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Tin mono-sulfide (SnS) nanorods (NRs) have been successfully synthesized through a solvothermal process
using hydrated tin(i) chloride and sodium sulfide as precursors and N,N-dimethyl formamide (DMF) as
solvent. The Reitveld refined powder X-ray diffraction (PXRD), Raman and °Sn solid-state NMR
experiments have confirmed the presence of a SnS phase with Pnma space group and a SnS, phase with
P3m1 space group as a minor impurity. HRTEM and HRSEM studies have confirmed the nanoparticle
shape as nanorods (NRs). The growth of the NRs has been explained from the observation that by
increasing the solvothermal temperature, nanorods grow preferentially in the [100] direction. Optical
properties of the SnS nanorods were measured and it was found that all NRs have an indirect band gap
in the range of 110 eV to 12 eV. The electrochemical properties for lithium storage (half-cell
configuration) have been tested against Li/Li* using conventional polyvinylidene fluoride (PVDF) binder
and an eco-friendly, low cost binder, carboxy methyl cellulose (CMC). After fifty cycles of charge—
discharge, the CMC binder electrode shows a superior electrochemical charge storage property of
591 mA h g~ compared with 385 mA h g for the PVDF binder electrode, at 160 mA g~ current rate.
At a high current rate of 350 mA g%, the SnS NRs with the CMC binder shows a discharge capacity of
565 mA h g~! after 50 cycles, therefore exhibiting excellent properties for a lithium battery anode as it
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1. Introduction

Energy materials with low-dimensional structures offer more
benefits compared with other energy materials because of their
high surface reactivity and extraordinary access to the material-
material interface. In particular, one dimensional (1D) mate-
rials have shown excellent behaviour in their optical, electrical
and magnetic properties in comparison with their bulk coun-
terparts.’® In a similar way, earth-abundant IV-VI metal chal-
cogenides-based semiconductors are also known for their
narrow band gap, and are of great interest in the fields of optics,
electronics and optoelectronics.” ™

The search for new negative electrode materials in lithium
ion batteries began with metallic alloys, metal oxides, metal
nitrides and metal phosphides etc.*>** However, beyond basic
binary lithium alloys, a large amount of attention has been
given to the conversion of metal oxides, recently.'®" The
conversion of metal oxides consists of a metal which either can
or cannot alloy with lithium. However, the former case where
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can maintain a high capacity and coulombic efficiency continuously for 50 cycles.

the metal can alloy with lithium in the first discharge cycle and
will continue to show an alloying-dealloying reaction upon
cycling is our current interest.

The search for an alloy-dealloy-based anode has recently led
to investigations into areas that have been largely ignored,
mainly non-traditional MX materials, where M is a metal and X
can be S, P or N. There is a scarcity of current literature in this
area, but the electrochemistry of such materials is quite rich and
interesting. One such example is metal sulfide-based materials
that have unique properties like abundance, high electrical
conductivity, lower expense, and high catalytic activity, making
them popular in the fields of micro and nano-electronics.”*>*
Among them, tin sulfide in particular can be found in several
phases like SnS, SnS,, Sn,S;, Sn3S, and Sn,Ss and is attractive for
lithium-ion storage applications.”**' Most of the reports show
the use of the SnS, phase as it is an important mid-band gap
semiconductor having a wide range of applications”***
including promising electrochemical activity as a lithium battery
anode.””** However, a tin(un) monosulfide (SnS) based nano-
material as a lithium-ion battery anode with preferred electro-
chemical activity and stability is sporadic in the literature.®**°

Recently, tin chalcogenides have shown better electro-
chemical properties against Li/Li* and Na/Na' electrodes
because they can reversibly alloy and dealloy with lithium and
sodium.**** Tin has a rich lithium electrochemistry because it
can accommodate 4.4 moles of lithium per mole of tin atoms in
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SnO, +4Li —»  Sn+2Lj,0

SnS +2Li —» Sn+Li,S

Scheme 1 Reaction of lithium with tin chalcogenide.

the reduction process, making it superior to traditionally used
graphite anodes. Synthesis of metallic tin is difficult because it
has a high tendency to oxidize in any practical experimental
conditions. Therefore, the most preferred compounds of tin are
tin oxide (SnO,) or tin sulfide/tin disulfide (SnS/SnS,). Although
the SnO, and SnS have the same theoretical capacity (~782 mA
h g™') against Li/Li*, SnS dominates over SnO, because of less
energy loss after the first cycle. The loss in energy in the first
discharge cycle occurs due to the irreversible formation of Li,S
or Li,0."*” Theoretically, this is clear from the possible chem-
ical reactions shown in Scheme 1. The loss of lithium in the first
discharge cycle of electrochemical lithiation to SnS is two times
lower than that of SnO,, i.e. the loss of Li in the electrochemical
reaction as an irreversible by-product (Li,O and Li,S) is two
moles per mole of tin atoms in the SnO, case compared with
one mole per mole of SnS.

This unique property arises because Sn can exist in the +1I
state as well as the +IV oxidation state in sulfides, while in oxides
it exists mostly in the +IV state. Moreover, electrode materials
used in battery applications must have better ionic diffusivity
and electronic conductivity. The electronic conductivity of the
material is governed by its band gap. The band gap of a material
is also responsible for the interfacial electronic transfer in the
electrode during lithiation and delithiation processes. Recently,
the role of band gap engineering has been studied with germa-
nium nanowires used as the anode in lithium ion batteries.*'

In short, we would like to prepare a low dimensional phase
of pure SnS and use it as an efficient lithium battery anode. We
have successfully prepared NRs of a SnS phase, with a minor
impurity phase of SnS,, using a solvothermal process. In most
of the literature based on tin sulfide, the phase identification is
doubtful or incomplete. Therefore, here we have made an effort
to resolve the phase identification problem with the help of
extensive experimental support. Impact of the solvothermal
temperature on the NRs’ morphology and its impact on the
optical band gap energy have also been studied here. As-
prepared SnS NRs at 160 °C have been cycled against Li metal in
a half cell configuration. The major concern in alloying-type
reactions is the volume expansion, which leads to a loss in
capacity and stability of the cell. For the stability concerns, the
SnS compatibility has been tested with two different binders,
CMC and PVDF, which have different elasticity. As a result, the
SnS-CMC anode showed excellent electrochemical activity and
stability for fifty charge-discharge cycles compared with the
SnS-PVDF electrode.

2. Experimental section
2.1 Synthesis of SnS nanorods

NRs of SnS have been synthesized by mixing SnCl,-2H,0
(Merck, India) and Na,S (Fisher Scientific) with a molar ratio of
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1:2 in 50 ml of N,N-dimethylformamide (DMF, Merck, India).
The mixture was stored in a solvothermal bomb at a fixed
temperature for 48 h. Temperatures of 140 °C, 160 °C, 180 °C
and 200 °C were imposed for the solvothermal synthesis. The
solvothermal bomb (100 ml) has a steel body with a thin Teflon
liner and has dimensions of 5.5 cm x 4.3 cm x 3.4 mm (height
x diameter x thickness). After completion of the reaction, the
sample was washed with DI (deionized) water and acetone
repeatedly. Drying of the washed sample was done under
vacuum at 50 °C for 6 h and the as-prepared material was used
for further characterization.

2.2 Material characterization

Dried powder of the SnS (nanrods) was first characterized in a
Rigaku Ultima IV diffractometer with scan step of 0.02° in the
two theta (26) range of 05-70°. FullProf was used to do the
Reitveld refinement of the powder diffraction data, in order to
obtain qualitative crystallographic information and quantita-
tive phase composition of the synthesized material.*> Raman
spectroscopy was used to study the vibrational modes of the Sn-
S bond with a Ramnor HG-2S Spectrometer, HORIBA Jobin
Yvon, France, with an attached Quanta Laser system. Vacuum
dried powder samples were used to obtain the Raman spectra
with a laser of 514.4 nm wavelength and power of 10 mW. The
acquisition time was 120 s and 20x magnification was used.
Solid-state ''°Sn-NMR spectra were recorded at room tempera-
ture (24-25 °C) with a Mercury Plus 300 MHz NMR Spectrom-
eter, Varian, USA, fitted with a magic angle spin (MAS) facility, at
an operating frequency of 200 MHz. The pulse width was 4 ps
and the spinning frequency was 3 kHz with a zirconia rotor used
in the present case. The delay time in successive pulses was 30 s
and the number of scans was 1780. The reference used for the
198n-NMR spectroscopy was tetraphenyl tin(iv) having a refer-
ence shift at —128.15 ppm and the spectra was processed by
GSim software.*® High resolution imaging of electron diffrac-
tion on the SnS sample (nanorods) was performed at 200 kv
with FEG-TEM JEOL F-2100 and JEOL JSM-7600F models. X-ray
photoelectron spectra were obtained with an XPS MULTILAB
from Thermo VG Scientific, using Mg K, X-rays and 100 W
power with a vacuum level of <1.5 x 107 Pa in a calibration
chamber. The diffuse reflectance test of the material was per-
formed with a PerkinElmer Lambda 900 UV/Vis/NIR in the scan
range of 250 nm to 2000 nm with a data acquisition interval of 1
nm and slit width of 2 nm.

2.3 Electrochemical characterization

For electrochemical characterization, the anodes were prepared
by mixing 70 wt% of the active material with 20 wt% carbon
(super C-65, Timical, Switzerland) and 10 wt% PVDF/CMC
binders in NMP (N-methyl-2-pyrrollidone)/water solvent,
respectively. A thin film of the electrode material was cast on a
Cu-foil by making a slurry of all the constituents in the appro-
priate solvents. All electrode films were dried in a vacuum oven
at 120 °C for 4 h for the PVDF binder film and 80 °C for 24 h for
the CMC binder, prior to use. The dried film was cut into a
circular disc to fabricate the cell in a Swagelok-type cell
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assembly. The active mass of material for both binders on the
circular disc was approximately 0.34 mg cm ™. Lithium metal
was used as the counter and reference electrode. The electrolyte
LP-30 (Merck, Germany) was used to soak a Whatman GF/D
borosilicate glass fiber and used as a separator. Electrochemical
testing including cyclic voltammetry and charge-discharge
measurements were carried out with a Biologic VMP3 instru-
ment and an Arbin battery tester (BT-2000 model), respectively,
in a potential window of 0.01-1.2 V at 20 °C.

3. Results and discussion

The solvothermal method is a simple one-step synthesis
process, which is attractive to most researchers attempting to
prepare 1D and 2D inorganic materials.***> Synthesis of the
current material was performed with a high boiling point
solvent like N,N-dimethylformamide (DMF). The possible reac-
tion for SnS preparation is shown in Scheme 2.

At the end of the reaction, a black-brown precipitate was
obtained, which was characterized further by the powder X-ray
diffraction (PXRD) technique. The PXRD of the pristine material
shows a perfect crystalline phase, which can be indexed to the
orthorhombic system. Reitveld analysis of the diffraction
pattern shows the presence of an orthorhombic SnS phase with
Pnma space group and SnS, as an impurity phase with P3m1
space group. Fig. 1(a) shows the fitted and experimental
patterns for the powder X-ray diffraction with Bragg positions
for both the phases. To obtain the amount of impurity, the X-ray
diffraction pattern is further analyzed quantitatively, as shown
in Fig. 1(a).

SnCl,.2H,0 + Na,$ %"f»sns +2 NaCl +2 H,0

Scheme 2 Chemical reaction scheme of SnS nanoparticle synthesis.
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Fig. 1 (a) Powder X-ray diffraction pattern of SnS (nanorod) and its
Reitveld refinement (R, = 10.2%, Ry, = 11.8%, Reyp = 2.38), (b) Raman
spectrum of the SnS phase and (c) a visualization of the crystallo-
graphic arrangement of the SnS phase.
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The impurity of the SnS, has been estimated using the
Reitveld refinement of the powder XRD pattern and found to be
~8%. The lattice parameters of orthorhombic SnS are found
tobe a =11.19, b = 3.98, ¢ = 4.20 and o« = 8 = v = 90°. The
crystallographic arrangement of orthorhombic tin sulfide
shows a layered arrangement of the SnS layers as shown in
Fig. 1(c). This may be due to the inert lone pair effect of the tin
that changes the normal NaCl structure and results in a sepa-
ration of layers. To check for the presence of other phases in the
as-synthesized SnS material, vibrational spectroscopy has been
used in the present case. Raman spectroscopy is a typical
technique used to identify the various allotropes of tin sulfide
(like SnS, SnS, and Sn,S; etc.) by their distinct Raman shifts.***”
Here, in the Raman spectrum shown in Fig. 1(b), the presence of
four major shifts are observed after deconvolution of the orig-
inal spectrum, and the positions are found to be at 311.77 cm™*,
222.69 cm !, 191.89 em ! and 164.058 cm ™, corresponding to
the A;, mode of SnS,, and the A,, A, and B3, modes of SnS,
respectively.*®*” The peaks at 222.69 cm™ "', 191.89 cm™ 'and
164.058 cm™ " confirm the presence of the SnS phase and the
peak at 311.77 cm ' confirms the presence of SnS, as an
impurity phase. Furthermore, the ''°Sn solid-state CP-MASS
NMR spectrum shown in Fig. 2(a) indicates a similar trend and
shows that two phases co-exist in the sample, i.e. SnS and SnS,.
The peak at a chemical shift of —128.25 ppm corresponds to
tetraphenyl tin (Ph,Sn), which was used as a reference to
perform the '°Sn solid-state NMR. The peaks at —735.25 ppm
and —769.1 ppm are the chemical shifts corresponding to the
SnS, phase and the remaining peaks correspond to chemical
shifts due to the SnS phase.*®

The phases, elements and their oxidation states have been
confirmed by an X-ray photoelectron spectroscopy (XPS) study,
recorded here with Mg K,. The survey scan of the sample is
shown in Fig. S. L. 1 (in the ESIY), and indicates the presence of S
(2s), S (2p), Sn (3d5,), Sn (3d3)5), Sn (3ps/2) and Sn (3p1,) energy
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Fig. 2 (a) 1°Sn solid-state CP-MASS NMR spectrum of SnS NRs, (b)
X-ray photoelectron spectra (XPS) for Sn (3d) and (c) for S (2p) of SnS NRs.
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states and a peak for Sn (3d) plasmon loss at 225.25 eV,
161.4 eV, 485.97 eV, 494.4 €V, 716.2 eV, 758.5 €V and 510.5 eV,
respectively. High resolution XPS scans for tin and sulfur,
shown in Fig. 2(b) and (c), reveal the presence of two valence
states for the tin and sulfur atoms. After deconvolution of the
XPS spectra for the binding energy peak of tin (3d energy state),
as shown in Fig. 2(b), the binding energy peak positions are
estimated to be at 485.92 eV and 487.58 eV (3ds,,), and 494.38 eV
and 495.82 eV (3ds.,) energy states, respectively. The binding
energy peaks at 485.92 eV (3ds,,) and 494.38 eV (3d;/,) again
confirm the presence of Sn>", while the binding energy peaks at
487.58 eV (3ds/,) and 495.82 eV (3d;/,) confirm the presence of
Sn**. Similarly, binding energy peaks corresponding to the
sulfur (2p) energy state are at 162.42 eV and 161.06 eV. The peak
at 162.42 eV indicates that the sulfur is attached to Sn**, while
the peak at 161.06 eV indicates attachment of the sulfur to Sn**,
Here, XPS analysis conclusively confirms the presence of SnS (as
major) and SnS, (impurity) phases in the material.

As mentioned previously, the morphology of the nano-
material has a crucial impact on the properties of the material.
So, the morphology as a function of reaction time has been
studied by FEG-TEM and FEG-SEM experiments. The FEG-SEM
micrographs are shown in Fig. 3(a) and (b) and Fig. S. L. 2 (in the
ESIT). They show that well-distributed single crystalline NRs of
SnS are formed during the solvothermal synthesis with a high
aspect ratio. High resolution FEG-TEM images, as shown in
Fig. 3(c), allow us to identify the lattice fringes for [111] and
[210] planes with the inter-atomic d-spacing of 2.95 A and
3.19 A, respectively.

A Selected Area Electron Diffraction (SAED) measurement of
the SnS nanorods (as shown in Fig. 3(a)) was taken and is shown
in Fig. 3(d). The SAED pattern in Fig. 3(d) qualifies the
single crystalline nature of NRs with dots for the [011], [100] and
[111] planes. The zonal axis of this dotted pattern was found to
be [0 1 —1].

50 nm

(©011) (111)

. [ooo)\ .

(100)

Fig. 3 Electron microscopy patterns of SnS NRs synthesized at 160 °C:
(@) FEG-TEM image of single SnS NRs, (b) FEG-SEM image, (c) high
resolution lattice fringe and (d) SAED pattern from zonal axis [0 1 —1].
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3.1 Growth mechanism of NRs and the effect of
solvothermal temperature

The tin atom in SnS is in the +II oxidation state and has an inert
lone pair in its 5s orbital, which plays a crucial role in deciding
the nature of the crystal growth. The lone pair of the 5s orbital is
chemically inactive, but remains sterically active and plays an
important role in the distortion of the normal rock salt struc-
ture due to its steric effect.**

The lone pair forces the crystal to grow in an elongated [100]
direction® with successive layers between two SnS molecules
along the a-axis, as shown in Fig. 1(c). In our case, solvothermal
conditions lead to the growth of various kinds of NRs, as shown
in the possible growth mechanism schematics in Fig. 4. This
growth may be attributed to the inert lone pair effect of Sn(u) to
direct growth in the g-axis direction.

Similarly, the solvothermal temperature has an impact on
crystal growth in the b-axis direction and results in different
aspect ratios of the facets in the NRs. The proposed growth
mechanism has been assumed to be followed by initial nucle-
ation of the SnS monoatomic layers in the a- and c-axis direc-
tions, i.e. the [a—c] plane. Soon after, atoms are added in the a-
axis direction in such a way as to form tapering ends, which
minimize the lattice face surface energy.** The first step growth
occurs in the [101] direction with an energy minimization
process of the facets in the same direction, as shown in Fig. 4.
Furthermore, growth of the next layers always occurs in the
same [101] direction on top of the first layer, which leads to an

[ ) ¢ b
A ‘ 1"\

Fig. 4 Schematics showing possible crystal growth mechanisms of
SnS nanorods.
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Fig. 5 Powder X-ray diffraction patterns of SnS nanorods synthesized
at (a) 140 °C, (b) 160 °C, (c) 180 °C and (d) 200 °C.
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increase in the b-axis direction. After some time, the growth of
layers terminated much earlier than was required, leading to
the generation of a ‘kink’ in the terminal position of the
nanorod, as shown in the FEG-TEM image in Fig. 6(a). These
growth patterns are mostly affected by the surface energy of the
facets and by varying the synthesis temperature, one could
expect to exert a possible effect on the crystal growth direction.

Furthermore, four solvothermal temperatures (from 140 °C
to 200 °C) have been applied to study the changes in the NRs’
facet morphology. To study the comparative growth with change
in solvothermal temperature, their corresponding PXRD data
has been compared in Fig. 5, which shows prominent changes
in the relative peak intensities of the (111) plane and (400)
plane. As we can observe in Fig. 5, the peak intensities corre-
sponding to the (400) and (202) planes increase with respect to
the peak intensities of the (111) and (020) planes, respectively,
as a function of solvothermal temperature. Similarly, the peak
intensities corresponding to the coaxial planes, e.g. the (102)
and (103) planes, also increase with increasing solvothermal
temperature. Changes in peak intensity clearly reflect the pref-
erential crystal growth which results in changes in the dimen-
sions of the facets in SnS NRs. The face width of NRs in the (a—c)
plane, in the b-direction, has reduced with increasing sol-
vothermal temperature. The b-axis width is higher in the
nanorods synthesized at 140 °C, while the rods become more
symmetric in nature with an increase in temperature to 160 °C,
as shown in the TEM images in Fig. 6(a) and (b) and the sche-
matics of the SnS NRs in Fig. 5. Upon further increasing the
solvothermal temperature from 160 °C to 180 °C, the (a—c) plane
face width in the b-direction has started decreasing with the
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Fig. 6 Optical property and FEG-TEM images of SnS NRs synthesized
at (a) 140 °C, (b) 160 °C, (c) 180 °C and (d) 200 °C. (e) Reflectance vs.
wavelength plot. (f) Band gap measurement with help of (ahr)*? vs. Eqg
plot (Tauc's plot)
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relative elongation in the (a-c) plane and the facet width has
decreased to almost zero at 200 °C, as shown in Fig. 6(c) and (d).
This morphological change also shows the impact in absorption
band edge of the material during optical property testing.

3.2 Optical properties

SnS is a IV-VI semiconductor and its optical properties are of
interest because of its several optoelectronic applications, such
as holographic recording, near-infrared detector, solar absorber
and the Hall effect.”>® A material’s optical properties depend
on the optical band edge, which can vary with changes in shape,
size, strain, doping and surface modifications.*

The impact of the nanosize of the facets on the physical
properties of SnS has been studied by diffuse reflectance spec-
troscopy. It is always expected that nanomaterials have different
atomic arrangements from their bulk counterparts, resulting in
a different confinement level of the electrons, which results in
variations in their optical properties.””*® In the case of nano-
rods, the electron confinement is possible when either the
diameter of the rod, the length of the rod, or both, have sizes
below or on the order of their Bohr's radii.

The diffuse reflectance spectra in Fig. 6 clearly show that all
the SnS NRs have an absorption edge in the range of visible
light. The notable point in Fig. 6(e) is that the ending of the
absorption edge around 1000 nm varies for different SnS NRs
prepared at different temperatures. To calculate the optical
band gap, a Tauc plot has been generated and shown in Fig. 6(f)
for the indirect band edge. The reflectance (R) value has been
converted to the equivalent absorption extinction coefficient
value F(R) by using the Kubelka-Munk transformation and is
shown in the equation below.>*

(1-R)y
F(R) = 7R

The variation of the band edge with changes of the nanorod
facets clearly shows the dependence of the facet width on the
solvothermal temperature. The NRs with the higher facet width
(synthesized at 140 °C) have a band gap ~1.1 eV, while those
with a diminished facet width (synthesized at 200 °C) show an
increase of the band edge to ~1.2 eV, which is visible in the
inset image of Fig. 6(f).

Furthermore, the Bohr's radius (ag) of the tin sulfide (SnS)
has been calculated to be 7.24 nm, using the relationship shown
in the equation,

eh?
ag = —
2

Ho€

where ¢ is the dielectric constant of SnS (¢ = 19.5),”> & is the
reduced Planck constant (2 = 1.0545 x 107 3* J s), u, is the
reduced mass of an exciton, i.e., po = {(Me x mp)/(Me + my)}, Me
is the effective mass of an electron in SnS (m. = 0.20m,),*>* my,
is the effective mass of a hole in SnS (m;, = 0.36m),”* m, is the
mass of an electron (1, = 9.10938 x 10" kg), e is the charge of
an electron (¢ = 1.6 x 10 '° coulomb). Here in our case, the
Bohr's radius is much lower than the length and diameter of the
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nanorod, therefore only weak confinement of electrons is
possible.*> The calculated change in the NRs optical band gap
with solvothermal temperatures, as shown in Fig. 6(f) also
shows that as the facets width reduces, the one facet of the
nanorod is leading to its electron confinement region i.e. more
closer to Bohr’s radius which will lead to an increase in exciton
energy and results in the enhancement of the band gap by
encountering the coulombic forces on hole and electron.

3.3 Study of lithium storage

The charge-discharge behaviour of the SnS NRs has been tested
with standard PVDF and CMC binders at a current rate of 160
mA g~ ' in between the potential window of 0.01 V to 1.2 V
against Li/Li" at 20 °C. The discharge capacity of the PVDF
binder electrode is found to be 385 mA h g* after the 50™
discharge cycle, which is near to the theoretical capacity of the
graphite electrode (375 mA h g™'). The loss in the case of the
PVDF binder electrode is more prominent after the 20™
discharge cycle. Therefore, it is expected that the binder has an
impact on capacity loss. Therefore, the electrode is then
prepared with an interactive CMC binder, which has less elas-
ticity than the PVDF and is mechanically much more compat-
ible to alloy-based anodes.*

The capacity loss with the CMC binder has been reduced
quite significantly and the discharge capacity after the 50 ¢ycle
is found to be 591 mA h g ', much higher than the theoretical
capacity of graphite, as shown in Fig. 7(a). Therefore, CMC can
be a better, greener and more eco-friendly binder for low cost
electrode fabrication. To get more possible information on the
cathodic and anodic reactions, a half-cell of Swagelok-type
assembly was used for cyclic voltammetry experiments. In the
first cycle of the cyclic voltammogram, as shown in Fig. 7(b),
with CMC binder, a minor peak at ~1.4 V is observed, which
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Fig. 7 Electrochemical performance of SnS NRs. (a) Capacity vs. cycle
number charge—discharge curve of SnS with PVDF and CMC binders,
(b) cyclic voltammogram of SnS NRs with CMC binder, (c) potential vs.
cycle number charge—discharge curve of SnS with PVDF binder and (d)
potential vs. cycle number charge—discharge curve of SnS with CMC
binder in potential window of 0.01V-1.2 V, against Li/Li* at 20 °C. The
current rate of 160 mA h g has been used for the entire test.
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suggests the intercalation of Li in the SnS layers spacing, as
shown in the structure of SnS in Fig. 1(c).* Another intense
peak during the reduction process at a potential of 1.12 V
indicates the conversion of SnS to Sn and Li,S with the reaction
of sulfur with lithium ions**** as shown in eqn (1) and (2).

Upon further discharge, the reduction peak at a more
negative potential of 0.6 V shows alloying of the Li with the Sn,
as shown in eqn (3), which is shifted to 0.53 V and 0.57 V after
the first cycle.>***** This shift in alloying peak position after the
first cycle is due to the formation of a solid electrolyte interface
(SEI). Furthermore, the reduction peak at 0.25 V corresponds to
the electrolyte degradation and SEI formation during electro-
chemical reduction.

SnS + 2Li — Sn + Li,S (1)
SnS, + 4Li — Sn + 2Li,S 2)
Sn + xLi — Li,Sn (x = 4.4) 3)

On the reverse scan (oxidation process), oxidation occurred
at 0.50 V and 0.66 V vs. Li/Li" indicating a two-step dealloying
reaction of the lithium from tin.*****> From the second cycle
onwards, the same peaks are showing almost constant peak
current at 0.53 V and 0.57 V during reduction and correspond-
ing peaks at 0.5 V and 0.66 V during oxidation at a scan rate of
0.1 mV s~ . This consistency in peak current shows the stability
of the material in a Li-electrochemical environment and its
practical compatibility in battery applications.

If we carefully observe the initial cycle performances of both
electrodes, the differences in cycling arises during the first
cycle. The first discharge capacity of the CMC binder electrode
was found to be 1807.4 mA h g, while, with the PVDF binder
electrode, the discharge capacity was found to be 1528 mA h
g~ . Although both electrodes with different binders allow the
lithium intercalation process at a potential of 1.4 V, as shown by
a plateau in the discharge process in Fig. 7(c) and (d), they also
contribute almost equal capacity to the first discharge cycle. The
second cycle discharge capacity for the CMC binder electrode is
753.76 mA h g~ ' and for the PVDF binder electrode is 721.38 mA
h g~'. This trend shows that the binder property has a great
effect on the primary reaction of active electrode materials with
lithium. In this sequence, the CMC binder supports a more
facile way to react lithium with electroactive material than
PVDF. In the initial charge-discharge cycles, the coulombic
efficiency of the PVDF-based electrode is higher than the CMC
electrode and found to be 45.68% and 42.87%, respectively.
However, upon further cycling, the coulombic efficiency of the
CMC-based electrode is showing an increasing trend, as shown
in Fig. S. L. 3(a) (ESIT), which may be another reason for better
capacity retention in the present case. This further concludes
that the CMC binder is a better binder for maintaining large
volume expansion/contraction during charge-discharge
processes in a tin-chalcogenide system.

To check the compatibility of the SnS-CMC electrode with
high rates, the same electrode material was cycled at a rate of
350 mA g ' for 50 cycles. The results showed that the first
discharge capacity of 1379.8 mA h g~' with a coulombic
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efficiency of approximately 44.13% is achieved with the SnS-
CMC electrode. The second discharge capacity is found to be
702.06 mA h g~ ! and after the 50 cycle, the capacity is found to
be 564.72 mA h g, which is similar to that at a low current rate
like 160 mA g '. The only difference observed is that the
coulombic efficiency is reduced to 85.99% at 350 mA g~ ', while
at 160 mA g, it is 95.96% (Fig. S.I. 3(b) in the ESI}). The
improvement in coulombic efficiency in the cases of low and
high current is interesting and drives us in another interesting
direction. After collecting all the experimental evidence and
explanations to the above fact, we will discuss this further in
another report.

To check the compatibility of the SnS-CMC electrode with
rate fluctuations, a cell was run at a sequential current rate of
100 mAhg',300mAhg",500mAhg ", 700 mAhg " and
100 mA h g~ for 5 cycles at each current rate and the results are
shown in Fig. 8. The first discharge capacity is found to be
1449.9 mA h g™ ' at the current rate of 100 mA g~ with a
coulombic efficiency of 42%. At end of the 5™ cycle, the
discharge capacity is found to be 640 mA h g ' with an
increased coulombic efficiency of 94.5%. After the next 5 cycles,
the discharge capacities were found to be 537 mA h g~ " (current
rate of 300 mA h g~ "), 480 mA h g~ * (current rate of 500 mA g~ )
and finally 256 mA h g~' (at a current rate of 700 mA h g™ ).
Thereafter, the current rate was lowered to 100 mA h g~ * and the
electrode regained its capacity of 600 mA h g~'. This regain in
capacity, which is higher than the theoretical capacity of
graphite, after large current perturbations shows that the
material is a possible option for high rate compatible materials.

In addition, to provide confirmation of the structural
stability and the role of the binder in battery performance, ex
situ TEM has been performed after 50 cycles of charge-
discharge. It is observed that the shape of the rod is destroyed
after 50 charge-discharge cycles, having been converted to
small nanoparticles homogeneously distributed in the binder
matrix, as shown in Fig. 9. A similar trend has been also
observed for other alloy-based anodes (SnO, nanorod,*** Si
nanorod,* SnSb alloy,” SnNi anodes®) and in conversion
anodes (C00,,*”” CuO®) used in lithium-ion batteries. Therefore,
during the lithiation process, lithium intercalation occurs first,

. —a— Discharge Capacity (mAh/g)|
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*— Coulombic Efficiency
1500 : : : E l105
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Fig. 8 Power plot with coulombic efficiency for SnS nanorods—CMC
electrode in a potential window of 0.01-1.2 V vs. Li/Li* at 20 °C.
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forming an alloy with the tin sulphide rods and causing a swell
in volume.®*** Upon subsequent de-intercalation, the 1D
structure is destroyed, resulting in nanoparticles.

The breakdown of rod shape and formation of small nano-
particles in the initial cycles of charge-discharge play an
important role in battery cycling. As the TEM images show in
Fig. 9, the size of the nanoparticles are bigger in the case of the
CMC binder in comparison with the PVDF binder. This
conclusively reveals the fact that the volume expansion and
particle holding capacity of the CMC binder-based electrode is
higher than that of the PVDF binder electrode. It has also been
experimentally proven that the CMC binder has more stiffness
compared with the PVDF binder because CMC is very poor at
absorbing the electrolyte used in batteries in comparison with
PVDF and hence leads to less expansion and degradation of the
binder.* In our case, the bigger size of fractured particles after
50 cycles in the case of CMC compared with PVDF shows that
CMC is holding its elastic property for a longer cycle life, which
results in better holding of the active material and carbon
matrix together and manages mechanical stress during cycling
in the electrode. In other words, PVDF is known to absorb the
electrolyte and the binder will swell and become less effective in
holding the mechanical stress, resulting in smaller particle size
after 50 cycles. In our group, we are constantly working in this
direction to find out the underlying property that is responsible
for this electrode quality improvement.

4. Conclusion

In summary, this work is based on using the solvothermal
method to prepare highly crystalline SnS NRs with distinct fac-
ets. In this paper, we have attempted to understand the phase
information using different physical measurements and draw a
conclusion that the prepared sample is a mixture of SnS (major)
and SnS, (minor). Most of the previous reports in this field have
not discussed the phase purity and reported the materials mostly
as SnS,, but not SnS. It has been observed that the solvothermal
temperature has an immense role in changing the crystal facets
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of the nanorods, which leads to changes in the optical properties.
The nanorod morphology has been found suitable as an energy
efficient anode material in lithium ion battery applications. The
electrochemical performance with two different binders of PVDF
and CMC has been tested. The compatibility of the material is
quite pronounced with the CMC binder compared with PVDF
binder for electrochemical energy storage.
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