can yield an initial charge capacity of
181 mAh g_1 at a charge current of 200 mA g_l, much higher
than that of graphite.*’

B EXPERIMENTAL SECTION

In Situ Synthesis of NiS/rGO Composites. For the in situ
synthesis of NiS/rGO, a certain amount of GO (10, 20, 30, and 40
mg), prepared by a modified Hummer’s method,** was added to 50
mL deionized (DI) water with vigorous sonication for 0.5 h to form
dispersions with different GO concentrations. Then 1 mmol Ni(Ac),:
4H,0, 3 mmol thiourea, and 1 mmol Na;CsH;0,-2H,0O were added
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to each of the above dispersions with stirring. The pH was adjusted to
12 by dropwise addition of 2 mL ammonia solution (28 wt %). After
being stirred for another 1 h, the mixed solution was transferred to a
Teflon-lined stainless steel autoclave (100 mL in capacity) and heated
in an electric oven at 180 °C for 24 h. Finally, the autoclave was cooled
down to room temperature naturally. The resultant black precipitates
were collected by centrifugation, washed repeatedly with DI water and
anhydrous ethanol, and dried at 40 °C under vacuum overnight.
According to the carbon content analysis, the rGO contents are
around 5, 10, 15, 20 wt % in four NiS/rGO samples, which are named
NiS/5rGO, NiS/10rGO, NiS/15rGO and NiS/20rGO, respectively.

Synthesis of Control Samples. For NiS/20rGO, another three
samples were also synthesized by performing the hydrothermal
reactions for 3, 6, and 12 h while keeping the other conditions
unchanged. Bare NiS was also prepared with a similar route (180 °C,
24 h) except for the absence of GO in the precursor. Bare rGO was
prepared by the hydrothermal method at 180 °C for 24 h (or 1 h)
using GO as the precursor. An ex situ hydrothermal route (180 °C, 24
h) was also used to prepare two NiS/rGO composites (20 wt % rGO)
using pre-prepared NiS nanorods and rGO (or GO) as the precursors.
The two ex situ prepared NiS/rGO samples are named NiS@20rGO-1
and NiS@20rGO-2.

Materials Characterization. The crystalline phases of the
products were identified by XRD on a Rigaku D/Max-2550pc powder
diffractometer equipped with Cu Ka radiation (1 = 1.54 A). XPS
measurements were conducted on a KRATOS AXIS ULTRA-DLD
spectrometer with a monochromatic Al Ka radiation (hv = 1486.6
eV). The morphologies of the products were observed by field-
emission SEM on an FEI-sirion microscope and TEM on a JEM 2100F
microscope. Raman spectra were collected on a Jobin-Yvon Labor
Raman HR-800 Raman system using an Ar-ion laser of 514.5 nm at 10
mW. The carbon content analysis was conducted on a Flash EA 1112
tester.

Electrochemical Studies. The electrochemical Na-storage prop-
erties of the NiS/rGO were evaluated by charge/discharge cycling
using CR2025-type coin cells. The electrode slurry was made by
mixing 75 wt % active material (NiS/rGO, NiS, rGO), 15 wt %
acetylene black, and 10 wt % polyvinylidene fluoride (PVDF) in N-
methyl pyrrolidone (NMP) with magnetic stirring for 2 h. The
working electrodes were made by coating the slurry onto Ni foam
followed by drying at 100 °C under vacuum overnight. Coin-type half
cells were assembled in an Ar-filled glovebox using Na foil as
counterelectrode and Celgard 2300 polypropylene membrane as
separator. The electrolyte was 1 M NaClO, dissolved in propylene
carbonate (PC). The cells were charged and discharged at various
current densities between 0.00S and 3 V vs Na/Na* on a Neware
battery tester (Shenzhen, China). The specific capacity of NiS/rGO
was calculated on the basis of the total weight of NiS and rGO.
Electrochemical impedance spectroscopy (EIS) measurements were
performed on a CHI660C electrochemistry workstation. The
impedance plots were recorded by applying an ac voltage of 5 mV
amplitude in the frequency range from 10 mHz to 100 kHz at charge
(Na-extracted) states after the cells were cycled for 10 cycles and
stayed at open circuit voltage for at least 10 h. All of the
electrochemical measurements were carried out at room temperature.

B RESULTS AND DISCUSSION

After the hydrothermal reaction, NiS tends to form rodlike
structure with the diameter and length around 100 nm and 1
um, respectively, as seen in Figure la. Clearly, a radial
flowerlike morphology has been constructed by the aggregated
NiS nanorods. High-resolution TEM (HRTEM) image and
electron diffraction (ED) patterns indicate that the NiS
nanorod exhibits a single-crystalline nature (Supporting
Information (SI) Figure S1d). Interestingly, the radial flower-
like morphology cannot be observed with the addition of GO in
the precursor (NiS/20rGO). Instead, a sheetlike morphology
has formed as shown in Figure 1b. Intuitively, the sheetlike
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structure is constructed by sole rGO sheets. Nevertheless, the
EDS mapping in Figure 1c undoubtedly indicates the presence
of Ni and S, which is further confirmed to be NiS by XRD (SI,
Figure SSa). This means that NiS also exhibits a sheetlike
structure. The TEM image in Figure 1d reveals the sheetlike
structure for both NiS and rGO, which makes it difficult to
distinguish them from each other. It seems that the presence of
GO or rGO can affect the crystallization process of NiS. Figure
le shows the HRTEM image of NiS/20rGO, which exhibits a
composite character with NiS nanosheets dispersed in rGO
nanosheets. It should be noted that the NiS nanosheets are
unstable and rapidly decompose into small-sized sheets (with
well-defined lattice fringes) after electron beam irradiation,
while the rGO sheets are relatively stable upon a short time of
irradiation.

On the basis of the primary results, two possible mechanisms
for the formation of NiS nanosheets are proposed: (i) NiS can
grow into a sheetlike structure from the beginning since the
oxygen-containing groups and/or defects on GO (or rGO) can
serve as the nucleation/growth sites for NiS sheets, inhibiting
them from growing into a rodlike structure; (ii) NiS initially
crystallizes into rods in the early reaction stage, and then the
rods recrystallize into sheets in the presence of GO (or rGO) as
the reaction proceeds. In the latter case, GO (or rGO) can be
considered as the “adhesive tape” to “pull” NiS nanosheets out
of nanorods, similar to the process of preparing graphene by
the “Scotch tape method”."*® Control experiments were
conducted to clarify the formation mechanism of NiS sheets,
where two hydrothermal reactions were performed using the
pre-prepared bare NiS nanorods and rGO (SI, Figure S2) or
NiS nanorods and GO (SI, Figure S3) as the precursors. The
above reactions are referred to as ex situ hydrothermal
reactions. The synthesis, characterization, and the related
discussion of rGO and the ex situ products (NiS@20rGO-1,
NiS@20rGO-2) are described in detail in the Experimental
Section and Figures S1—S83 in the SL

In both cases, the morphology of radially aggregated
nanorods disappears after the ex situ hydrothermal reactions.
Instead, typical morphologies of aggregated nanoparticles,
aggregated nanosheets, and partially exfoliated nanorods
emerge, which are verified to be NiS by EDS analysis (SI,
Figure S4). Clearly, these morphologies are the intermediates
between the pristine NiS nanorods and the nanosheets.
Therefore, it can be concluded that GO (or rGO) can indeed
induce the recrystallization of NiS from nanorods into
nanosheets via a hydrothermal process. Considering the fact
that the reduction of GO can be accomplished in a short time
during the hydrothermal reaction (SI, Figure S5d), it is
reasonable to infer that rGO plays a main role in inducing the
recrystallization of NiS, namely, exfoliation of nanorods to
nanosheets. Of note is that exfoliation of NiS rods is insufficient
in both cases due likely to the inhomogeneous dispersion of
NiS on rGO due to the large size of NiS nanorods and the
restacking of the hydrophobic rGO sheets. To better
understand the exfoliation mechanism, a series of NiS/rGO
samples were prepared by the in situ hydrothermal reactions,
where hydrosoluble Ni(Ac),-4H,0, thiourea, and GO were
used as the precursors. It is expected that the electrostatic
attraction between positively charged Ni** and negatively
charged graphene oxide sheets* will favor the uniform
dispersion of NiS nanorods on rGO sheets. The character-
ization of these in situ NiS/rGO samples is summarized in the
SI in Figure SS.
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Figure 2 shows the SEM images of in situ NiS/rGO products
with different rGO contents. Unlike NiS/20rGO, NiS/rGO

2 pm
—o—

Figure 2. SEM images and EDS mapping of (a) NiS/SrGO, (b) NiS/
10rGO, and (c) NiS/15rGO.

samples with lower rGO content exhibit insufficient exfoliation
of NiS rods. As seen in Figure 2a, at a low rGO content (5 wt
%), the aggregated rodlike morphology is still observable.
These aggregates are surrounded by the thin sheets which are
considered to be rGO sheets. EDS mapping for S and Ni
indicates that the exfoliation of NiS rods should not be
significant since the bright aggregates of S and Ni elements are
clearly separated even though weak S and Ni signals are also
present in between these bright aggregates. The presence of the
weak S and Ni signals in between the bright aggregates, on the
other hand, signifies the slight exfoliation of NiS nanorods,
which occurs predominantly at the ends of the rods, where the
contact with rGO is the most possible. TEM image of this
sample (SI, Figure S6a) also reveals the presence of thin sheets
at the ends of the rods and the obvious “etching” of the ends.
At a higher rGO content (10 wt %), most of the aggregated
rods are replaced by discrete nanorods as shown in Figure 2b.
In addition, the length and diameter of the nanorods obviously
decrease with the increased rGO content. The EDS mapping of
S and Ni confirms that the discrete nanorods are NiS and that
NiS sheets derived from NiS rods have “penetrated” into rGO
as evidenced by the enhanced S or Ni signals in between these
discrete NiS nanorods. The enhanced exfoliation of NiS
nanorods with increased rGO content is further verified by
TEM observation (SI, Figure S6b). When the rGO content is
increased to 15 wt %, most of the rods have been converted
into interconnected sheets due to an increased possibility for
NiS to have contact with rGO (Figure 2c). EDS mapping
demonstrates that S and Ni elements exhibit continuous and
uniform distribution in rGO, indicating that NiS sheets are
homogeneously dispersed in rGO sheets. As a result, the
composite as a whole shows a sheetlike morphology. From the
above experiments, we can conclude that the exfoliation of NiS
rods is closely related to the presence of rGO.

Note that some short and thin rods can still be observed for
NiS/15rGO although most of the rods have been transformed
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into sheets as mentioned above. This sample thus is an ideal
choice for the investigation of the recrystallization process of
NiS rods induced by rGO sheets. Four typical domains are
selected for dark field TEM observation and EDS mapping
(Figure 3). Figure 3a shows the TEM image and EDS mapping

Figure 3. TEM images and EDS mapping of NiS/15rGO at different
degrees of exfoliation of NiS nanorods.

in a domain surrounding the end of a rod. It is obvious that the
exfoliation of the rod is proceeding, evidenced from the etched
end. EDS mapping clearly reveals the presence of NiS in the
entire selected domain, while the brightness contrast of S and
Ni signals implies that NiS outside of the rod is exfoliated from
the rod and has “penetrated” into the neighboring rGO sheets.
This process can be vividly considered as a “dissolution”
process of NiS in rGO due to the fact that NiS sheets are
uniformly dispersing in rGO sheets and that this process is
induced by rGO.

In Figure 3b, TEM and EDS mapping are performed on the
side of a rod and its adjacent region. This domain is selected
because obvious etching has occurred on the side of the rod.
EDS mapping exhibits a clear brightness contrast of S and Ni
signals, which fades out from the rod to the nearby area,
indicative of the “dissolution” process of the NiS rod in rGO.
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Figure 3c shows the TEM image of a NiS nanorod at its deep
exfoliation stage, where the sheetlike matter is present all
around the incomplete rod. EDS mapping in this domain also
demonstrates the “dissolution” process of NiS in rGO. In the
above three selected domains, strong C and O signals are all
existing, suggesting that the “dissolution” or recrystallization of
NiS rods is possibly induced by rGO and that the position at
which NiS rod will “dissolve” or recrystallize is random as long
as the contact with rGO has been established. Figure 3d gives
the TEM image and EDS mapping in a domain where a NiS
rod (or several rods) has been completely exfoliated into
nanosheets. The uniform distribution of S, Ni, C, and O
elements suggests that NiS nanosheets are distributed
uniformly in rGO nanosheets, making the composite exhibit
a sheetlike morphology as a whole. For NiS/15rGO, on one
hand, we can still observe nearly complete NiS nanorods and
aggregated NiS nanosheets (SI, Figure S7) because of the
insufficient rGO content. The existence of these morphologies,
on the other hand, proves our assumption that the NiS sheets
are recrystallized from the NiS rods, rather than crystallized
directly in the hydrothermal reaction.

To further clarify the exfoliation process of NiS nanorods,
additional control experiments have been conducted by varying
the reaction time (3—12 h), while keeping other conditions
unchanged. Figure 4a shows the SEM image of the product

Figure 4. SEM and TEM images of NiS/20rGO after hydrothermal
reactions for (a, b) 3 h, (¢, d) 6 h, and (e, f) 12 h.

after 3 h hydrothermal reaction. Although the aggregates of NiS
nanorods are still present, the length and thickness of the rods
are obviously reduced, which is further confirmed by TEM
observation (Figure 4b). Note that the rods aggregates are
covered with thin sheets, which are considered to be rGO and
NiS sheets. Some small aggregates and discrete etched rods are
also observable, agreeing with the TEM result. The collapse of

3515

the large aggregates can be attributed to the function of rGO
sheets. At a longer reaction time (6 h), large aggregates are
rarely observed, and only small aggregates and discrete rods
remain (Figure 4c). Furthermore, the lengths of the discrete
rods and the rods in the small aggregates all show a remarkable
decrease due to the enhanced exfoliation by rGO as shown in
Figure 4d. In addition, the thickness of the rods is also
decreasing as clearly revealed by TEM. Further increasing the
reaction time (12 h) leads to the decrease in both number and
size of rods aggregates and discrete rods (Figure 4e), indicating
progressive exfoliation of NiS rods with the reaction time.
Figure 4f gives the typical TEM images of this sample, which
exhibits different exfoliation stages of NiS nanorods. On the
basis of the above results, the exfoliation process of NiS
nanorods is further clarified.

From the above analyses, some conclusions can be drawn:
(1) NiS sheets are derived from the NiS rods by
recrystallization, instead of crystallizing directly in the hydro-
thermal reaction via a nucleation/growth process; (2) the
recrystallization process starts from the collapse of the large
radial aggregates into smaller aggregates and further into
discrete rods induced by rGO, during which the exfoliation of
large aggregates, small aggregates, and discrete rods can occur
simultaneously; (3) the position at which NiS rods will exfoliate
is random, provided that rGO is present. Undoubtedly, rGO
plays a critical role in recrystallizing NiS rods into sheets. A
question, however, is still left open; that is, how is this realized?
The educated guess is that the interaction between NiS and the
oxygen-containing groups may underlie the exfoliation of NiS
rods. The existence of residual oxygen-containing groups is
verified by XPS (SI, Figure SSd) and EDS mapping (Figures
1-3), although significant deoxygenation does occur during the
hydrothermal reactions (SI, Figure SSd). Previous work showed
that residual oxygen-containing groups always exist in the
chemically reduced graphene oxide even though reducing agent
such as hydrazine hydrate*® or sodium borohydride was used.*’
On the basis of the XPS analysis, the residual oxygen-containing
groups in our rGO samples are mainly epoxy and/or hydroxyl
groups, which are on the basal planes of rGO according to the
Lerf—Klinowski model.*® XPS analysis shows that the C/O
atomic ratio in rGO is around 84:16 after the reduction
reaction.

To prove the above assumption, S2p XPS was measured as
presented in Figure 5. As seen in the figure, the spectrum can
be deconvoluted into five peaks. The peaks at 161.5 and 162.5
eV indicate the presence of NiS, in agreement with the previous

Intensity (a.u.)

Binding energy (eV)

Figure S. S2p XPS of NiS/20rGO.
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report.*” The peak at 163.5 eV denotes the formation of C—S
bonds, while the construction of O—S bonds and O=S bonds
can be identified by the peaks at 169 and 170 eV, respectively.*’
Apparently, in the above bonds, the —C—, —O—, and O=
configurations originate from rGO with residual oxygen-
containing groups (C-C, C-0, C=0, and O-C=0, SI,
Figure S5d), while the —S and =S configurations come from
NiS. Although the pristine NiS nanorods are well crystallized,
the existence of some dangling or unsaturated bonds related to
—S or =S is highly possible on the surface layers of NiS. New
chemical bonds (C—S, O—S, and O=S bonds) will form,
provided that good contact has been established between
surface dangling or unsaturated bonds on NiS and oxygen-
containing groups on rGO. In addition, chemical bonding
between Ni atoms and oxygen-containing groups should not be
excluded.>" The hydrothermal environment supplies the energy
necessary for the construction of the new chemical bonds.
Binding force between surface NiS layers and bulk NiS rods is
thus weakened under the influence of the newly formed
chemical bonds, while the energy provided by hydrothermal
reaction promotes the peeling of the surface NiS layers from
the rods eventually. Once the surface NiS layers have been
exfoliated, new surface layers will naturally form with the
construction of new angling or unsaturated bonds. Thus,
continuous exfoliation will take place, given that there is
sufficient rGO and that certain reaction conditions are supplied,
which agrees with the experimental results that either
insufficient rGO (Figures 2, 3) or inadequate reaction time
(Figure 4) will result in incomplete recrystallization of NiS
nanorods. The rGO induced recrystallization process of NiS
nanorods is schematically illustrated in Figure 6.

NiS nanorod

Figure 6. Schematic illustration of the exfoliation process and
mechanism of NiS nanorods to nanosheets by rGO.

Figure 7a shows the charge and discharge curves of NiS/
20rGO nanosheets and NiS nanorods at 50 mA g™ for the first
three cycles. The first charge (Na-extraction) and discharge
(Na-insertion) capacities of NiS/20rGO are 524 and 701 mA h
g_l, while those of NiS are 349 and 513 mA h g_l. Ex situ XRD
was used to check the Na-extraction/insertion mechanism (SI,
Figure S8). After discharge to 0.005 V, NiS peaks disappear
with the appearance of Na,S peaks. The weak and broad peaks
of Na,S suggest that Na,S is poorly crystallized and/or is small
in size. After charge to 3 V, the NiS peaks appear again,
indicating that NiS lattices have recovered after charge. Thus,
the reaction mechanism of NiS with Na is proposed as NiS +
2Na < Na,S + Ni. According the reaction, the theoretical
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capacity of NiS is 590 mA h g™', while that of NiS/20rGO is
roughly estimated to be 496 mA h g™* based on the theoretical
capacity of NiS and the yieldable capacity of rGO (around 120
mA h g™' for Na-extraction, SI, Figure S9). The higher capacity
of NiS/20rGO can be attributed to the sheetlike structure and
the conducting and dispersing effects of rGO that maximize the
utilization of NiS. For both samples, the first irreversible
capacity is due to the formation of solid electrolyte interface
(SEI) film. Figure 7b compares the cycling stability between
NiS/20rGO and NiS charged at 200 and 400 mA g_1 and
discharged at S0 mA g~'. The capacity of NiS/20rGO is
calculated on the basis of the total weight of NiS and rGO. At a
relatively large current density of 200 mA g~', NiS/20rGO can
yield a capacity of 181 mA h g'. After 10 cycles, a charge
capacity of 160 mA h g™ is still obtainable. In contrast,
although NiS nanorods can yield a similar initial charge
capacity, it rapidly drops to 77 mA h g~ after 10 cycles. A
similar result is observed when the charge current density is
increased to 400 mA g~'. The better cycling stability can be
attributed to the unique sheetlike structure of NiS that
facilitates rapid Na-ion transport both at NiS/electrolyte
interface and in bulk NiS. In addition, the interconnected
rGO sheets construct a three-dimensional (3D) conducting
network that not only enhances the electrode reaction kinetics
but also buffers the volume changes during the Na-ion
insertion/extraction process.

EIS was used to explain the different electrochemical
behaviors between NiS/20rGO and NiS. As seen in Figure
7¢, the Nyquist plots are composed of a depressed semicircle in
the high-to-medium frequency region and a sloping line in the
low-frequency region. The depressed semicircle consists of two
partly overlapped semicircles. The plots are fitted by an
equivalent circuit (inset in Figure 7c), where R, denotes the
electrolyte resistance, corresponding to the intercept of high-
frequency semicircle at Z’ axis. R and Q,, corresponding to the
high-frequency semicircle, represent the SEI layer resistance
and dielectric relaxation capacitance, respectively. R, and Q,,
related to the middle-frequency semicircle, denote the charger
transfer resistance and the associated double-layer capacitance,
respectively, and Z is referred to as the Na-ion diffusion
resistance in the bulk material.>> The fitting results show that R¢
and R, of NiS are 176 and 315 €, respectively, while those of
NiS/20rGO are 182 and 71 €, respectively. The lower R value
of NiS/20rGO means more rapid electrochemical reaction
kinetics at the electrode/electrolyte interface due to the
improved electrical conductivity by rGO incorporation and
unique sheetlike structure that facilitates Na-ion diffusion across
the electrode/electrolyte interface.

B CONCLUSIONS

In summary, the results of this work show that NiS nanorods
can be recrystallized into nanosheets in the presence of rGO
during the hydrothermal reaction. The recrystallization of NiS
nanorods to nanosheets can be considered as a “dissolution”
process of NiS rods in rGO sheets, considering the fact that NiS
nanosheets are dispersed uniformly in rGOs nanosheets and
that the exfoliation/dispersion process of NiS rods is induced
by rGO sheets. The exfoliation process starts from the collapse
of the radial rod aggregates into smaller aggregates and further
into discrete rods, and the exfoliation of large aggregates, small
aggregates, and discrete rods occurs simultaneously with the
collapse of the large aggregates. The exfoliation can occur at
any position on NiS rods, according to the presence of rGO.
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Figure 7. (a) Charge and discharge curves, (b) cycling stability and (b) EIS of NiS/20rGO and NiS nanorods.

The hydrothermal reaction promotes chemical bonding
between surface dangling or unsaturated bonds on NiS rods
and oxygen-containing groups on rGO sheets, which weakens
the binding force between surface NiS layers and bulk NiS rods,
As a result, the surface NiS layers will be “pulled” out of the
rods by the new chemical bonds under the hydrothermal
environment. NiS/20rGO nanosheets show better electro-
chemical properties than NiS nanorods due to the unique
sheetlike structure of NiS in NiS/20rGO and the introduction
of rGO that not only provides a 3D conducting network but
also buffers the volume changes of NiS upon repeated cycling.
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