Synthesis and electrochemical performance of Ce( ¢sSnS,/graphene nanocomposites

as anode materials for lithium-ion batteries

Qiufen Wang!?, Ying Huang', Juan Miao?, Wenjing Xu?

"The Key Laboratory of Space Applied Physics and Chemistry for the Ministry of Education, School of Science,
Northwestern Polytechnical University, Xi'an 710129, People’s Republic of China

2School of Physics and Chemistry, Henan Polytechnic University, Jiaozuo 454000, People’s Republic of China
3 Jiaozuo Teachers College, Jiaozuo 454000, People’s Republic of China

E-mail: grp2009wafl@163.com

Published in Micro & Nano Letters; Received on 17th May 2014; Revised on 3rd August 2014; Accepted on 11th August 2014

Ceg.05SnS,/graphene (GNS) nanocomposites were synthesised via the hydrothermal method and sintering. The structure and electrochemical
performance of the materials were characterised using X-ray diffraction, field emission transmission electron microscopy and electrochemical
measurements. The flower-like Ceg ¢sSnS, particles with a petal size of 50-100 nm were distributed on graphene sheets. The Ceg osSnS,/GNS-
2 composites exhibited an initial discharge capacity of 1638.3 mAh g™! at 0.5 C, a retention capacity of 707 mAh g~! after 50 cycles, and an
improved rate capability because of the support of the nanographene. After their sintering, the Ce ¢sSnS,/GNS nanocomposites displayed

better electrochemical performance than before sintering.

1. Introduction: Tin-based materials have been used as anode
materials for lithium-ion batteries because of their high capacities
(>600 mAh g™') [1-5]. However, the severe volume expansion
during the charge—discharge process affects the electrochemical
performance. To enhance the electrochemical performance of
tin-based materials, compounds such as In—SnS, [6] and Ce—Sn
[7] are effective materials for accommodating the strain of
volume change. Graphene, as a new carbon material, has
structural flexibility, high specific surface area and superior
electrical conductivity [8]. SnzS,/graphene [9] and SnS,/
grapheme [10-12] nanocomposites are synthesised to improve the
reversibility and cycle performance. The availability of graphene
effectively alleviates the serious volume expansion of the anode
material during intercalation and deintercalation of lithium and
creates synergy with active materials that can achieve a higher
capacity and improved cycling performance than the materials of
SH3S4 and Sn82.

Based on our previous work on Ce-SnS, and graphene-
supported Ce—SnS, [13, 14], Ce(¢sSnS,/GNS nanocomposites
have been prepared with the hydrothermal method and sintering
as anode materials for lithium-ion batteries.

2. Experiments: Graphene oxide (GO) was synthesised with the
modified Hummers and Offeman method [15]. A measure of 2.0 g
of natural graphite flakes, 2.0 g of NaNOj;, 98 ml of concentrated
H,SO, and 12 g of KMnO, were stirred in a water beaker at 0°C for
1.5 h, and then the solution was stirred at 35°C for 2.5 h, and 80 ml
of water was added to the solution at 85°C. Finally, 500 ml of
water containing H,O, was added to form the yellow solution. The
filtering cake was scattered in water by mechanical agitation. GO
sheets were obtained by centrifugation and dried in a vacuum at 60°C.

The content of Ce in the Cey sSnS, nanocomposites was dis-
cussed in our previous work [13]. Cey o5SnS,/GNS nanocomposites
were synthesised with the hydrothermal method. A volume of
0.02 mol of SnCly-5H,0, 0.001 mol of Ce(NO3);-6H,0, 0.06 mol
of CH3;CSNH,, 0.5 g of CTAB and 0.24 g of GO were dissolved
in alcohol and distilled water. The mixture was moved to an auto-
clave of 200 ml, and retained at 180°C for 36 h, then left to cool nat-
urally. The solid was dried at 60—-70°C to obtain the composites
(Ce.05SnS,/GNS-1). To further reduce graphene, the nanocompo-
sites were sintered at 500°C for 2 h in a tube furnace of Ar to
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obtain the CeysSnS,/GNS-2 nanocomposites. In addition,
Ce.0sSnS, composites were prepared by the above-mentioned
method. Graphene nanosheets (GNSs) were also synthesised by
the above-mentioned method by the assistance of CH;CSNH,.

The samples were characterised by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and a Tecnai F30 G* model
of transmission electron microscope (TEM). Thermoanalysis of
the nanocomposites was performed with the thermogravimetric
analysis instrument (TGA, Q50, TA, New Castle DE, USA) in
the air atmosphere from 25 to 700 °C.

Electrochemical measurements were evaluated in the system of
two electrodes. A lithium metal was used as a counter electrode.
The working electrode was prepared by using as-prepared materials
of 80 wt%, acetylene black of 10 wt% and PVDF of 10 wt%. The
electrolyte was a solution of 1 mol I™! of LiPF in the mixture of
ethylene (EC), dimethyl carbonate (DMC) and diethyl carbonate
(DEC) (1:1:1, v/v/v). The charge and discharge were measured in
a battery test system of LAND CT2001A. Electrochemical imped-
ance spectra (EIS) were evaluated on a Redefining Electrochemical
Measurement of Series G 750™.

3. Results and discussion: To investigate the content of
graphene in  the  CeyosSnS,/GNS-2  nanocomposites,
thermogravimetric analysis was made in the air atmosphere from
25 to 700°C. Fig. la gives the TGA curves of the GNS and
Cep05SnS,/GNS-2. The curve of the GNS shows a significant
weight loss between 400 and 600°C because of the decomposition
of the GNS. The curve of CeysSnS,/GNS-2 shows three
temperature ranges. The first weight loss between 25 and 200°C
may be because of the decomposition of the oxygen-containing
group in the graphene. The second between 200 and 380°C may
be because of the decomposition of grapheme-to-carbon soot and
the oxidation of Ceg ¢5SnS, to the oxides of Sn and Ce. The third
between 380 and 700°C can be because of the removal of the
stable oxygen groups in the graphene and the oxidation of
Ce.05SnS, into the oxides of Sn and Ce. Thus, the 28.22 wt%
weight loss happened between 25 and 700°C. The content of
graphene in the Ce 0sSnS,/GNS-2 nanocomposite is estimated to
be 23.68 wt%.

The tissue structures for Ceg osSnS, have been clarified by XRD
and Roman microscopy in our previous work [13]. The surface
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Figure 1 TGA curves of GNS and Ce sSnS»/GNS-2 and XRD patterns of
Ce 9sSnS,, Cey 5SnS,/GNS-1, Ce 95SnS>/GNS-2 and GNS

a TGA curves

b XRD patterns

structure and the binding nature of the elements of Ceg ¢sSnS; have
been further investigated by XPS (seen in [13]). Fig. 15 shows the
XRD patterns of Ceo,05Sn82, Ce0,05Sn82/GNS-1, Ce0,05SnS2/
GNS-2 and GNS. The main diffraction peak of Ceq osSnS, agreed
with the standard patterns of hexagonal SnS, (JCPDS, File No.
23-0677). In the XRD curve of the GNS, the broad peak at 26 =
25.8° is the plane of (002) in the graphene [16], indicating that
there is restacking of multi-graphene layers in the hydrothermal re-
action. The main diffraction peaks of the curves of CegsSnS,/
GNS-1 and Ce(o5SnS,/GNS-2 are in agreement with those of
SnS, while their intensity becomes weaker, indicating that the
growth of Ceg¢sSnS, crystal particles is inhibited depending on
the support of GNS. However, the diffraction peak of the (002)
plane in the graphene is not observed, which explains that the stack-
ing in the graphenes is disordered in CejysSnS,/GNS-1 and
Ceg.055nS,/GNS-2 nanocomposites [17]. In addition, the main dif-
fraction peaks of CegsSnS,/GNS-2 are stronger than those of
Cey.0sSnS,/GNS-1, indicating that the crystal structure of the nano-
composites becomes more complete after sintering.

Fig. 2 shows the SEM and TEM images of CegosSnS,,
Ceg.0sSnS,/GNS-1 and Ceg 9sSnS,/GNS-2, respectively. Fig. 2a
reveals that the Ce 0sSnS, particle has a flower-like structure and
is made from several nanopetals with smooth surfaces. For the
Ce.05SnS,/GNS-1 (Fig. 2b), the CegosSnS, particles consist of
the agglomerates with an average diameter in the range of 3—
5 um. However, for the Ceg sSnS,/GNS-2 (Fig. 2¢), the flower-like
Ceg.05SnS; particle is dispersed randomly on the graphene sheets.
The dispersion may help buffer the expansion of the volume of
Ceg0sSnS; particles in the charge and discharge processes [11].
The high-resolution TEM image of Ceg ¢sSnS,/GNS-2 is shown
in Fig. 2d. It shows that the flower-like Ce ¢sSnS, particles with
a petal size of 50-100 nm are distributed on the wrinkled graphene
sheets. The inset shows the selected area electron diffraction
(SAED) pattern of CegsSnS,/GNS-2, indicating that the
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Figure 2 SEM images and TEM image

a SEM image of Cey ¢sSnS,

b SEM image of Ce ¢5SnS,/GNS-1

¢ SEM image of Cey (5sSnS,/GNS-2

d TEM image of Cey ¢sSnS,/GNS-2

Inset is SAED pattern of Ceg o5SnS,/GNS-2

CC0.05SHSZ/GNS-2
characteristics.

Fig. 3a shows the first charge—discharge curves of Ceg sSnS,
Ce 95SnS,/GNS-1, Ceg05SnS,/GNS-2 and the GNS at 0.5 C at
0.01-2.0 V against Li*/Li. The current density is 450 mAg™~". The
discharge curves of CegsSnS,/GNS-1 and Ceg osSnS,/GNS-2
show two potential plateaus at 1.1-1.45 and 0.01-0.5 V, while
their charge curves present platforms at 1.5-2.0 and 0.4-0.6 V.
The plateau at 1.1-1.45 V can be ascribed to the formation of the
solid electrolyte interface film, the reduction of SnS, to Sn and
the synchronous formation of Li,S [13, 14]. The plateau (0.01—
0.5 V) and the plateau during the charge at 0.4-0.6 V are attributed
to the processes of the intercalation and deintercalation of lithium
between Li and Sn [11, 13, 14]. The plateau at 1.5-2.0 V may be
ascribed to the subsidiary redox reaction between Sn and Li,S,
the Li" can intercalate some of itself to the SnS, layer without
raising the phase decomposition [18]. The initial discharge and
charge capacities are 998.2 and 565.4 mAhg™' for CegsSnS,,
1190.6 and 682.0 mAhg™' for CeyosSnSy/GNS-1, 1638.3 and
945.9 mAhg™" for CeyosSnS,/GNS-2, 1879.2 and 887.3 mAhg™"
for GNS, respectively. The discharge and charge capacities of
Ceg.05SnS,/GNS-1 and Ce gsSnS,/GNS-2 are higher than those
of Ceg0sSnS, because of the existence of GNS that has a higher
capacity. Moreover, the charge—discharge capacities of
Ceg0sSnS,/GNS-2  after sintering are higher than those of
CC().()5SI’ISZ/GNS-1 .

Fig. 3b shows the cycling curves of the electrodes of Ce ¢sSnS,,
Ce ¢5SnS,/GNS-1, GNS and Ce( gsSnS,/GNS-2 at 0.5 C after 50
cycles between 0.01 and 2.0 V against Li‘/Li. After 50 cycles,
the discharge capacity is still 446.2 mAhg™' for CegosSnS,,
5704 mAh g™ for CeposSnSy/GNS-1, 707.0mAhg™' for
Ce(.05SnS,/GNS-2 and 584.1 mAh g_lfor GNS, respectively. The
improved cyclic ability may be because of the existence of GNS.

Fig. 3¢ shows the rate performance of CesSnS, Ce osSnS,/
GNS-1 and Ce ¢5SnS,/GNS-2 after 50 cycles. The cell is first
cycled at 0.1 C, then its speeds are turned into 0.3, 0.5, 1.0, 1.5
and 0.1 C, respectively. Obviously, CeposSnS,/GNS-2 presents

nanocomposites have good crystalline
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Figure 3 First charge—discharge curves (Fig. 3a); cycling performances at
0.5 C of Ce,955nS,, Cey 9sSnS»/GNS-1, GNS and Cey 955nS,/GNS-2 (Fig.
3b); rate performances of Ceg sSnS,, Ceg osSnS2/GNS-1 and Cey ysSnS»/
GNS-2 (Fig. 3¢)

the best cycling performance and speed performances in the same
conditions. The GNS around CesSnS, particles can serve as a
buffer matrix to alleviate the expansion of Li—Sn alloy and offer
enough ways for the entrance of electrolyte during the discharge
and charge processes [19]. Moreover, the electrochemical perform-
ance of Ce (sSnS,/GNS-2 is better than that of Ceg (5SnS,/GNS-1
because the crystallinity of the nanocomposites can be improved
after sintering.

Fig. 4 shows the EIS analysis of Ce o5SnS, Ceg 05SnS,/GNS-1
and Ceg 0sSnS,/GNS-2 at 0.5V (0.01-100 kHz) after 50 cycles.
The equivalent circuit model is shown in the inset of Fig. 4. Ry is
ascribed to the electrolyte resistance. R¢is ascribed to the SEI resist-
ance. J¥ is ascribed to the Warburg impedance related to the diffu-
sion of lithium ions into the bulk of the electrode materials. CPE1
and CPE2 are ascribed to two constant phase elements associated
with the interfacial resistance and charge-transfer resistance. R is
ascribed to the charge-transfer resistance [13, 14]. The semi-circle
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Figure 4 EIS of Ce ysSnS; Cey,9sSnS»/GNS-1 and Ce ysSnS»/GNS-2 after
50 cycles
Inset is the equivalent circuit model

of the high frequency is the resistance Ry and CPE1 of the SEI
film; the medium-frequency region is because of the charge-transfer
resistance R, and CPE2 of the electrode/electrolyte interface, and
the 45" inclined line is because of the lithium-ion diffusion [13,
14]. Obviously, the EIS spectra fitted from the models agree with
those of the experiment, suggesting that the equivalent circuit
diagram is reasonable. The charge-transfer resistances of
CCOA05SHSZ, Ceo'ossnSZ/GNs-l and Ceo,OSSnSZ/GNS-Z are
132.40, 87.08 and 61.81 Q, respectively. The high-frequency semi-
circles and the medium-frequency regions of Ceg sSnS,/GNS-1
and Ce( sSnS,/GNS-2 are smaller than those of CegysSnS,
because of the support of the graphene, indicating that the electronic
conductivity of Ceg ¢sSnS,/GNS has been improved after the intro-
duction of GNS. Moreover, the charge-transfer resistance of
Ceg.05SnS,/GNS-2 is smaller than that of Ce (sSnS,/GNS-1, sug-
gesting that the sintering is favourable for the diffusion of lithium
ion.

4. Conclusion: Ce( o5SnS,/GNS nanocomposites have been
synthesised using the hydrothermal method and sintering. When
tests for lithium storage were performed, the CegosSnS,/GNS
nanocomposites after sintering showed significantly improved
cycling performance compared with the CegsSnS,, which
exhibited a high reversibility of 707.0 mAhg™" after 50 cycles,
high cyclability and improved rate capability. This method using
sintering was demonstrated to be an effective way to improve the
cycling performance of the electrode materials.
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