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Abstract: SnS nanomaterials have a high initial capacity of 1000 mAh g~1; however, this cannot be
retained throughout electrochemical cycling. The present study provides insight into this capacity
decay by examining the effect that Li intercalation has on SnS “nanoflowers” attached on carbon
substrates’ such as artificial graphite. Scanning and transmission electron microscopy reveal that
lithiation of such materials disrupts their initial morphology and produces free-standing Sn and SnS
nanoparticles that dissolve in the electrolyte and disperse uniformly over the entire electrode surface.
As a result, the SnS is rendered inactive after initial cycling and contributes to the formation of the
solid electrolyte interface layer, resulting in continuous capacity decay during long term cycling. This
is the first study that illustrates the morphological effects that the conversion mechanism has on SnS
anodes. In order to fully utilize SnS materials, it is necessary to isolate them from the electrolyte by
fully encapsulating them in a matrix.

Keywords: anode; tin sulfide; lithium ion battery; conversion reaction; nanoflower

1. Introduction

The present study aims to understand the capacity degradation that occurs in SnS
nanomaterials in terms of the morphological changes they undergo during Li-ion insertion.
Sn has attracted significant attention for its use as an anode in Li-ion batteries, since it
allows for a theoretical specific capacity that is over 990 mAh g~ [1]. This is approximately
three times the capacity of commercially used graphitic anodes (372 mAh g~ 1) [2]. Despite
its promising electrochemical performance, upon the formation of Li alloys, Sn suffers
from severe volume expansions as high as 298%, which result in fracture of the Sn and
delamination from the electrode. This leads to a loss of material that can host Li, and a
rapid capacity decay occurs after several charge-discharge cycles. In order to alleviate high
volume expansions, Sn is rarely used in its pure form, but is rather used as an oxide (SnO5)
or as an alloy (such as SnSb and SnS) [1,3-5]. To further increase mechanical stability, the
size of the Sn-based particles is reduced to the nanoscale [6,7] and they are embedded or
attached on a carbon-based matrix, since it can buffer and constrain the volume expansion.

The maximum initial capacity of Sn or SnO, cannot exceed 990 mAh g~!; however,
that of SnS anodes is greater than 1000 mAh g~!. Despite this, the initial capacity of SnS
anodes significantly decreases during cycling, as is the case for all Sn-based materials.
For example, SnS nanoparticles (5-6 nm) embedded in a carbon matrix [5] experienced
a capacity loss of ~500 mAh g~ after 40 cycles, while SnS single phase alloy anodes in
the form of microflakes showed an initial capacity of 1085 mAh g~!, which dropped to
~550 mAh g~ after 45 cycles [8].

The capacity drop observed during the first cycle has been attributed to the conversion
reaction that gives rise to the formation of Li,S [5,9], which forms irreversibly upon initial
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lithiation. The resulting microstructure is, therefore, Sn particles in a LiS matrix, and with
continuous lithiation/delithiation, LiySn alloys form reversibly. The mechanisms that give
rise to the continuous capacity fade over long term cycling have not been explored.

A detailed examination of the microstructural changes that occur during the conver-
sion and alloying reactions of SnS electrodes has not been performed. However, based on
the severe fracture observed for Sn/C and SnO,/C nanocomposites during cycling [10], it
is of interest to examine whether mechanical instability can be correlated to the capacity
decay of SnS. Hence, the present article focuses on the long term cycling performance
of SnS/C nanomaterials and captures the effect that conversion and alloying reactions
have on the microstructure by performing transmission and scanning electron microscopy
before and after cycling. The particular microstructure considered is that of a flower-like
nanoscale SnS alloy attached to graphite. The motivation for using such structures is that
their thin petal structure is not dense and could accommodate the volume expansion of Sn.
Such flower-type active materials have not been cycled before, and although similar SnS
microstructures have recently been fabricated [11], they were significantly larger and their
“flower petals” were much denser.

In order to examine the effect of the carbon substrate in SnS/C, both artificial graphite
and microcarbon microbeads were used as the matrix, while the SnS content was varied by
allowing the precursor compounds in solution to be either 10% or 20% by weight. Although
the nanoflower-like SnS materials used here have not been examined as electrodes before,
the purpose of this article is not to propose a promising SnS/C electrode (since SnS cannot
compare to the promising high-capacity Si-based anodes), but to provide insight as to why
SnS materials cannot retain their initial high capacity of over 1000 mAh g~!, and interpret
their capacity fade in terms of their microstructural changes.

2. Materials and Methods
2.1. Fabrication

The SnS/C nanopowders were fabricated using either artificial graphite (AG) or
microcarbon microbeads (MCMB) as the matrix, as both have very good electrochemical
properties [12]. Both MCMB and AG were purchased, rather than being synthesized in
the lab.

The synthesis of the composite SnS/C materials was carried out using electroless
deposition, similar to the processes reported in [13]. SnCl,-2H,0 (99.9%, Fluka, Charlotte,
NC, USA) and NH,;CSNH, (99.0%, Merck, Kenilworth, NJ, USA) were used as the metal
ion precursors, while AG or MCMB were used as the carbon precursors. The metal
ion precursors were refluxed with the carbon in 100mL ethylene glycol (99.9%, ]J.T. Baker,
Radnor, PA, USA) at 200 °C for 8 h. The precipitate obtained was collected by centrifugation
and washed using ethanol. Finally, the product was dried at 70 °C for 2 h to obtain the
final powders.

In order to evaluate the effect of SnS content on the electrochemical performance, two
different amounts (10% or 20%) of SnS were considered. For the case of 10%Sn10%S/C
(abbreviated as 10SnS/C), the solution contained the inorganic materials in the proportion
of 0.1 g Sn atoms and 0.1 g S atoms for every 0.8 g C atoms. Similarly, for the 20%5n20%S/C
(abbreviated as 205nS/C), the solution contained 0.2 g Sn atoms and 0.2 g S atoms for every
0.6 g of C atoms.

2.2. Electrochemical Cycling

Electrochemical tests were performed using a CR2016-type coin cell that employed
lithium foil as the counter electrode. The working electrode was fabricated by creating
a slurry from 85% active material (which was the newly fabricated SnS/C), 5% super P
carbon black, and 10% polyvinylidene fluoride (PVDF), and then coating it on a copper
foil, which was the current collector.

The coin cells were assembled in an argon-filled glove box (Mikarouna, Superstar
1220/750/900) with 1 M LiPFg solution with ethylene carbonate-diethyl carbonate (EC—
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DEC = 1:1, v/v) as the electrolyte and Celgard 2300 as the separator. The galvanostatic
charge—discharge tests were performed in a battery test system (Land CT2001A, Wuhan
Jinnuo Electronic Co., Ltd., China) at a constant current density of 50 mA g~! in the
potential range from 0 to 2.5 V. Finally, electrochemical impedance spectroscopy (EIS)
of the Sn/C anodes was conducted through a potentiostat/galvanostat system (Autolab
PGSTAT302N, Riverview, FL, USA).

2.3. Microstructure Analysis

The morphology and element analysis of the SnS/C materials before and after cy-
cling was examined using a Hitachi S-4800 (Hitachi, Chiyoda City, Japan) field emission
scanning electron microscope (FESEM) and a Philips CM200-FEG (Philips, Amsterdam,
The Netherland) transmission electron microscope (TEM); both were equipped with elec-
tron dispersive spectroscopy (EDS). After cycling, the cells were opened in a fume hood
and the working electrode was dipped in a 1:1 by volume mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) for 30 s to remove electrolyte residue, and was then
dried using argon. Powders were then scraped onto (i) a piece of conductive carbon tape
that was placed on a standard FESEM sample holder, and (ii) a TEM carbon lacy grid,
which was then placed in the TEM. X-ray diffraction (XRD) was performed using a Philips
X'Pert MPD diffractometer (Philips, Amsterdam, The Netherland).

3. Results and Discussion

In this section, we present the microstructure and electrochemical performance of the
SnS/C nanocomposites with two different SnS contents: 10SnS/C and 205nS/C. Two C ma-
trices were used, either artificial graphite (AG) or multicarbon-microbeats (MCMB). Both of
these C matrices are considered promising for use in Li-ion batteries, and, thus, both were
examined. A total of four samples were fabricated and tested: 105nS/AG, 10SnS/MCMB,
20SnS/AG, and 20SnS/MCMB. First, the morphology of the new SnS/C nanocomposites
is presented using FESEM and TEM, while the phases present are identified by employing
selected area electron diffraction (SAED) and X-ray diffraction patterns. Then, long-term
electrochemical cycling results are shown and the morphology is re-examined.

3.1. Microstructure Prior Electrochemical Cycling

In Figure 1 the FESEM images show that for all nanocomposites fabricated, the SnS
particles had an open (flower-like) structure and were attached on the carbon powder (AG
or MCMB) surfaces.

To determine the average particle size, 50 areas were imaged for each sample. In
addition, EDS was also performed in order to determine the at% of the Sn and S. Table 1
presents the averaged semiquantitative EDS analysis, which indicates that the Sn and S
at% was higher when MCMB was used as the precursor. The 10SnS/AG sample contained
the lowest at% of active SnS material, as well as the smallest average particle size.
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Figure 1. The field emission scanning electron microscope (FESEM) images of the new as prepared
samples, before lithiation: (a) the 10SnS/artificial graphite (AG) composite; (b) the 10SnS/multicarbon—
microbeats (MCMB) composite; (c) the 205SnS/AG composite; (d) the 205SnS/MCMB composite.

Table 1. FESEM—electron dispersive spectroscopy (EDS) analysis conducted before cycling to deter-
mine the content and particle size of Sn and S.

Elements (% atom)

Sample Particle Size (nm) Sn C S
10SnS/AG 254.33 3.04 95.48 1.48
10SnS/MCMB 494.35 35 94.17 2.34
20SnS/AG 411.34 3.71 92.16 4.13
205nS/MCMB 559.91 5.34 89.09 5.57

Performing TEM on the as prepared powders, as seen in Figure 2, indicated that the
SnS particles consisted of multiple nanofiber /nanorod-like petals. Selected-area electron
diffraction (SAED) conducted on the nanofibers indicated the presence of an SnS phase
(JCPDS card #39-354 for SnS).

The formation of the SnS alloy was further verified by X-ray diffraction (XRD). In
Figure 3, it is illustrated that all as prepared samples contained only C (JCPDS card #41-1487
for C) and SnS, while pure Sn or S phases were not present, which is consistent with the
SAED results of Figure 2. Furthermore, using the Panalytical X" Pert Plus software, the
crystal size within the SnS flower-like particles before cycling was found to be ~10 nm.
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Figure 2. Transmission electron microscope (TEM) image and selected-area electron diffraction
(SAED) pattern of the SnS structure of the as prepared 10SnS/AG sample. In all prepared nanocom-
posites, the SnS particles had this microstructure.
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Figure 3. X-ray diffraction (XRD) of the SnS/carbon composites before cycling. Green: 20SnS/AG,
purple: 205nS/AG, red: 20SnS/MCMB, black: 105nS/MCMB.

3.2. Electrochemical Performance

Figure 4a presents the capacity of all samples when cycled against Li for 200 cycles.
It is seen that in all cases the capacity faded continuously with cycling. The lower SnS
content electrodes (10SnS/AG and 10SnS/MCMB) had an initial capacity of ~630 mAh g~!
that reduced to ~260 mAh g~ ! after 120 cycles. This is approximately the capacity of the
carbon bases (AG and MCMB) used to support the SnS. The higher SnS content samples
(20SnS/AG and 20SnS/MCMB) showed a higher initial capacity of over 700 mAh g1, but
a greater capacity decrease during cycling, which reached 100 mAh g~! after 120 cycles.
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Figure 4. (a) Cycling performance of the different SnS/C samples; (b) discharge voltage capacity
profiles for the 100th discharge of the 105nS/AG, 20SnS/AG, and AG, and for the 2nd discharge of
the 10SnS/AG.

The capacity fade shown in Figure 4a is consistent with the decay observed in [5,8],
where after 45-50 cycles the initial capacity (~1000 mAh g~!) of SnS/C materials had
decreased to half its original value. However, this study goes beyond previous studies,
as it is the first to perform long term cycling for SnS/C materials. Particularly, Figure 4a
indicates that, for low SnS contents (10%), the capacity drops to that of the graphite base,
indicating that SnS may not be playing the role of an active material after initial cycling,
while for higher SnS contents (20%), the capacity is much lower than that of both AG and
MCMB after 200 cycles.

To better illustrate that, after long term cycling, the capacity of the SnS/C drops to
that of pure carbon, the discharge curves at the 100th cycle for pure AG, 10SnS/AG, and
20SnS/ AG are plotted together in Figure 4b. It can be observed that all three curves are in
close proximity, indicating that the SnS ceased to partake in the reaction with continuous
cycling. For comparison purposes, the 2nd discharge curves for the 105nS/AG and pure
AG anodes are also shown in Figure 4b, where it is clear that SnS contributes to the voltage
capacity, as it is above the curves obtained after 100 cycles. It should be noted that the
2nd and 100th discharge curves coincide for pure AG and no distinction can be made
between them in Figure 4b, which is consistent with the long term electrochemical stability
of graphite. Further examination of Figure 4b indicates that the degradation of the voltage
capacity curve during the 100th cycle is more severe for the 20SnS/AG material than for
the 10SnS/AG material, which is consistent with the capacity fade seen in Figure 4a.

3.3. Microstructure after Cycling

To interpret the capacity fading observed in Figure 4, XRD and electron microscopy
were performed on the anodes after the 200 cycles were completed. The XRD characteriza-
tion of the SnS/C anodes after 200 cycles is shown in Figure 5, indicating that the Sn phase,
in addition to SnS, was present, after cycling. Using the Panalytical X’ Pert Plus software,
the grain size of the SnS alloy was estimated to be ~10 nm, which is the same as that of
prior cycling, suggesting that crystal size was not affected by lithiation.

Figure 5 illustrates that pure Sn metal formed during the lithiation and delithiation
process. This can occur because initial lithiation gives rise to the irreversible conversion
reaction SnS + 2Li+ 2e”—5n + LipS, by which Sn is dispersed in a LiS matrix. Further
lithiation forms Li-Sn alloys, which is a reversible process during the charge/discharge
cycle. The lack of the Li,S phase in the XRD of Figure 5 may be explained by the following
three possibilities: (i) LiyS is soluble in the electrolyte [14], (ii) it may be amorphous, or (iii)
the crystal size is too small to be detected by XRD.
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Figure 5. XRD of the SnS/C composites after 200 cycles.

Although XRD has not been performed on cycled SnS anodes, these observations are
consistent with those of XRD studies of SnS; anodes [15], which reported the formation of
metallic Sn during lithiation, as both conversion and alloying mechanisms occurred during
the lithiation of SnS,. Furthermore, our conclusions are in accordance with detailed XRD
studies for the first Li-ion insertion (but not deinsertion) in Sb,S3 electrodes [16], which
showed that Sb,S3 underwent both a conversion reaction (forming a pure Sb phase) and
an alloying reaction; however, neither Li-Sb nor Li-S was observed in XRD, which was
attributed to them either being amorphous or having a very small crystal size.

As no other studies have examined the phases present upon complete Li deinsertion
of SnS electrodes, high resolution TEM (HRTEM) was conducted on the cycled materials,
as shown in Figure 6.

Comparing Figure 6 with the initial microstructure depicted in Figure 2 reveals that
after cycling, the flower-like structure of the SnS particles was “destroyed”. The initial
SnS nanofibers decomposed into nanoparticles that were 2-10 nm. Similarly, as the XRD
indicated, the SAED patterns in Figure 6 documented the existence of pure Sn and SnS
phases; however, no C rings were observed, even though the area considered contained
a lighter phase region. This indicated that the light contrast region surrounding the
nanoparticles (in Figure 6) was not the initial carbon particle substrate, but solid electrolyte
interface (SEI) or electrolyte residue. This is verified by the representative EDS spectrum in
Figure 6 that illustrates that the light shaded area of Figure 6c a contained high contents of
F, O, C, and P. This C would be from the binder and carbon additive of the electrode.

The TEM analysis thus illustrates that, during the Li insertion and deinsertion process,
the SnS detached from the C substrate and dissolved into the electrolyte, getting dispersed
within the inactive SEI layer. This is consistent with the continuous capacity fade, as the
SnS that detached from the carbon could not store Li ions. Therefore, even though the
addition of SnS seemed to benefit the performance of the AG and MCMB (as the initial
capacity was high), it was actually a drawback, as with continuous cycling it dissolved in
the electrolyte and resulted in a lower capacity than carbon materials.

To examine the extent by which this inactive SnS/Sn SEI layer formed, FESEM was
performed on the cycled electrodes, as this method could depict a wider area than TEM.
For all samples, the same microstructure was observed. Representative images are shown
in Figure 7 for the 10SnS/AG and in Figure 8 for the 20SnS/MCMB. It can be seen that
the initial flower-like structure was disrupted and large solid particles were present on
the carbon surfaces. To better understand the composition throughout the anode, EDS
mapping (Figures 7b—g and 8b—g) was also performed. It is of particular interest to see
that the micron size particles in Figures 7a and 8a were not comprised of SnS, but had a
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high C and F content, indicating that it was part of the SEI. These results are in accordance
with the TEM images, since the EDS mapping illustrated that, during Li insertion and
deinsertion, the flower-like SnS particles reduced into nanoparticles covering the anode
surface, as Figures7g—f and 8g—f illistrate.

SnS (210)

Sn (110)
SnS (120)

Sn (101)
Sn (211)

Sn (211)

Sn (101) \
Sn (110)
SnS (131) 4

SnS (212)———==

Counts

Cu

e wre

Figure 6. High resolution TEM (HRTEM) images with SAED and EDS results of the SnS/C composite
anodes after 200 cycles. (a) 105nS/AG, (b) 10SnS/MCMB, and (c) the results of EDS on 10SnS/AG.
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Figure 7. FESEM images of (a) 105nS/AG, (b—g) EDS mapping of the area in (a). The element being
mapped is indicated in each image.

Figure 8. FESEM images of (a) 20SnS/AG, (b—g) EDS mapping of the area in (a). The element being
mapped is indicated in each image.

Table 2 summarizes the EDS semiquantitative element analysis inside the micron
particle of Figure 7a and outside the adjacent matrix, which again supports the conclusion
that the SnS was distributed throughout the anode surface.

Table 2. EDS analysis after cycling of the area inside the particles and outside the adjacent matrix.

% Elements (% atom)

Sample Area Sn S C (o) F P
Inside particle 1.25 0.66 37.79 37.73 22.07 0.50
10SnS/AG Adjacent matrix 1.75 1.52 45.45 29.60 19.40 2.28

The high concentrations of F, O, C, and P (as seen in the EDS of Figures 7 and 8),
together with the observed free-standing SnS particles (as seen in the TEM images of
Figure 6), suggest that the electrode surface was coated by an electrochemically inactive
layer, which was comprised of Sn and SnS nanoparticles distributed throughout the SEI
layer. Such an electrochemically inactive coating increases internal resistance, and the Sn
trapped within could not host Li ions, explaining the capacity and voltage loss seen in
Figure 4.

The anodes that contained higher contents of Sn and S (205SnS/AG and 20SnS/MCMB)
would have a higher Sn and S content in the inactive layer, which would result in a higher
internal resistance and greater capacity loss (as seen in Figure 4), as compared to that in the
lower content SnS samples. Therefore, even though the addition of SnS on the C resulted in
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an initial increase in the capacity, the Sn and S dispersed into the electrolyte over continuous
cycling, becoming part of the SEI layer and increasing the internal resistance of the cell.
This conjecture was tested by comparing the impedance spectroscopy before and after
20 cycles for the 10SnS/AG and 20SnS/ AG electrodes. In Figure 9 it can be seen that the
impedance (i.e., interface/internal resistance) was higher for the 205SnS/AG sample, which
supports the concept that SnS becomes chemically inactive, and the greater its content, the
more negative its effects on electrochemical performance (as seen in Figure 4).

(a) £00 (b) o SNS-AG 20%

550 - SnS-AG 10%
500
450 4

600 4

500
4004
350 4 4004
300

250 3004

Z'/Ohm
Z'/Ohm

200
2004
150 4

1004 —— pristine 100 4 pristine
50 ——20th —20th

o T T T T T 0 T T T T T T
o 100 200 300 400 500 600 0 100 200 300 400 500 600 700

Z"/0hm Z"iOhm

Figure 9. Electron impedance spectroscopy (EIS) diagrams for (a) 10SnS/AG and (b) 20SnS/AG,
before and after 20 cycles.

Hence, the better performance noted for the 105SnS/AG materials was due to the lower
Sn and S content that could dissolve into the solid electrolyte interface layer and increase
internal resistance. These results show that the conversion reaction and alloying that SnS
undergoes during cycling result in the dispersion of Sn particles within the electrolyte
and SEI layer. Therefore, even though the capacity is initially higher, in the long term,
the addition of SnS nanoflowers on graphite increases the internal resistance and results
in a capacity that is even lower than that of the carbon substrate. In order to produce
efficient SnS/C nanocomposites, the SnS must be fully isolated from the electrolyte using a
protective coating.

4. Conclusions

The present article provided significant insight into the underlying mechanisms that
give rise to the capacity fade of SnS materials during cycling. Although it has been
suggested that SnS undergoes a conversion mechanism upon lithiation, its morphological
consequences have not been examined. The microscopy observations herein indicate
that lithiation of SnS/C leads to the formation of free-standing Sn and SnS nanoparticles
that are dispersed throughout the electrolyte/SEI layer on the electrode surface. As a
result, the Sn and SnS become inactive and isolated from the current collector, leading
to continuous capacity fade. The microstructural observations are in accordance with
the electrochemical cycling results, which indicate that, after 120 cycles, the capacity had
dropped to that of the pure carbon matrices, suggesting the SnS was not participating
in the reactions. Furthermore, EIS showed that increasing the SnS content increased the
interface resistance, as the content of Sn and SnS in the inactive layer increased. Hence, in
order to commercialize SnS electrodes, which have the ability to offer a capacity greater
than other Sn-based anodes, it is necessary to inhibit such dissolution of Sn and SnS into
the electrolyte. Approaches similar to those followed for S-C electrodes (for Li-S batteries),
which “trap” S in highly porous carbon substrates, may be appropriate [1]. However, the
goal of the present study was to provide insight into the capacity fade of SnS, not fabricate
a promising new anode.
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