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Layered SnS,-Reduced Graphene Oxide Composite — A
High-Capacity, High-Rate, and Long-Cycle Life Sodium-lon

Battery Anode Material

Baihua Qu, Chuze Ma, Ge Ji, Chaohe Xu, Jing Xu, Ying Shirley Meng,

Taihong Wang,* and Jim Yang Lee*

The idea of sodium-ion batteries (NIBs) as a substitute of
lithium-ion batteries (LIBs) for grid-scale energy storage was
initially driven by cost considerations.!' Research in the last
several years has shown that NIBs are not necessarily deficient
in performance.” Hence there is a strong current interest in
developing high-performance NIB anodel®! and cathode!* mate-
rials. Thus far tin and tin-based compounds have shown good
prospect as high-capacity NIB anodes based on the theoretical
stoichiometry of Na;5Sn, (847 mAh g™).5~] For example, Liu
et al.”! reported initial capacity of 722 mAh g™! and capacity of
405 mAh g after 150 cycles at 50 mA g™' for a composite Sn
anode consisting of an array of nanorods with a carbon outer
shell, a Sn intermediate layer and a metal inner core (3D Sn nan-
oforests). Anodes which were based on SnO, (432 mAh g! after
150 cycles at 20 mA g™1)!'% and SnO,@graphene nanocomposite
(638 mAh g! after 100 cycles at 20 mA g™1)*! have also been
demonstrated. Wu and co-workers!!d examined Sn-SnS—C nano-
composites as NIB anodes and reported reversible capacities
of 664 mAh g! at 20 mA g! and 350 mAh g! at 800 mA gl
These are clearly encouraging developments but a high-capacity
tin-based anode with good rate performance and long cycle life
has yet to be identified. The lack of cycle stability is often attrib-
uted to the deleterious volume expansion in tin-sodium alloy
formation (a 420% volume expansion upon the formation of
Na;5Sny) resulting in electrode disintegration and gradual loss of
electrical contact with the current collector.'>16 The situation is
similar to the early days of the development of alloy anodes for
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the LIBs. Considerable improvements in the design and optimi-
zation of anode composition and structure are still required.

This note reports our design and implementation of a SnS,-
based nanocomposite anode for the NIBs. SnS, has a CdI,-type
of layered structure (a = 0.3648 nm, ¢ = 0.5899 nm, space group
P3m1) consisting of a layer of tin atoms sandwiched between
two layers of hexagonally close packed sulfur atoms. This lay-
ered structure with a large interlayer spacing (c = 0.5899 nm)
should easy the insertion and extraction of guest species and
adapt more easily to the volume changes in the host during
cycling. This has been confirmed by the performance of SnS, as
a reversible lithium storage host in several studies.'”] The elec-
trochemical properties of layered sulfides (SnS,, MoS,, WS,)
were further improved by integration with graphene. The struc-
tural compatibility between the two layered compounds and the
good electronic properties of graphene led to very stable com-
posites (i.e. long cycle-life) with high reversible capacity and
good rate performance in LIB applications.'® The SnS, layer
structure should also be viable for reversible Na* storage since,
in comparison with tin and other tin-based materials, it has the
largest buffer for the volume changes in Na-Sn reactions. The
LIB developmental efforts also suggest layer-structured SnS,-
reduced graphene oxide (SnS,-RGO) nanocomposites as an
improved version of the SnS, anode.

The design of the SnS,-RGO hybrid structure for reversible
storage of Na* was based on the following materials principles:
1) a large interlayer spacing in the SnS, structure benefiting
Na* intercalation and diffusion, and more buffering space for
beneficial adjustment the volume changes in the host during
cycling; 2) fast collection and conduction of electrons through
a highly conductive RGO network; and 3) inhibition of Sn
(Na,Sn) aggregation during cycling by RGO after material
hybridization. The experimental results validated the expecta-
tions: the SnS,-RGO anode delivered a high charge (desodia-
tion) specific capacity of 630 mAh g™ at 0.2 A g7}, and more
impressively, 544 mAh g™! after a ten-fold increase in current
density to 2 A g™!. The electrode was also very stable to cycling;
providing a nearly unvarying capacity of 500 mAh gt at 1 A g!
even after 400 charge-discharge cycles.

The SnS,-RGO nanocomposite was produced by a facile
hydrothermal route from a mixture of tin (IV) chloride, thio-
acetamide (TAA) and graphene oxide (GO) (details in the Exper-
imental Section). In the comparison of the X-ray diffraction
(XRD) patterns of the SnS,-RGO composite, SnS, and GO in
Figure 1a, GO only displayed a single diffraction peak at 10.9°
from the (002) planes.') The powder XRD patterns of SnS, and
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Figure 1. a) XRD patterns. (b) Raman spectra of SnS,, GO, and the SnS,-RGO composite. c) A representative FESEM image of the SnS,-RGO com-

posite. d) A HRTEM image of the SnS,-RGO composite.

SnS,-RGO index well with the 2T-type layered structure (space
group: P3m1, JCPDS card no. 23-677);l"”! and there was no
significant impurity in the composite. The absence of the GO
peak at 10.9° in the XRD pattern of SnS,-RGO confirms the
formation of RGO during the hydrothermal treatment.['$b! The
GO, SnS, and SnS,-RGO samples were also characterized by
Raman spectroscopy (Figure 1b). GO could be characterized by
the graphitic-G band at ~ 1350 cm™ and the disorder-induced D
band at ~ 1580 cm™. SnS, could be characterized by a peak at
311 cm™ corresponding to the Ay, mode of SnS,,"822% which
was present in the spectra of SnS, and SnS,-RGO. The inten-
sity ratio of the D-band to G-band of GO (Ip/I;) was higher in
SnS,-RGO; indicating a reduction in the average size of the sp,
domains after GO reduction.?!l The field-emission scanning
electron microscopy (FESEM) image of the SnS,-RGO com-
posite (Figure 1c) shows a homogeneous structure with many
large but thin sheets (several hundred nanometers in size).
High resolution transmission electron microscopy (HRTEM)
revealed the composite nature of the sheets consisting of a dis-
tributed of the SnS, nanosheets (~10 layers) among the RGO
sheets. Figure 1d shows the interplanar spacing of 0.59 nm cor-
responding well with the (001) plane of 2T-type layered struc-
ture SnS,.

Cyclic voltammetry (CV) was performed in the 0 to
2.5 V potential region at 0.1 mV s! (Figure 2a). Although
the storage mechanism has yet to be exactly known, there are
some consensuses about the common voltammetric features:
The very broad peak at 1.5~1.7 V in the first cathodic process
(reduction) is commonly assigned to sodium intercalation of
the SnS, layers without phase decomposition (similar to the
lithium intercalation of the SnS, layers).'’d The sharp and
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intense cathodic peak at ~0.55 V could be attributed to con-
version and alloying reactions. As well as the formation of
irreversible solid electrolyte interphase (SEI) in the 1%t cycle.
Indeed the cathodic peak at ~0.55 V was replaced by two peaks
at ~0.62 and ~0.9 V in subsequent cycles, an indication of
the good reversibility and predominance of the storage reac-
tions after a stable SEI had been formed in the 1 cycle. In
the anodic scan, the inconspicuous oxidation peaks at ~0.3
and ~0.75 V in all cycles may be attributed to the desodiation
reaction of Na,Sn. The distinct oxidation peak at ~1.2 V may
correspond to the restitution of the original SnS,-RGO. The
voltammograms were superimposable after the first cycle;
indicating very good reversibility of SnS,-RGO for the sodia-
tion and desodiation reactions.

On deep galvanostatic cycling between 0.01 and 2.5 V, the
discharge (sodiation) capacity was 839 mAh g~! and the charge
(desodiation) capacity was 630 mAh g1 in the first cycle at a cur-
rent density of 0.2 A g"1.The first cycle irreversible capacity loss
of 209 mAh g™! (25%) could be attributed mainly to SEI forma-
tion (Figure 2b). The electrode showed good cycle stability from
the 2™ cycle onwards, delivering discharge capacities of 645,
654, 628 mAh g in the 27, 20" and 100" cycle respectively.
The overlapping voltage profiles in Figure 2b demonstrate the
excellent electrochemical reversibility during cycling sustaining
a coulombic efficiency of >99% from the 2" cycle onwards
(Figure S3). For comparison the performance of SnS, and RGO
was also measured under identical test conditions as shown in
Figure 2c. It was confirmed that RGO contributed negligibly
to Na* storage (~30 mAh g!). For the SnS, electrode, not only
was its specific capacity significantly lower than the SnS,-RGO
electrode, there was also severe capacity fading resulting in a
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Figure 2. a) The first five cycle voltammograms of the SnS,-RGO electrode at 0.1 mV s~'. b) Voltage profiles of a SnS,-RGO electrode in the 1, 2",
20t and 100 cycles. c) Cycling performance of SnS,-RGO, SnS, and graphene electrodes at 0.2 A g™' for 100 cycles, respectively. d) Rate performance

of SnS,-RGO and SnS, electrodes.

discharge capacity of only 113 mAh g™ after 100 cycles. Severe
capacity fading could be due to the low electronic conductivity
of unsupported SnS, and un-restrained aggregations of Sn (or
Na,Sn) during cycling. The voltage profiles of the SnS, and
RGO electrodes in the selected number of cycles can be found
in Figure S1 and Figure S2.

The rate capability of the anode material is an important
performance indicator for grid-scale electricity storage and
electric vehicle applications. Figure 2d shows the rate capa-
bility of SnS, and SnS,-RGO from 0.1 to 2 A g!. The SnS,-
RGO electrode was clearly superior by comparison. The
test began with the current density of 0.1 A g7}, where the
discharge capacity of the SnS,-RGO electrode was consist-
ently ~ 670 mAh g! for the first ten cycle. When the current
density was increased in steps to 0.2, 0.5, and 1.0 A g7!, the
capacity decrease was very small for a battery material. Even
after a 20 fold increase in current density to 2.0 A g7}, a dis-
charge capacity of ~544 mAh g~! or 81% of the capacity at 0.1
A g! (671 mAh g!), could still be retained. The discharge
capacities when the current density was returned to 0.5 and
0.2 A g! were ~620 and ~650 mAh g~!, which were only
marginally lower than the values before the current density
increase. The negligible changes in discharge capacity with
current density changes indicate the resilience of the SnS,-
RGO hybrid structure. Evidently the large interlayer spacing
allowed Na* transport to be carried out at high rates (high
current densities) without causing irreversible changes to
the hybrid structure. The typical voltage profiles of the SnS,-
RGO electrode at 0.1, 0.2, 0.5, 1.0, and 2.0 A g! rates could
be found in Figure S4.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

For the evaluation of the long-term cycle stability of the SnS,-
RGO electrode, the electrode was galvanostatically discharged
and charged at 0.2 A g! for the first five cycles; and then at
1 A g! for 400 cycles (Figure 3a). The discharge capacity of
594 mAh g in the 6™ cycle at 1 A g™! was used as the base-
line. The capacities at the end of 50, 100, 200 and 400 cycles
were 566 mAh g (95%), 565 mAh g! (95%), 552 mAh g!
(93%) and 500 mAh g! (84%) respectively. The performance
surpasses any other NIB anode reported in the literature to date
(Table S1). There was practically no capacity decrease in the first
two hundred cycles. The superior cycle stability of the SnS,-
RGO electrode for reversible Na* storage was highly repeatable.
We have tested three different batches of SnS,-RGO electrodes
and the results are shown in Figure 3b and 3c. Figure 3b shows
the overlapping voltage profiles of these electrodes in the 200"
cycle. The cycling performance of the three different SnS,-RGO
electrodes was also perfectly superimposable under the same
test conditions (Figure 3c).

To further confirmations of the practically of the SnS,-RGO
composite for NIBs applications, the SnS,-RGO anode was
paired up with P, phase NajgLig1,Nig,,Mng¢0, cathode,
which has a theoretical capacity of 118 mAh g7}, to form into
a Na* full cell?? The active materials were loaded on the
cathode and anode in the ratio of ~ 5.4:1 (mass loading of
anode was 1.67 mg). The 1%, 274, 5t 10, and 15" cycle charge-
discharge curves of the full cell are shown in Figure 4a. The
first charge capacity was 1.106 mAh and the initial capacity loss
was 0.398 mAh (36%). The full cell displayed relatively good
stability, retaining 74% of the initial capacity after 50 cycles
Figure 4b. The good coulombic efficiency was also replicated

Adv. Mater. 2014, 26, 3854-3859
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Figure 3. a) Long-term cycle stability of the SnS,-RGO electrode (0.2 A g™' for the first five cycles and 1 A g™ for the next 400 cycles. b) Voltage profiles
of the three different SnS,-G electrodes in the 200" cycle. c) The cycle stability of three different batches of SnS,-RGO electrodes.

in full cell studies (Figure S5). This preliminary data also repre-
sents the best of sodium-ion full cells reported to date.**?3 The
greater capacity fading in the full cell was most likely caused by
an un-optimized anode to cathode mass ratio; and the lack of
match the of the C-rates between the two electrode materials.
These parameters are difficult to optimize at the current stage
of research.

In conclusion, we have developed a SnS,-RGO composite with
excellent electrochemical performance as the anode of NIBs.

The SnS,-RGO electrode demonstrated a high charge specific
capacity (630 mAh g! at 0.2 A g™'), good rate performance
(544 mAh g! at 2 A g7) and long cycle-life (500 mAh g™ at
1 A g! for 400 cycles). The excellent electrochemical perfor-
mance could categorically be attributed to the SnS, layered
structure where the increased interlayer spacing could better
accommodate the volume change in Na-Sn insertion and de-
insertions; and the good conductivity and mechanical resilience
of RGO nanocomposites.
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Figure 4. a) Voltage profiles of a full Na* cell consisting of Nag ggLig.12Nig2,Mng ¢6O, cathode and SnS,-RGO anode between 1.0 and 4.2 V at 0.334 mA.
b) Cycling performance of the Na* full cell consisting of Nag goLig12Nig2,Mng 0, cathode and SnS,-RGO anode.
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Experimental Section

Materials Synthesis and Characterization: The graphite powder from
Alfa Aesar, tin (IV) chloride pentahydrate (SnClys5H,0), thioacetamide
(TAA) and carboxymethyl cellulose (CMC) from Sigma-Aldrich; and other
analytical grade chemicals from various sources, were used as received
without further purification. Deionized water was processed by Millipore
Milli-Q to a resistivity of 18 MQ cm™' and higher. GO was prepared from
the graphite powder by a modified Hummers’ method,?¥l as reported
previously.’ Exfoliation was carried out by sonicating a GO dispersion
(1.5 mg ml™) under ambient conditions for 2 h. A typical synthesis of
SnS,-RGO composite is given as follows: 0.7015 g SnCl;e5H,0 (2 mmol)
and 0.6014 g thioacetamide (TAA) (8 mmol) were added to 40 ml of
1.5 mg ml”' GO suspension under stirring. The mixture was sonicated
for 30 min before it was transferred to a 50ml Teflon-lined stainless
steel autoclave, and heated at 160 °C for 12 h. After cooling to room
temperature, the solid product was recovered by centrifugation, washed
with deionized water and absolute alcohol thrice, and vacuum dried at
60 °C overnight. The dried product was then heated in Ar at the rate of
5 °C min~' to 400 °C and kept at this temperature for 4 h. Pure SnS, was
synthesized under the same conditions but without the presence of GO.
RGO was obtained by treating GO in an Ar/H, (5%) mixture at 800 °C
for 20 min. All solid products prepared above were characterized by field-
emission scanning electron microscopy (FESEM) on a JEOL JSM-6700F
operating at 5 kV, by transmission electron microscopy (TEM) and High-
resolution TEM (HRTEM) on a JEOL JEM-2010F operating at 200 kV,
respectively. Powder X-ray diffractions (XRD) were recorded on a Shimadu
XRD-6000 using Cu Kot radiation. Raman spectra were taken on a LabRAM
HR 800 spectrometer at 633 nm.

Electrochemical Tests: For electrochemical measurements, 80wt%
SnS,-RGO (or SnS; or RGO), 10 wt% of conducting additive (acetylene
black), and 10 wt% CMC were added to a distilled water-absolute alcohol
mixture (3:2 by volume), and stirred for 8h to form a homogeneous
slurry. The slurry was then applied to a copper foil and dried in vacuum
at 80 °C overnight to form the working electrode. The test cells were
coin cells (CR2032) which were assembled in an Ar-filled glove box
(H,0 and O < 1ppm). Each cell typically contained 0.8-1 mg cm™' of
the active material. For half-cell studies the counter electrode was a
sodium metal foil (Sigma-Aldrich) and a glass fiber GF/D (Whatman)
filter was used as the separator. A 1 M solution of NaClO, (Sigma-
Aldrich, 98%) in ethylene carbonate (EC)/diethylene carbonate (1:1 by
volume) was prepared and used as the electrolyte. The cells were aged
for 12 h before the measurements to ensure complete electrode wetting
by the electrolyte. Galvanostatic discharge and charge at various current
densities were performed on a battery tester (NEWARE BTS-5V, Neware
Technology Co., Ltd.) with cut off potentials of 0.01 V for discharge and
2.5V for charge. Cyclic voltammetry (CV) was performed on an AutoLab
FRA2 type IlI electrochemical system at the scan rate of 0.1 mV s™' at
room temperature.

Full Cell Fabrication: A Swagelok cell was used as the full cell. The
cathode was a mixture of Naggglig12Nig2MngesO,, acetylene black
and poly(tetrafluoroethylene) (PTFE) in the weight ratio of 85:10:5.
Anode preparation followed the same procedures as those used in
the half-cell studies. The cathode to anode weight ratio was 5.4:1. The
electrolyte was 1 M NaPFg in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and diethylene carbonate (DEC). The separator was a Whatman
GF/D glass fiber filter paper. Battery assembly was carried out in an
MBraun glovebox (H,0 and O < 1 ppm). Galvanostatic discharge and
charge were performed on an Arbin BT2000 battery cycler between
1.0-4.2V.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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