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ABSTRACT: The vulnerable restacking problem of tin disulfide (SnS,)
usually leads to poor initial reversible capacity and poor cyclic stability, which
hinders its practical application as lithium ion battery anode (LIB). In this
work, we demonstrated an effective strategy to improve the first reversible
capacity and lithium storage properties of SnS, by growing SnS, nanosheets
on porous flexible vanadium nitride (VN) substrates. When evaluating
lithium-storage properties, the three-dimensional (3D) porous VN coated
SnS, nanosheets (denoted as CC-VN@SnS,) yield a high reversible capacity
of 75% with high specific capacity of about 819 mAh g™' at a current density
of 0.65 A g~'. Remarkable cyclic stability capacity of 791 mAh g~" after 100
cycles with excellent capacity retention of 97% was also achieved.
Furthermore, discharge capacity as high as 349 mAh g™' is still retained
after 70 cycles even at a elevated current density of 13 A g™'. The excellent
performance was due to the conductive flexible VN substrate support, which

provides short Li-ion and electron pathways, accommodates large volume variation, contributes to the capacity, and provides

mechanical stability, which allows the electrode to maintain its structural stability.
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1. INTRODUCTION

Metal sulfides have recently emerged as promising anode
material due to their excellent lithium redox reversibility and
relatively high capacity.'~® SnS,, as one of the prominent metal
sulfide used as lithium ion battery anode,’ " has a layered
CdL,-type structure that consists of atomic layers of S—Sn—S§
stacked together by van der Waals interactions,"" which allows
Li ions to be reversibly intercalated into the galleries between
the layers."> Recent investigation has revealed that SnS,
nanostructures showed remarkably enhanced electrochemical
properties as an electrode material in lithium ion batteries
compared to their bulk counterparts, which is mainly due to
their unique morphology, consisting of a finite lateral sized and
well-defined layered structure.”~'> However, its practical
application is hampered primarily by the conversion reaction
with structural reconstruction, restacking problem during
cycling, which leads to poor initial reversibility and fast capacity
fading.'”"" Thus, it is necessary to improve the initial
reversibility, and fast capacity fading of SnS, as lithium ion
battery anode.

One of the prominent strategies to circumvent the problem
is to synthesize various SnS, nanostructures.'®”"® For instance,
SnS, nanoplates achieved a high initial reversible capacity of
645 mAh ¢! at a current density of 0.32 A g~' with 85%
capacity retention after 30 cycles.'’ Also, SnS, microspheres
delivered an initial reversible capacity of 587 mAh g™' at 0.65 A
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g~ (28% Coulombic efficiency in the first cycle) and retained a
capacity of 0.57 A g™' after 100 cycles."” Another promising
approach is to combine SnS, with highly conductive carbon
materials such as carbon nanotubes and graphene'"'”~** or
other stable oxides.”*”*® For example, first reversible capacity of
650 mAh g™" at current density of 0.05 A g~* was delivered by
2D graphene—SnS, hybrid with Coulombic efficiency of about
37% and excellent rate capability up to 230 mAh g™' at 6.4 A
g_l.11 Meanwhile, SnS,@MWCNTSs nanocables also retains a
reversible capacity of about 600 mAh g™" at 0.1 A g™ (37%
Coulombic efficiency), which recorded 470 mAh g~ capacity
when the current rate was increased to 0.5 A g~.>° Recently,
SnS,/GNS electrode achieved an initial reversible capacity up
to 84% but at low current density.'” With these progresses, the
poor first/initial reversible capacity and low initial Coulombic
efficiency of the SnS,-based electrodes at high current densities
are still unsatisfactory.'®*~* Also, the cyclic performance and
rate capability of the most developed SnS,-based electrodes still
required further developments. It is still of great interest to
develop an effective approach to increase the reversible capacity
and lithium storage performance of the SnS,.
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Figure 1. (2) Schematic diagram illustrates the two-step growth process for synthesizing the VN@SnS, NCs on carbon cloth substrate. SEM images
of (b) the bare carbon cloth, (c¢) VN NWs on the carbon cloth, and (d) VN@SnS, on the carbon cloth. (Insets) Pictures of the corresponding

carbon cloth that coated the materials.

Three-dimensional (3D) nanocomposites have many merits
in improving electrochemical properties of high-performance
electrodes™ due to their substantial advantages that ensure
much higher lithium ion flux across the electrode due to the
dramatically increased electrode—electrolyte interface and also
serve as the pathway for efficient electron transport, which
could enhanced the diffusion kinetics for lithium storage.’*™**
To date, few works on 3D SnS,-based electrode have been
explored.l7’35’36 Hence, the fabrication of more 3D SnS,-based
nanostructures attracts some attention. In the present work, we
report an effective approach to boost the poor reversible
capacity of SnS, and improve its lithium storage performance of
SnS,, by providing VN nanowire substrates for the decoration
of the SnS, nanosheet. To date, there is no literature on using
metal nitride substrate as means of improving SnS,-based
electrodes. Metal nitrides grown on flexible carbon cloth
substrate have been reported to be promising electrode
materials with excellent electrical conductivity for energy
storage devices,”’™
electrochemical performance of metal sulfides has not yet been
reported. We proposed that this interlaced VN nanowire
substrate could not only protect the SnS, from morphological
deformation, but also serve as active conductive material that
could improve the lithium storage performance of the SnS,.
Hence, our as-fabricated porous VN decorated SnS, nano-
composite grown on the carbon cloth (denoted as CC-VN@
SnS,) delivers a high reversible capacity of 810 mAh g™" with
71% Coulombic efficiency at a current density of 0.65 A g,
which is higher than the bare SnS, nanosheet, (denoted as CC-
SnS,) and VN nanowires (denoted as CC-VN). After 100
cycles, 97% capacity retention of its initial reversible capacity
was achieved. More importantly, the discharge capacity of CC-
VN@SnS$, after 100 cycles is 791 mAh g™, which is 1.33 fold
the summation capacity of the bare CC-SnS, (270 mAh g™')
and CC-VN (323 mAh g™'). Interestingly, the CC-VN@SnS,
anode also exhibits excellent rate capability, which could deliver
a high capacity of 349 mAh g™ at a current density of 13 A g™".

% while the effect of such substrates on

2. EXPERIMENTAL SECTION

2.1. Synthesis of Porous VN Nanowires. Vanadium oxide
(VO,) NWs were synthesized by a hydrothermal method reported
elsewhere with slight modification.”” 0.324¢g NH,VO, was dissolved in
a 40 mL solution mixture of water and ethanol (volume ratio: 9/1).
The solution pH was adjusted to ~2 by HCI, and then transferred to a
30 ml Teflon-lined autoclave. A piece of clean carbon cloth was
immersed into the precursor solution in the autoclave. The autoclave
was heated at 160 °C for 3 h, and then let it cool down at room
temperature. The carbon cloth was washed with deionized (DI) water
and blow-dried with compressed air. A green VO, NW film was
uniformly coated on the carbon cloth. Porous VN NWs were obtained
by annealing the as-prepared VO, in NHj; at 600 °C for 1 h. The color
of the carbon cloth changes to black.

2.2. Synthesis of 3D Porous VN@SnS, Nanocomposite. The
SnS, nanosheets were decorated on the VN nanowires according to
the SnS, nanosheets preparation, except that the as-fabricated porous
VN nanowires grown on the flexible carbon cloth was used as
substrate. After hydrothermal process, a greenish-black SnS, film was
collected washed with DI water and dried for subsequent experiments.
The obtained material is denoted as porous CC-VN@SnS, nano-
composite.

2.3. Synthesis of SnS, Nanosheets. Tin chloride pentahydrate
(SnCl,-SH,0, 0.14 g) and L-cysteine (0.77 g) were dissolved in DI
water (40 mL). A piece of clean carbon cloth was immersed into the
precursor solution, transferred into a Teflon-lined stainless steel
autoclave (50 mL), and hydrothermally treated in an electric oven at
160 °C for 6 h. A green SnS, film was collected, washed with DI water,
and dried for subsequent experiments. The obtained product is tagged
CC-SnS, nanosheets.

2.4. Material Characterization and Electrochemical Meas-
urement. The morphology, structure, and composition of electrode
materials were characterized by field-emission SEM (FE-SEM, JSM-
6330F), TEM (TEM, JEM2010-HR, 200 kV), XPS (XPS,
ESCALab250, Thermo VG) and Raman spectrometer (FT-IR, Nicolet
330). For electrochemical measurement, 2032 coin cell were used. The
working electrodes were prepared by cutting the carbon cloth already
covered uniformly with the samples into many smaller square pieces
with area of 0.64 cm® Both the carbon cloth with loading samples and
bare carbon cloth were weighed in a high-precision analytical balance
(Sartorius, max weight 5100 mg, d = 0.001 mg). The mass loading of
the grown material on the carbon cloth is around 3.1 mg cm™. The
mass compositions of the SnS, and VN in the composite are SnS, 2.0
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Figure 2. Characterization and morphology. (a) X-ray diffraction spectra and (b) Raman spectra of the CC-VN, CC-SnS,, and VN@SnS, samples.
(c) TEM image of the VN NW; (inset, top) HRTEM and (bottom) corresponding SAED pattern of the nanowire. (d) TEM image of the SnS,
nanosheet; (inset, top) HRTEM and (bottom) corresponding SAED pattern of the nanosheet. (¢) TEM image of the VN@SnS, and (inset)
corresponding SAED pattern. (f) HRTEM image of the VN@Sn$, and (insets) well-resolved lattice spacings of the VN and SnS,.

and 1.5 mg cm ™, respectively. Coin cells were assembled in an argon-
filled glovebox [Mikrouna (China) Co. Ltd.] with Celgard 2400
separator containing a liquid electrolyte [a solution of 1 M LiPF, in
1:1 v/v of ethylene carbonate (EC)/dimethyl carbonate (DMC)]
between the working electrode and a lithium foil, which serve as the
counter and reference electrodes. The electrochemical performance
was tested at different current densities in a voltage range of 0.01-3 V
on a Neware battery testing system. Multicyclic voltammogram
measurements and electrochemical impedance spectroscopy were
performed with an electrochemical workstation (CHI 760D).

3. RESULTS AND DISCUSSION

3.1. Fabrication, Morphology, and Characterization of
the VN@SnS, Nanocomposite. VN@SnS, nanocomposite
was fabricated on a carbon cloth through two-step hydro-
thermal process as depicted in Figure la. In the first step, VN
nanowires (NWs) were grown on the carbon cloth through
hydrothermal synthesis of VO, (Figure S1) and postannealing
in NH; gas at 600 °C for 1 h according to our previous work
with slight modification (Experimental Section).”” The picture
and scanning electron microscopy (SEM) image of the pristine
carbon cloth was displayed in Figure 1b and inset. After
hydrothermal and annealing processes, the carbon cloth color
was covered uniformly with black films of VN NWs (Figure lc,

inset). SEM revealed that the carbon cloth fibers were
uniformly coated by interlaced VN nanowires with average
diameters between 400 and 600 nm (Figure 1c).

In order to obtain the VN@SnS, nanocomposite, the as-
synthesized VN NWs were put into a solution of SnCl,-SH,0
and L-cysteine at 180 °C for 6 h. The carbon cloth color
changes from black to greenish black (Figure 1d, inset). SEM
image shows that SnS, nanosheet uniformly covered onto the
VN NWs surface (Figure 1d and Figure S3). For comparison
SnS, nanosheets were also prepared according to the
preparation of the VN@SnS, without in the absence of VN
nanowires. Green films of SnS, nanosheets uniformly covered
the carbon cloth (Figure S2a, inset) and SEM image affirmed
uniform coating of nanosheet on the carbon cloth (Figure S2).
The growth mechanism of the VN have been reported by our
previous paper while the VN@SnS, nanocomposite is proposed
to involve the biomolecular-assisted synthetic methods utilizing
the L-cysteine (L-cys, HSCH,CHNH,COOH) with its multi-
functional groups (SH, NH,, and C00),>* to conjugate with
Sn metallic ions during the hydrothermal reaction. Then a sheet
structure formed accordingly on the VN nanowires.

XRD and Raman spectra were collected for characterization
of the samples. XRD spectra of the CC-VN@SnS, reveals the
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Figure 3. Lithium storage mechanism of the electrodes. (a) First and (b) second CV curves of the CC-SnS, and CC-VN@SnS, electrodes at a scan

rate of 0.1 mV s~! between 0.01 and 3.0 V.

diffraction peaks were basically peaks of VN (@) (JCPDS #35-
0768), SnS, (M) and the carbon cloth (JCPDS #26-1076),
while there are no traces of VN signal in the pristine SnS,
spectra and vice versa for pristine VN spectra (Figure 2a). As
shown in Figure 2b, Raman spectra collected for the VN@SnS,
displays corresponding characteristic Raman peaks of the VN at
143 cm™'*" and $nS, at 314.7 cm™!'° were clearly recognized.
Just as in the case of the XRD result, the Raman spectra of the
VN exist without any traces of SnS, Raman signal and vice
versa for SnS, Raman spectra. All these results confirm the
successful fabrication of the nanocomposite. Transmission
electron microscopy (TEM) and selected area electron
diffraction (SAED) were carried out for further understanding
about the structure and morphology of the samples. Figure 2c
shows that the VN NWs are porous and single-crystalline in
nature (Figure 2c, bottom inset) with lattice fringes of 2.15 nm
corresponding to the (200) plane of the VN XRD spectra
(JCPDS #35-0768; Figure 2c, top inset). Figure 2d also
confirmed the nanosheet structure of the SnS, and their
polycrystalline nature (Figure 2d, bottom inset) along with 2.78
nm lattice spacings that matches with the (101) plane of the
SnS, XRD spectra (JCPDS #23-0677) (Figure 2d, top inset).

In Figure 2e, The porous VN NWs substrate coated with the
SnS, can be seen clearly from the low-resolution TEM image,
which also shows that the porous nature of the nanocomposite.
SAED pattern confirm the polycrystalline nature of the
nanocomposite and further affirms that the nanocomposite
mainly consist of VN with (400) plane (JCPDS #35-0768) and
SnS, with (004) and (200) planes (JCPDS #36-0677; Figure
2e, inset). High-resolution TEM (HRTEM) analysis recorded
from Figure 2f displayed well-resolved lattice spacings of 0.235
and 0.207 nm, which correspond to the (101) and (200) plane
of the cubic VN (JCPDS #65-0437), respectively; whereas the
lattice fringes of the SnS, was 0.278 nm, which is in good
agreement with the interplanar distance (101) planes of the
hexagonal SnS, and our pristine SnS, nanosheets (JCPDS #23-
0677) (Figure 2d). This further confirmed that the nano-
composite composed of VN and SnS, phases. Electron energy
loss spectroscopy (EELS) elemental mapping collected for the
nanowire edge at the circular dazed of Figure S4 show that the
nanowire substrate are purely V and N, justifying the nanowire
VN structure is still maintained after coating the SnS,. These
analyses confirm the successful formation of the VN@SnS,
nanocomposite structure.

3.2. Lithium Storage Properties. We investigated the
electrochemical properties of the CC-VN, CC-SnS,, and CC-
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VN@SnS, samples as anode for lithium ion battery in half-cells,
utilizing metallic lithium film as the counter electrode and
reference electrode. To estimate the capacity contribution of
the carbon cloth in the composite, the discharge—charge curves
of the carbon cloth and the CC-VN@SnS, at the same current
densities are also shown in Figure SS. The capacity contribution
of the carbon cloth is ascribed to lithium insertion and
extraction below 0.4 V,* with about 0.5 mA h capacity
compare to that of CC-VN@SnS, with 4 mA h. Further
calculation on the contribution of the carbon cloth is also
displayed in the Supporting Information, which is also in
accordance with other related work on carbon cloth.**** One
thing to point out is that the carbon cloth has a low capacity of
~0.5 mA h, and its contribution was even less when it was
covered with a thick layer of active materials.*”~** Thus, in the
following test, the capacity of the carbon cloth is less.

Cyclic voltammetry test was carried out to investigate the
lithium storage mechanism and probably the reason(s) for the
high reversible capacity of the CC-VN@SnS, electrode. Figure
3a shows the first cyclic voltammetry (CV) curves of the
electrodes at a scanning rate of 0.1 mV/s. The storage
mechanism of the individual SnS, and VN were discussed first.
The storage mechanism between Li and SnS, include a
conversion followed by an alloying/dealloying reaction (Figure
3a). The peak around 1.14 V can be attributed to the
decomposition of SnS, into metallic Sn and Li,S, while the peak
below 1.0 V was related to the Li—Sn alloying.** The additional
peaks at 1.86 V can be attributed to the lithium intercalation of
the SnS, layers without phase decomposition. In the following
cycles, the intercalation of Li ions from Sn occurred around
0.95 V. The electrochemical reaction of SnS, as anode can be
described in the following equations,-19

SnS, + 4Li" + 4e” — Sn + 2Li,S (1)

Sn + xLi" + xe” < LixSn (0 < x < 4.4) )

For the backbone VN nanowire, Figure S6 shows the first
through the third CV curves for the VN interlaced nanowires.
There are two reduction peaks at 0.93 and 0.68 V in the initial
discharging process. In subsequent cycles, the cathodic peaks at
0.68 V move to 0.95 V, while the one at 0.91 V disappears. This
0.95 V peak corresponds to Li extraction from and insertion
into the nitride, which is very common for transition-metal—
nitride (MN) electrodes as previously reported.*® The

reversible Li insertion/desertion process is usually written as
47,48
follows:™"”
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Figure 4. Discharge/charge profiles of the electrodes. (a) First and (b) Second discharge—charge voltage-capacity profiles of CC-VN, CC-SnS, and

CC-VN@SnS, at a current density of 0.65 A g™".

VN + 3Li" + 3¢ < V + Li;N 3)

For the CC-VN@SnS, nanocomposite, the cathodic peak at
1.27 V corresponds to the decomposition of SnS, into metallic
Sn and Li,S as well as the formation of solid electrolyte
interface (SEI) layer,"”">** which is the same as in the case of
the CC-SnS,, while the peaks below the potentials of around
0.7 V can be regarded as the signature of alloying (cathodic
scan)/dealloying (anodic scan) of lithium from Sn metal.” As
mentioned above, the CC-SnS, electrode showed an obvious
cathodic peak at 1.86 V, while such a peak is nearly negligible in
the CC-VN@SnS, electrode, which is also in good agreement
with the charge—discharge voltage—capacity profiles (Figure 3a
and 3b). This additional peak can be attributed to the lithium
insertion of the SnS, layer without phase decomposition.'”
This peak was suggested also to be responsible for the higher
capacity of the CC-SnS, electrode than that of the CC-VN@
SnS,. In the second cycle, the reduction peak at 1.86 V for the
CC-SnS, electrode disappears in the second CV profile (Figure
3d), which was suggested to accounts for the low reversibility
and Coulombic efficiency of the CC-SnS, electrode.*® More-
over, the cathodic peaks at 0.65 and 1.27 V for the CC-SnS,
electrode and 0.85 and 1.14 V for CC-VN@SnS, electrode
shifts to 0.95 and 1.32 V, respectively. The voltage shift is a
result of the continuous decomposition of SnS, into metallic Sn
and Liyg and the formation solid electrolyte interface (SEI)
layer, which is common for metal sulfides.">*’ The low voltage
shift in CC-VN@SnS, electrode (i.e., from 0.85 to 0.95 V) is
minimal, which suggest the reason for the low capacity loss in
the CC-VN@SnS, electrode, while such shift is larger in the
CC-$nS, electrode (from 0.65 to 0.95 V), leading to further
loss of capacity of the CC-SnS, electrode in the second cycle
and resulting in poor reversible capacity. Additionally, the CC-
VN@SnS, electrode peak at 1.32 V is sharper than its
counterpart electrode further suggesting the higher capacity
observed in the CC-VN@SnS, electrode. This phenomenon is
common to many lithium ion battery electrodes.”” Further-
more, the synergetic effect of VN and SnS, can be related to the
different cathodic reaction of VN and SnS, that synergistically
gave rise to step-by-step storage processes. This increases the
strain accommodation capability, structural stability, and cycling
performance of the network during lithium insertion/
extraction”

The first and second charge—discharge cycle profiles for the
three electrodes at current density of 0.65 A g~' are shown in
Figure 4a,b. According to Figure 4a, the first discharge and
charge capacities of the CC-VN@SnS, electrode were 1098 and
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763 mAh g™, respectively, resulting in a Coulombic efficiency
of 77%, while that of CC-SnS, is 35% and for CC-VN is 74%.
During the second cycle, the CC-VN@SnS, electrode achieved
a reversible capacity of 819 mAh g~', equivalent to 75%
capacity reversibility, which is significantly higher than that of
the CC-SnS, electrode (701 mAh g™') and CC-VN electrode
(303 mAh g') (Figure 4b). Unlike many reported SnS,-based
electrode that could only retain <40% reversible capacity after
the first cycle, our reversible capacity reaches 75% (at a current
density of 0.65 A g'), which is significantly higher than the
recently reported SnS,-based electrodes such as 2D graphene—
SnS,,"" SnS,—~NS@MWCNTs,'? SnS,—SiO, nanorods,™ SnS,-
graphene nanocomposites,m’27 and comparable to the 3D SnS,
hierarchitectures”® and SnS,/GNS electrode®* that could only
attained >75 and >84% at 0.1 A g~ (see Table SI in the
Supporting Information for more comparison).”*** It is clearly
shown in the charge/discharge profiles that the provision of the
VN as substrate for the SnS, nanosheets effectively improved
the reversible capacity CC-VN@SnS, electrode due to the
excellent electrical conductivity of vanadium nitride (1.67 X 10°
Q7' m™")*” and the synergistic effect of the both VN and SnS,.
It was also noted that the first discharge capacity of the CC-
SnS, electrode was higher than that of CC-VN@SnS,
counterpart. The reason for such higher capacity is not clear
to us but we suggested that it might be due to the cathodic peak
at about 1.86 V in the CC-SnS, discharge plateau (which is
quite smaller in the CC-VN@SnS, voltage plateau) contribu-
ting to the high capacity of CC-SnS, in the first cycle. Another
reason for higher initial capacity of CC-SnS, electrode
compared with CC-VN@SnS, electrode should be related
with the irreversible contribution from carbon cloth because of
the lower coverage of carbon cloth of CC-SnS, electrode. It can
also be concluded from the higher peak intensity of CC-SnS,
from the CV curves in Figure 3c. Because the mass loading of
the VN@SnS, is 3.1 mg cm™>, that of VN is 48% and that of
SnS, is 52%. Thus, we could calculate a theoretical capacity (C)
of the VN@SnS, electrode as follows: Cryeoreticat = Cyn X (%
mass of VN) + Cg,s, X (% mass of SnS,) = 1238 X 0.48 + 645

X 0.52 = 931 mAh g™'. The theoretical capacity of the
nanocomposite anode is 931 mAh g~', which is highly
comparable to the experimental capacity 1098 mAh g~

For high-performance electrode materials, cycling stability is
one of the most important characteristics. Therefore, the
cycling stability of the CC-VN, CC-SnS, electrode and CC-
VN@SnS, electrodes was examined at a current density of 0.65
A g7'. The CC-VN@SnS, electrode shows excellent cycling
stability up to 100 cycles (Figure Sa). After 100 cycles, the
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Figure 5. Electrochemical performance of the electrodes. (a) Cycling profiles up to 100 cycles at a current density of 0.65 A g™". (b) Rate capability
profiles of the electrodes at different discharge and charge rates. (c) Nyquist plots of the electrodes and (inset) the equivalent circuit. (d) Cycling
profiles of the CC-VN@SnS$, electrodes up to 650 cycles at current density of 13 A g™* and (inset) Nyquist plots of the CC-VN@SnS, electrode

before and after cycling.

discharge capacities of the CC-SnS,, CC-VN and CC-VN@
SnS, electrodes are 270, 322, and 791 mAh g_l, equivalent to
39, 67, and 97% capacity retention, respectively. Interestingly,
the discharge capacity of the CC-VN@SnS, electrode is 1.33
fold higher than the addition of individual CC-SnS, and CC-
VN electrode, which is even higher than the theoretical capacity
of SnS, (645 mAh g™"). Such capacity retention is higher than
many previously reported SnS, nanostructures and their
composites (see Table S1 for more comparison).” " The
XRD patterns of the two electrodes after charge/discharge
process revealed that no changes were observed, and all the
peaks in the pattern can be indexed to VN and SnS, (Figure
S7). It should be mentioned that the peak at 20.5° come from
the decomposition of the electrolyte (LiPF,) embedded in the
electrode in the air when doing XRD measurement. The XRD
data confirmed no changes to metal oxide in the electrodes.

Rate capability is another very important consideration for
practical lithium ion batteries. The CC-SnS, and CC-VN@SnS,
electrodes were studied by charging/discharging at current
density ranging from 0.65 to 13 A g”'. As displayed in Figure
5b, the CC-VN@SnS, electrode exhibits continuous superior
performance over the CC-SnS, and CC-VN electrodes.
Moreover, the CC-VN@SnS, electrode exhibits a discharge
capacity of 349 mAh g~ even at a very high current density of
13 A g™, exhibiting about 44% retention of its initial capacity at
0.65 A ¢!, which is obviously higher than that of CC-SnS,
electrode at 13%. At the same corresponding current densities,
the retention value of CC-VN@SnS, electrode is also
significantly higher than the values of recently reported SnS,-
based electrodes (see Table S1 for further compari-
som).232H55:59

It should be pointed out that such discharge capacity of the
CC-VN@SnS, electrode (349 mAh g™') at such high current
density (13 A g') has never been reported for SnS,-based
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anodes, and this work also constitute the one of the best report
on SnS,-based electrode at such high current density. It is
worth noting that, apart from the discharge capacities at current
density of 0.65 A g”', the discharge capacity of the CC-VN@
SnS, electrode at such high rate of 13 A g™" is 1 fold and above,
higher than the sum of the CC-SnS, electrode (122 mAh g™*)
and CC-VN (157 mAh g™') at the same current density. Such
excellent rate performance was suggested to be as a result of the
excellent electrical conductivity of the porous VN NWs, which
could serve as a flexible substrate for the SnS, nanosheets and
prevent the electrode from structural damage when the current
density increases.

To understand the reason for the enhanced rate capability of
the CC-VN@SnS, electrode, resistance was analyzed by
electrochemical impedance spectroscopy (EIS). The Nyquist
plots of the three electrodes are shown in Figure Sc. The
components of the equivalent circuit can be seen Figure 4c-
inset. The charge transfer resistance (R) values are calculated
to be 210.4 Q for the CC-SnS, electrode and 43.2 Q for the
CC-VN@SnS, electrode. It is apparent that the CC-VN@SnS,
electrode has smaller R, than that of the pristine SnS,
electrodes, indicating that the nanocomposite possesses higher
electronic conductivity and may account for the excellent
performance of the CC-VN@SnS, electrode. In addition,
Warburg system dominates the impedance plot for a reversible
electrochemical system. Increase in the slope of Warburg line
indicates fast lithium ion diffusion.®~®* Thus, compare to the
CC-VN and CC-8nS, electrodes, in which their Warburg slope
appears at about 45°, the Warburg line of the CC-VN@SnS,
electrode displays a slope at an angle near 90°, suggesting the
fast lithium ion diffusion in the nanocomposite.

To study the effect of high current rate cyclic performance of
the nanocomposite, the CC-VN@SnS, electrode was charge—
discharge for 650 cycles at a high current density of 13 A g~".
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50 um

Figure 6. Morphology of the electrodes after electrochemical cycling; SEM images of the (a and b) CC-VN@$SnS, and (c and d) CC-SnS, after 100

cycles at current density of 0.65 A g™'.

First, the cyclic capacity profiles at current density 13 A g™
rates up until 650 cycles are reasonably good, remaining at 231
mAh g™' (about 64% capacity retention) from its initial
capacity at 361 mAh g~ (Figure 5d). This is one of the longest
cycle life reported for SnS,-based nanostructures but the cyclic
stability capacity retention can be further improve in future
research.

On the basis of this result, we believe that further
investigation can still be carried out to improve the cyclic
performance of SnS, at higher current densities. Figure Sd-inset
shows the Nyquist plot of the CC-VN@SnS, electrode before
and after cycling. Obviously, the impedance of the electrode
decreases evidently after cycling. The reason for the decrease in
the impedance could be due to the reduction of SnS, and VN
into Sn and V by the irreversible reactions, respectively. SEM
images of the CC-VN@SnS, and CC-SnS, electrode after
considerable pulverization of the electrodes due to continuous
lithiation/delithiation processes are shown in Figure 6 in order
to study the structural stability effect on the performance of the
electrodes. Figure 6ab shows that the structure of the CC-
VN@SnS, nanocomposite still adheres firmly to the surface of
the carbon cloth, and the nanowire decorated nanosheets
structure can still be well recognized, indicating the excellent
stability of the CC-VN@SnS, electrode. Such structural
stability of the CC-VN@SnS, electrode accounts for its high
capacity retention over the CC-SnS, electrode. For the CC-
SnS, electrode, the nanosheet structure of the SnS, cannot be
identified (Figure 6¢,d). This indicated that there is structural

deformation of the SnS, electrode, which is suggested to be one
of the main reasons for their poor lithium storage performance.
To obtain insight into the reasons for the improved lithium
storage performance of the CC-VN@SnS, electrode, we
performed X-ray photoelectron spectroscopy (XPS) measure-
ments to study the effect of the porous VN on the composition
and oxidation state of the nanocomposite. The XPS survey
spectra of the samples are shown in Figure S8. Figure 7a shows
the normalized V 2p core level XPS spectra of VN and VN@
SnS, samples. Three peaks centered between ~513.99 and ~
517.5 eV and between ~521.45 and ~ 525.05 eV were noticed
for the two samples corresponding to the V 2p* and V 2p'
peaks, respectively.”*** In comparison to the VN sample, the
peaks of the VN@SnS, sample shifted to the lower binding
energy with decrease in signal intensity. The shift to the lower
binding energy peaks suggest the reduction of higher valence
V**-type to lower stable oxidation states V**, V**, and 2 367
The presence of these lower stable oxidation states in the V 2p
spectra of the VN@SnS, sample suggests improve in the
conductivity of the VN@SnS, sample,””*® which accounts for
its high lithium storage performance over the SnS, and VN
counterparts. Such a shift to the lower binding energy can also
be observed in the V—N bond of the normalized N 1s XPS
spectra of the CC-VN@SnS, sample (Figure 7b).>76
Moreover, apart from the main component centered at
530.45 eV (OI) for the O 1s spectra, an additional peak at
531.72 eV (OII) was also observed for the VN and SnS,, while
that of VN@SnS, sample exists at 532.33 eV (Figure 7c).
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Figure 7. XPS characterization of the samples. (a) V 2p, and (b) N 1s XPS core-level spectra of VN and VN@SnS, samples. (c) O 1s core-level
spectra of the three samples. (d) S 2p XPS Core-level spectra of SnS, and VN@SnS, samples.

Compared to the VN and SnS, samples, the OI signal intensity
of the VN@SnS, sample reduces, while the OII increases,
suggesting the increase in the —OH content on the VN@SnS,
surface. Additionally, the normalized S 2p spectra of the VN@
SnS, sample also confirmed the lower binding energy shift and
increased broad signal intensity over the SnS, sample (Figure
7d). The peak difference indicates some modifications in the
nanocomposite, which suggest some of the reason for the
improved lithium storage properties. Furthermore, all these
results further confirm that VN@SnS, sample is composed of
active components, which are suggested to be the effective
channel for improving the conductivity and fast diffusion of
lithium ion in the VN@SnS,.

Further improvement in the lithium storage performance for
the CC-VN@SnS, nanocomposite could also be attributed to
the following: (1) The porous 3D interconnected network,
which possesses the merit of both nanosized back-up blocks
and 2D assemblies toward lithium storage thereby enhances
charge-transport capabilities upon cycling.”” The formation
rough 3D nanostructure, suggest higher surface area, which
prevent the SnS, nanosheets from vulnerable restacking (unlike
the smooth SnS, surface, which is easy to restacked, thereby
reducing effective surface areas of the pristine SnS, to form any
polymeric films). (2) The introduction of flexible electrically
conductive porous VN nanowires substrate, which gives enough
support for the SnS, nanosheets to provide a short Li* diffusion
path, preventing their agglomeration and fast fading in capacity,
thereby maintaining structural integrity during the electro-
chemical process and significantly improving the reversible
capacity, Coulombic efficiency, and cyclic stability of the CC-
VN@SnS, electrode.”” The VN nanowire 1D nanostructures
usually possess unique physical and chemical characteristics,
which can restrict the formation of a solid electrolyte interphase
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(SEI) and volume expansion.”””" (3) The growth of the
nanocomposite on the carbon cloth, which is well in contact
with the active materials, provides mechanical support, avoiding
the use of polymer binder/conductive additives and, hence,
significantly reduces the inactive interface.”>*” Furthermore,
the individual and synergistic effect of the materials, which are
someworth good active materials, resulting to high lithium
storage performance of the CC-VN@S$nS,.”

4. CONCLUSIONS

In summary, we have demonstrated a new and effective strategy
to improve the reversible capacity and lithium storage
properties of SnS, by utilizing free-standing porous VN
interlaced nanowire as substrate for the growth of SnS,
nanosheets. VN nanowires were first obtained on the flexible
carbon cloth, followed by another hydrothermal synthesis of
SnS,, to form the porous CC-VN@SnS, nanocomposite. This
CC-VN@SnS, electrode exhibited excellent electrochemical
performance over the bare CC-SnS, and CC-VN counterparts.
A high initial reversible capacity of 819 mAh g~!, with
Coulombic efficiency of 72%, which could only lose 3%
capacity after 100 cycles at a current density of 0.65 A g™ was
achieved by the porous CC-VN@SnS, nanocomposite. The
nanocomposite also exhibits excellent rate performance,
displaying a capacity of 349 mAh g™' and attractive long cyclic
performance at 13 A g~". This highly improved electrochemical
performance of the nanocomposite is ascribed to the excellent
electrical conductivity of the flexible porous VN NW substrate
and the design of 3D structure, which allows the easy flow of Li
ion in the SnS, layers. On the basis of this work, there is still a
prominent challenge for further improvement on the cyclic
performance of SnS,-based at ultrahigh current densities. It
should be mentioned that compared to other metal oxides or
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sulfides, the cyclic stability reported at high current density of
13 A g7 ! still requires further improvement in terms of capacity
retention. Also, using carbon cloth as current collector may lead
to lower volumetric capacity. In such cases, a lighter weight
conductive substrate can be utilized to replace the carbon cloth.
The novel combinations of VN nanowires and SnS, nanosheets
should also inspire the design and fabrication of the next
generation of lithium ion battery anode based on metal nitride
and metal sulfide nanocomposites.
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