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A tin(Il) sulfide/carbon (SnS-C) nanocomposite is prepared by simple high-energy mechanical milling method. XRD, SEM and TEM
characterizations show that the nanocomposite is composed of well crystallized SnS nanoparticles with a size of about 15 nm, which are
dispersed uniformly in the conductive carbon matrix. The SnS-C electrode exhibits a high Na storage capacity (568 mAh g at 20 mA g™)
and excellent cycling stability (97.8% capacity retention over 80 cycles) as well as high-rate capability. Ex-situ XRD result testifies a
sequential conversion and alloying/dealloing reaction mechanism of the SnS-C electrode during the Na uptaking and extraction cycles.
The superior electrochemical performance of the electrodes can be attributed to the small crystalline size of SnS and good carbon coating
which facilitate the electrochemical utilization and maintain the structural integrity.
as low as 32%, probably related to the incomplete recovery of
Introduction SnO, from Sn and Na,O during charging due to the strong ionic
) ) s0 bond of Na-0.3 Very recently, Yu et al. reported an rGO/Sb,S;
The ever-increasing demands of large scale energy storage composite with a reversible capacity of 730 mAh g at 50 mA g’

devices Cfor smart grld as “:Hf as vzhlcle ;lleclt)rlﬁcatlon have and an initial coulombic efficiency of 69%.>° This result indicated
prompted an extensive search for rechargeable batlery systems that M-S bonds in metal sulfides are weaker than the

with hlgh specific energy a.nd low cos't. Na ion battery 15 an corresponding M-O bonds in metal oxides, which could be
attractive battery system with the merits of abundant sodium S . .
kinetically favorable for the conversion reactions. Thus, we

resources and low environmental impact and has recently explored the Na storage behavior of tin(Il) sulfide (SnS). To the

intrigued great interest.'® Nevertheless, due to the inherent large best of our knowledge, although the Li storage behavior of SnS
size of Na ion (35% much larger than Li ions in radius'), the has been investigated previously,**¢ it is first time that the Na

realization of Na ion battery chemistry are hindered by several . o
. . . . R . . storage performance of SnS is reported in this paper.
issues such as sluggish diffusion kinetics of Na ions in the host

materials and large volume variation during cycling.
In the past few years, a large variety of cathode materials have
been studied for Na ion batteries, including layered metal Samples preparation and characterization

oxides,”"" ferrocyanide,'> phosphates '*'* etc. In contrast, the Sn powder (9.8 % purity, -325 mesh, National Medicine CO
anode materials are mainly limited to hard carbons and metallic Ltd Shanghai. China) S’ powders (’99 5 % purity Nationa.i

alloys. Various hard carbons materials have been surveyed and Medicine CO., Ltd, Shanghai, China) and super P carbon
. . .. _1 * . bl
33?02?&3::(1Srg(‘:tr:;bIIG\IZpiz;ﬁcazacﬂisisz(j;zzzzhii 3?}?emcilrlb§n (TIMCAL, Graphite & Carbon Inc.) were used as received. The
. . . SnS-C nanocomposite was prepared by high energy mechanical
;zgcil(;r()es' iﬁ al_llof?/s I;lveshll%ge;r Ll-gg(t)ake:}tnh_tlyf,‘ foquexgltr)nzpz)l_;, milling (HEMM) under an argon atmosphere for 8 h. The Sn:S
;00 H;h '%NOTS Sal;23n’ d ca.1700 mAh % NorP ali ’ was 1:1 by molar ratio, and the SnS:C was 8:2 by weight ratio.
ca. (;nu g Na-sn and ca. mAfl g Na-talloys are For comparison, the Sn-C composite was synthesized by using
acquired. the same method at a weight ratio of 8:2.
Some metal compounds are Na ion storable through a combined k The crystalline structugral variation of the electrode upon Na
electr(t)che.mlcal con Vetr;lon ?ndl alloylrlltgi/de(zlsllljogr{gllzllze; hazllimf uptaking and extraction was characterized by X-ray diffraction
?(;Sas 0 glve superior _f g;gglca ca?ac1 168 (502 o m g (XRD, Shimadzu XRD-6000). The morphological feature of the
’A:ngzél 183788' 111:)1;121 1%11; N _18312)2)835946 mA(lll g §n3P4.t11312 SnS-C was investigated using a scanning electron microscopy
rfr;r Nf i;)n bI;tté:ries Sun etgal. re:c/)rf;ldsfli:fSl?sgnZozlgl?izlrifei 75 (SEM, Sirion 2000, FEI) and transmission electron microscopy
: : 24 TEM, JEOL, JEM-2010-FEF). The samples for TEM analysis
Na storage capacity of 896 mAh g™ at a low current rate of 1/70 ( . . ) P . Y
were prepared by dispersing the sample powders in ethanol and

25 . - . . 1
C.” But this material can only aChleYle a capa.cny of 143 mAh g subsequently releasing a few drops of the dispersed solution on a
at the current rate of 640 mA g, showing very poor rate .

. ! ‘ carbon film supported on a copper grid.
capability. Su et al. reported a SnO,@graphene composite, which ©

delivered a reversible capacity of ca. 600 mAh g at 20 mA g%’

However, the initial coulombic efficiency of this composite was Electrochemical measurements
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The SnS-C anodes were prepared by mixing 70 wt% SnS-C
composite, 20 wt% super P, and 10 wt% Polyacrylic acid (PAA,
25 wt%) to form a slurry, which was then coated onto a copper
(Cu) foil and dried at 60 °C overnight under vacuum. The charge—
discharge performances of the electrode were examined by 2032
coin-type cells using the SnS-C anode as a working electrode and
a Na disk as counter electrode, 1 M NaPF dissolved in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume) as the
electrolyte, and the separator was a microporous membrane
(Celgard 2400). The Na disks were home-made by rolling sodium
lumps into thin plate, and then cut into circulated disks. All the
cells were assembled in a glove box with water/oxygen content
lower than 1 ppm and tested at room temperature. The loading of
the active material in the electrode is about 2.0 mg cm™. The
galvanostatic charge—discharge test was conducted on a LAND
cycler (Wuhan Kingnuo Electronic Co., China). The
discharge/charge capacity was calculated based on the SnS mass
in the composites. Cyclic voltammetric measurements were
carried out with the coin cells at a scan rate of 0.1 mV s ' using a
CHI 660 c electrochemical workstation (ChenHua Instruments
Co., China).

Results and Discussion
Structural and morphological characterizations

Figure 1 presents the morphologic and structural
characterization of the SnS-C nanocomposite after HEMM. It can
be observed from the SEM image that the as prepared material
appears as uneven agglomerates (Fig. 1a). TEM image shows that
agglomerates consist of a lot of primary crystalline nanoparticles
(Fig. 1b). High-resolution TEM (HRTEM) image (Fig. lc)
revealed that the nanocrystallines have fine lattice fringes with
distances of 0.342 nm and 0.282 nm, corresponding well to the
(120) and (111) plane of the orthorhombic SnS (JPCDS no. 39-
0354), respectively. The SnS nanoparticles are about 15 nm in

size and are embedded uniformly in the amorphous carbon matrix.

This unique structure can not only provide good electric
conductivity, but also buffer effectively the volumetric variation
during the Na uptaking and extraction processes. Fig. 1d gives the
experimental XRD patterns of the SnS-C and Sn-C
nanocomposites. It shows that all the diffraction peaks of the
SnS-C nanocomposite can be well indexed to the orthorhombic
SnS phase (JPCDS no. 39-0354). No impurities of primary Sn or
S can be detected. Therefore, the TEM and XRD
characterizations prove the complete transformation of Sn and S
into SnS after HEMM. For comparison, all the diffraction peaks
of the Sn-C nanocomposite can be indexed to the tetragonal Sn
phase (JPCDS no. 04-0673). The average crystalline sizes of SnS
and Sn are 15 and 30 nm in the SnS-C and Sn-C nanocomposites,
calculated from the FWHM of the (120) peak (SnS) and (101)
peak (Sn) respectively. The smaller crystalline size of SnS should
benefit the electrochemical utilization and structural integration
more than that of Sn.
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Figure 1. (a) SEM image of the SnS-C nanocomposite; (b) TEM image of
the SnS-C nanocomposite; (c) High resolution TEM image of the SnS-C
nanocomposite; (d) XRD patterns of the SnS-C and Sn-C nanocomposites.

Electrochemical performances of Sn-C nanocomposite

Figure 2a shows the typical CV curves of the SnS-C electrode
(the scan rate is set at 0.1 mV s™). The first negative scan shows
three reductive peaks positioned at 0.62, 0.5 V and 0.0 V. The
peaks occurring at 0.62 and 0.5 V is observed to shift positively
to 0.98 and 0.66 V respectively at the second negative scan,
implying that an activation process occurs at the first scan.”’
Besides, the reductive current peak area of the first scan is much
larger than that of the second scan, indicating an irreversible
decomposition of the electrolyte to form solid electrolyte
interface (SEI) layer during the initial sodiation process. On the
reverse positive scan, three oxidative peaks can be observed at
0.31,0.71 and 1.09 V. According to the previous reports,'*** Na-
Sn alloying-dealloying reaction occurs at a relatively low
potential range of below 0.8 V, so the two pairs of redox peaks
positioned at 0.31/0 V and 0.71/ 0.66 V at the second scan should
correspond to the alloying/dealloying reactions of Sn with Na.
The third pair of redox peaks centered at 1.09/0.98 V therefore
should be attributed to the conversion reaction of SnS to Sn and
Na,S, analogous to the conversion reaction of SnS to Sn and Li,S
as used as Li-uptake anode. As a result, when SnS is used as
anode for Na ion batteries, the electrochemical reactions should
include two successive steps as following:

SnS+2Na” +2¢” < Na,S+Sn (1)

Sn+3.75Na” +3.75¢” <> Na,..Sn )

According to the above reactions, the overall theoretical capacity
of SnS used as anode for Na ion batteries is 1022 mAh g™ (355
mAh g is ascribed to the conversion reaction described by eqn
(1) and 667 mAh g to the alloying-dealloying reaction described
by eqn (2)).

Figure 2b compares the initial discharging-charging curves of
the SnS-C and Sn-C electrodes at a constant current density of 20
mA g In the case of the Sn-C electrode, most of the discharge
capacity occurs below 0.5 V, indicating that the Na-Sn alloying
reaction occurs at a relatively low potential range, agreeing well
with the previous report.”” The initial reversible capacity of the
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Sn-C electrode is 394 mAh g, corresponding to 46.5 % of the
theoretical capacity of Na;;sSn (846 mAh g'), indicating a
sluggish kinetic of Sn in the alloying reaction. In contrast, a pair
of short potential plateaus can be clearly visualized between 0.8
and 1.1 V at the discharging-charging curves of the SnS-C
electrode, which should be ascribed to the conversion reaction
described by eqn (1). The SnS-C electrode recovers a reversible
capacity of 325 mAh g above 0.8 V, equivalent to 92 % of the
theoretical capacity of eqn (1), indicating the conversion reaction
between SnS and Na,S+Sn is highly reversible. The SnS-C
electrode offers a reversible capacity of 568 mAh g during the
whole charging potential range, which is much less than the
theoretical capacity (1022 mAh g™') based on eqn (1) and eqn (2).
Thus, only a small part of the freshly generated Sn nanograins
from the conversion reaction participates in the subsequent
alloying reaction. The initial coulombic efficiency of the SnS-C
electrode is 66 %, much higher than that (32 %) of SnO,
electrode,” which should benefit from the higher conversion
efficiency of Na,S to SnS than Na,O to SnO,.

Figure 2c compares the rate capability of the Sn-C and SnS-C
electrodes. The SnS-C electrode offered a reversible capacity of
568, 546, 544, 524 493 and 452 mAh g at the charging-
discharging current density of 20, 50, 100, 200, 400 and 800 mA
g, respectively. As can be seen, even at a very high rate of 800
mA g, the SnS-C electrode can still deliver 80 % of the capacity
obtained at 20 mA g In contrast, the Sn-C electrode can only
recover a capacity of 120 mAh g™ at 800 mA g, corresponding
to 28% of that obtained at 20 mA g'. The excellent rate
capability of the SnS-C electrode may originate from the smaller
SnS nanoparticles and the tightly connected carbon matrix
formed during HEMM, which is beneficial to the improvement of
the reaction kinetic and electronic conductivity.

Figure 2d compares the cycling performances of the Sn-C and
SnS-C electrode at a current density of 100 mA g"'. The SnS-C
electrode exhibits a much higher sodium uptaking capacity than
that of the Sn-C electrode, owing to the extra capacity from the
conversion reaction. Both electrodes show a capacity increase
during the initial several cycles. This indicates that both
electrodes have undergone an activation process, such as
gradually improved wetting of the electrode by the electrolyte or
the structural rearrangement of the active material, leading to
enhanced electrochemical utilization. The capacity of the Sn-C
electrode increases first, and then decreases slowly during
prolonged cycles. In contrast, the reversible capacity of the SnS-
C first increases from 486 to 548 mAh g'l, then maintains almost
stable. The SnS-C electrode demonstrates a capacity retention of
97 % over 80 cycles, much higher than that (59 %) of the Sn-C
electrode. The better cyclability of the SnS-C electrode should
benefit from the strong buffering effect of the Na,S matrix
generated through the conversion reaction, which surrounds
closely the Sn nanoparticles to prevent it from aggregating during
repeated charging and discharging.'® Though the coulombic
efficiency of the SnS-C electrode is 65 % in the first cycle, it
increases rapidly to > 99 % at the 5™ cycle and then remains
steady over the subsequent cycles, indicating excellent
reversibility of the conversion as well as the alloying-dealloying
processes.
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Figure. 2 (a) Initial two cyclic voltammogram curve (CV) of the SnS-C
nanocomposite electrode from 2.00 V to 0.01 V vs. Na*/Na at a scan rate
of 0.1 mV s™; (b) The initial discharge/charge profiles of the SnS-C and
Sn-C electrodes between 0.01 V and 2.0 V vs. Na'/Na at a current rate of
20 mA g'; (c) Rate capability of the SnS-C and Sn-C electrodes at
various current rates from 20 to 800 mA g”'; (d) Cycling performance of
the SnS-C and Sn-C electrodes at a cycling rate of 100 mA g™

In order to further confirm the conversion and alloying-
dealloying mechanism described above, ex-situ XRD was
conducted to characterize the phase variation of the electrodes at
different charging and discharging states during the first cycle (as
shown in Figure 3). The fresh electrode presents a typical
diffraction pattern of the crystalline SnS (Figure 3a). After
discharged to 0.6 V (Figure 3b), the characteristic peaks
associated to SnS disappears completely. A new set of diffraction
peaks located at 30°, 32° and 45° appears, which can be denoted
to the crystalline Sn (JCPDS no. 04-0673). After fully discharged
to 0.01 V (Figure 3c), a peak positioned at 35° can be well
assigned to Na,S phase (JCPDS no. 47-0178), and two peaks
centered at 33.3° and 53° are corresponding to the Na;sSn, new
phase (JCPDS no. 31-1327). Thus, the ex-situ XRD clearly
demonstrates SnS goes through a conversion and alloying
cascade reaction during Na uptaking process. Besides, it is noted
that after discharged to 0.01 V, the diffraction peaks arising from
Sn phase have not disappeared but the intensity attenuates when
discharged to 0.01 V. This result again verifies that the newly
formed Sn phase from the conversion reaction can not entirely
react with Na during the first Na uptaking process, as shown in
Figure 2b. When the electrode is recharged to 0.8 V (Figure 3d),
the crystalline Na;sSny alloy phase disappears indicating that the
dealloying reaction has completed. After the electrode is
recharged to 2.0 V, no diffraction peaks apart from those arising
from Cu collector are observed, indicating that Sn is converted to
amorphous or very small SnS nanoparticles which cannot be
captured by XRD measurement. Thus, the ex-situ XRD pattern
evidently demonstrates that sequential conversion and alloying
reactions occurring during Na uptaking and extraction cycles.

This journal is © The Royal Society of Chemistry [year]
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Figure. 3 Ex-situ XRD patterns of the SnS-C electrode at different
discharging and charging states, (a) fresh electrode; (b) after Ist
discharging to 0.6 V; (c) after 1st discharging to 0.01 V; (d) after 1st
charging to 0.8 V; (e) after 1st charging to 2.0 V.

Conclusions

In summary, SnS-C nanocomposite was synthesized by a simple
high-energy mechanical milling method. XRD, SEM and TEM
characterizations demonstrated that well crystallized and highly
pure SnS nanoparticles were produced and uniformly dispersed in
the conductive carbon matrix. The CV and charging-discharging
tests showed that SnS underwent a complete conversion reaction
to form Na,S and Sn phase, then a part of newly formed Sn was
alloyed with Na during the Na uptaking process and vice verse
during Na extraction process. This electrochemical reaction
sequence was also verified by Ex-situ XRD investigation. The as
prepared SnS-C electrode delivered a higher reversible capacity
(568 mAh g at 20 mA g ') and better cycling stability as well as
higher rate capability compared to that of the Sn-C electrode. The
superior electrochemical performances could be ascribed to the
small crystalline size of the SnS active material, the buffering
effect of in-situ formed Na,S nanograins and the good conductive
carbon coating.
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SnS-C nanocomposite can deliver a high capacity (568 mAh g') for Na storage based on the
conversion and alloying reaction.



