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SnSb-carbon nanotube nanocomposites are prepared by mixing melt-spun nanocrystalline SnSb with
carbon nanotubes. The composite with 10 wt% acid functionalized CNTs shows a good initial Coulombic
efficiency of 79% and a reversible capacity of 860 mAhg~' during the 40th cycle at a current density of
160 mAg~'. Apart from that, the composite also shows promising capacities at high Crates. The enhance-

ment is attributed to the synergistic effect between the nanocrystalline SnSb alloy and the CNT scaffold,
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which buffers the pulverization process and facilitates fast lithium ions diffusion.
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1. Introduction

The ever increasing global energy demand coupled with the
mandate to reduce carbon dioxide emission calls for more effi-
cient and effective use of energy resources. The development of
clean and renewable alternative energy sources as well as com-
plementary energy storage and conversion systems are hence of
utmost importance. Since its inception in the 1990s, lithium ion
(Li-ion) batteries have been widely used as the power sources for
portable electronic devices [1]. The ever-growing demands for LIBs,
especially for high-energy and high-power applications such as
electrical vehicles (EVs) and hybrid electrical vehicles (HEVs), have
prompted numerous research efforts towards cost-effective and
high-performance electrode materials [2,3]. Among the alternative
anode materials, Li-alloy based elements such as silicon, tin, ger-
manium, and antimony have attracted exceptional attentions due
their ability to react reversibly with larger quantity of Li* per for-
mula unit [4]. However, huge volume swing occurs (up to 400%)
during the Li intercalation process of these materials, which leads
to pulverization of the electrode and, consequently, rapid capacity
fading.
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Intermetallics of these alloys [5-9], such as CoSbs, InSb, SnSb,
and ZnSb, are also considered as promising candidates as the
volume expansion is relatively smaller [2]. Furthermore, the Li
intercalation voltages of these alloys are slightly higher than that
of graphite, which favors operation safety. These intermetallic
alloys can be classified into active/inactive and all active multi-
phase alloys. For inactive/active alloy, the alloy first decomposes
irreversibly to the active metal that is dispersed in an inert matrix,
and subsequently only the active metal takes part in the electro-
chemical reaction. The advantage is that the active component
is produced in situ within the matrix and hence prevents the
agglomeration of the active phase, albeit at the cost of reduced
theoretical capacity and additional weight contributed by the
inactive phase. On the other hand, all active multiphase alloys such
as SnSb, offer several additional advantages. Firstly, since both Sn
(Liz4Sn: 990 mAhg~1) and Sb (LisSb: 660 mAhg~1) are active, they
all contribute to the overall specific capacity. Secondly, due to the
difference in reaction potential, the lithium insertion/extraction
reactions will proceed in a stepwise manner. Work by Yang et al.
[10] showed that lithium insertion will commence first with the
more reactive phase (in this case, Sb) while the volume change of
Sb can be accommodated for by the unreacted ductile Sn phase. In
this way, severe volume change can be alleviated and mechanical
stability of the electrode can be improved as compared to single
phase Sn. During lithium insertion, the single-phase [3-SnSb is
transformed into Li3Sb and multiple phases of LixSn (x<4.4),
which can be reversed back to the original 3-SnSb upon lithium
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extraction [11]. Such a reversible structural variation is beneficial
to the cyclic performance since one phase takes part in the reaction
while the other acts as buffer against volume change. By nanos-
tructuring this alloy, lithium ion and electron transport can be
enhanced and large volume changes can also be partially relieved,
giving rise to better cyclability and improved rate capability.
However, nanostructured electrode may encounter the problem
of agglomeration of nanocrystals due to the large surface energy,
which leads to unstable cycling performance [12,13].

The formulation of composite electrode has been shown to
be able to improve both capacity retention as well as rate capa-
bility, with carbon-based nanocomposite being the most widely
investigated [14]. In such composites, the carbonanecous mate-
rial is added as a conductive additive and plays the role of (i)
preventing the agglomeration of the nanoparticles, (ii) providing
structural support, and (iii) providing a percolated network to facili-
tate the transportation of ions and electrons. Among them, CNTs are
promising due to its superior mechanical and electrical properties
and hence, expected to better tolerate volume changes as com-
pared to particle-to-particle contact network when carbon black
is used [15,16]. Recent efforts to incorporate nanoscale Li-alloying
materials such as Si, Sn and SnSb with CNTs have yield improve-
ment in electrochemical performance. Processes such as CVD and
various chemical synthesis methods were used to fabricate such
composites [17-19]. However, such methods have low scalability
and yield. Also, materials prepared by chemical synthesis may con-
tain impurities, which led to fairly low initial Coulombic efficiency,
due largely to the irreversibly consumption of lithium during the
first discharge cycle. Melt spinning on the other hand, is a rapid
solidification process with quench rate in the order of 10 Ks~!,and
can result in materials with nanocrystalline or amorphous features
with interesting material properties [20,21]. Furthermore, being a
high throughput and scalable process, large quantity of high purity
materials can be produced, which makes this process ready for
industry level application. Hence, the advantage here is two-fold.
Firstly, good initial Coulombic efficiency can be obtained. Secondly,
the presence of nanocrystals and amorphous phases can contribute
to the stability and fast rate capability.

In this study, we report the first effort on the prepara-
tion of nanocrystalline bulk SnSb via the melt spinning process.
The as-spun nanostructured SnSb alloys were then mixed with
CNTs to form SnSb-CNT composite material. The electrochemical
characterization on these nanocomposites showed an improved
initial Coulombic efficiency, high capacities and stable cyclabil-
ity, e.g. 860 mAhg~! during the 40th cycle at a current density of
160 mAg~1.

2. Experimental procedures
2.1. Preparation of SnSb/CNT nanocomposite

Tin powder (99.9%, Goodfellow) and antimony powder (99.5%,
Sigma-Aldrich) were weighed in the ratio of 1:1 and cold pressed
into pellets. The nanostructured SnSb alloy is prepared from the
pressed pellets using a single-roller melt-spinner (Edmund Biihler
GmbH, Melt Spinner SC) with a 20cm diameter copper wheel in
an argon filled chamber. The distance between the bottom of the
nozzle and the surface of the copper wheel was set at 0.5 mm, and
the rolling rate of the wheel was 60 Hz. The precursor was induction
melted to molten liquid and then pressure ejected through the slot-
ted nozzle. Upon contact with the water-cooled wheel, the molten
liquid rapidly solidified into very thin flakes.

The as-spun SnSb flakes were then triturated using the mor-
tar grinder mill (Retsch, RM100) for 1h to ensure a fine grinding.
The obtained fine particles was then mixed with the acid treated

CNTs (P3-SWNT, Carbon Solutions) in a weight ratio of 9:1 and dis-
persed in N-methylpyrrolidinone (NMP) and ultrasonicated for 1 h.
It was then left to stir on a magnetic stirrer at 400 rpm for 2 days to
ensure homogeneous mixing. The dispersion of the CNTs in solution
is known to be a challenge as van der Waals interactions give rise to
astrong tendency for the CNTs to agglomerate, bundle and entangle
[22]. Several authors have shown the possibility of dispersing CNTs
in amide based solutions, including NMP [23-25]. Hence, NMP was
chosen as the dispersing agent for this work as it is also the solvent
for the preparation of electrode material.

2.2. Characterization

Phase structures of the nanocomposites are investigated by
powder X-ray diffraction (XRD) (Bruker AXS, D8 Advance) using
Cu Ko radiation (A =0.15418 nm) over 26 range of 10°-90°. Field
emission scanning electron microscope (FESEM) (JEOL, JSM-7600F)
and high-resolution transmission electron microscope (HRTEM)
(JEOL,JEM-2100F) with energy dispersive X-ray spectroscopy (EDS)
attachment are used for microstructure and elemental composi-
tion analysis of the melt spun flakes and nanocomposites before
and after cycling. For microstructure analysis of the composite
after cycling, the cell is dissembled in the glovebox, washed with
dimethyl carbonate (DMC) to remove any residual electrolytes and
left to dry prior to characterization. For HRTEM, the sample is first
dispersed in ethanol and then dripped onto copper grid and dried
at room temperature.

2.3. Electrochemical measurements

The anode are fabricated by mixing the SnSb-CNT compos-
ite, carbon black and poly(vinyldifluoride) (PVDF) dissolved in
N-methylpyrrolidinone (NMP) at a weight ratio of 80:10:10. The
slurry is then pasted onto the copper foil and dried in vacuum at
55°C for 8 h. CR2032 coin-type batteries in the half-cell configura-
tion were then assembled in an argon-filled glovebox with moisture
and oxygen content less than 1 ppm. Lithium foil is used as the
counter electrode and reference electrode, Celgard 2400 membrane
as the separator and a solution of 1M LiPFg in ethylene carbon-
ate (EC)/dimethyl carbonate (DMC) (1/1, ww~1) as the electrolyte.
Cyclic voltammetry is performed with an electrochemical worksta-
tion (CHI 660C) at a scan rate of 0.5mVs~! in the potential range
of 0.05-3.0V. The cells were cycled galvanostatically between 0.05
and 3.00 V (vs. Li/Li*) at various current densities using the NEWARE
multi-channel battery test system.

3. Results and discussion
3.1. Phase and microstructures

The XRD pattern of the as-prepared sample through the melt
spinning process is shown in Fig. 1. The results confirmed the
formation of the rhombohedral 3-SnSb phase (JCPDF 033-0018).
The sharp peaks observed attested to the good crystallinity of the
melt-spun flakes. No peaks corresponding to the impurity phase
is observable in the XRD pattern. After triturating and mixing with
CNTs, broadening of the (10 1) and (0 1 2) peaks of SnSbis observed,
while no impurity phase is detected. The broadening of the peaks
indicates that the grain size of the SnSb particles is reduced after
triturating for 1 h. It is noted that the (00 2) and (1 0 0) reflections of
the CNTs, which are located at 25.8° and 42.8° respectively [26], are
obscured by the broadened (101) and (01 2) peaks of SnSb due to
their close proximity. The grain size of the composite is estimated
to be ~8 nm using the Scherrer formula from the (10 1) peak.

The SnSb sample from the melt spinning process is in the form of
short flakes that are a few millimeters wide and a few centimeters
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Fig. 1. XRD patterns of the melt spun SnSb alloy and SnSb-CNT composites.

long. Fig. 2 shows the SEM images of the representative morphology
of the SnSb flakes. The free surface and contact surface (the face in
contact with the copper wheel) showed different morphology as
a result of the rapid quench rate and low thermal conductivity of
the samples [27]. On the free surface, cubic-like structures that are
a few micrometer as well as rod-like nanostructures that are less
than 100 nm (Fig. 2a) are observed. On the other hand, due to the
higher quench rate near the wheel’s surface, the contact surface is
almost featureless (Fig. 2b). HRTEM image (Fig. 2c) revealed that
these as-spun flakes consisted of a mixture of nanograins that are
a few nanometers. Fig. 2d shows the homogeneously mixed SnSb-
CNT composite with the SnSb particles finely encrust within the
mesh-like CNT framework, which consisted of well dispersed CNTs.

3.2. Electrochemical measurements

To study the Li-ion storage performance of the SnSb-CNT com-
posites, a series of electrochemical measurements is carried out
using the half cell configuration [28,29] in the potential range of
0.05-3.0V (vs. Li/Li*) at a current density of 160 mAg~1 (0.2C).
Based on the theoretical capacity of SnSb, the current density of

(b)

(d)

Fig. 2. Micrographs showing the (a) free surface with the insert showing the rod-like structures, (b) contact surface of the melt spun SnSb, (c) HRTEM image showing very
fine SnSb grains and amorphous regions, and (d) the homogeneously mixed SnSb-CNT nanocomposite.
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Fig. 3. (a) Cyclic voltammetry profile of the first 4 cycles of SnSb-CNT composite at a scan rate of 0.5 mV s, (b) galvanostatic charge/discharge profiles at a current density

of 160mAg1, and (c) cycling performance of melt spun SnSb, CNTs and SnSb-CNT composite and its corresponding Coulombic efficiency.

824mAg-! is taken to be 1C. The cyclic voltammograms (CVs)
profiles are shown in Fig. 3a. During the initial stage of lithiation
process, a weak peak at around 1.13 V is observed, which is slightly
higher than the characteristic voltage of lithium alloying with SnSb
(0.8-0.9V) [30]. It can be ascribed to the possible formation of a
solid state solution of Li,SnSb, where 0<x< 1.6, based on the cal-
culated stable discharge capacity of 180 mAhg~! in the voltage
range of 1.5-0.9 V (Fig. 3b). The existence of this ternary phase was
demonstrated using 119Sn and 21Sb Méssbauer spectroscopy and
X-ray diffraction [5,30]. The LixSnSb phase then reacts with more
Li* ions to produce Li3Sb in a highly ductile Sn matrix, which helps
to relieve the mechanical strain associated with the expansion of
the lattice during the formation of Li3Sb [31], and followed by
lithium alloying with Sn. In addition, the lithium insertion into CNTs
can happen in the low voltage region around 0.2 V. These alloy-
ing and insertion processes are indicated by the strong reduction
peak ranging from 0.8 to 0.1 V and the reactions are summarized as
follows:

extraction of lithium ions from the CNTs [32,33]. The de-alloying
of Sn occurs between 0.4 and 0.8V, followed by Sb at around 1.1V.
The ternary LixSnSb phase is then de-alloyed at around 1.85V and
SnSb is restored. The restoration of SnSb is beneficial in retarding
the agglomeration of Sn into larger grains which has been identi-
fied as one of the key reasons for poor cycle stability of Sn-based
materials [34].

The voltage profiles of the SnSb-CNT nanocomposite elec-
trode in the potential range of 0.05-3.0V at a current density
of 160mAg-! (0.2C) are shown in Fig. 3b. The observed voltage
plateaus are consistent with the CVs. An initial discharge capacity
of 1215 mAhg-! and a subsequent charge capacity of 950 mAhg !
were obtained giving an initial Coulombic efficiency of 79%. This
value is comparatively higher than those obtained in previous
works on SnSb composite [32,35]. A high reversible discharge
capacity of 860 mAhg~! is achieved during the 40th cycle, with a
Coulombic efficiency of ~96%. In this work, the capacity obtained
exceeded that of theoretical capacity. The extra capacity may be due
to the long slope in the low voltage range (below 0.75V), which

L _ .
SnSb +xLi" +xe” < LixSnSb(0 <x < 1.6) (1) contributes an extra Li storage capacity of ~550 mAhg~1. Similar
Li; 6SNSb + 1.4Li* +1.4e~ < Li3Sb + Sn (2) phenomena were also observed in metal fluoride and transition

) ) metal oxide based anode materials [36,37]. The extra capacity con-
Sn + 4.4Li" +4.4e” < Lig4Sn (3) tributed by the sloping region can be attributed to the reversible
YC+2Li* +ze~ o LiC, (4) decomposition and the formation of a polymeric gel-like film over

During delithiation, the reaction sequence is reversed and SnSb
is restored. The shoulders observed at 0.2V are assigned to the

the surface of the active material as proposed by Tarascon et al.
[37]. In addition, Li et al. [36] also proposed the possible interfa-
cial interaction of lithium within the M/LiX matrix, which may also
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lead to a distinct local charging, and gives rise to the extra Li storage
capacity.

The cooperative effect between SnSb and CNTs can be seen more
clearly from the cycling response curves in Fig. 3c. The SnSb-CNT
composite exhibits a high initial Coulombic efficiency of 79% and
areversible capacity of 1050 mAhg~! with average Coulombic effi-
ciency of 96%. As the composite electrode is a bi-percolating media
which deals with ions and electrons transport, the microstructure
as well as the selection of suitable conductive additive are vital
to obtain composite with improved electrochemical performance
[16]. The notable improvement of the initial Coulombic efficiency as
well as the good cycability in this work can be attributed to two key
factors: (1) the beneficial effects of conductive additive - CNT mesh-
like network in ions and electrons transport [25,38,39], and (2) the
high purity of the melt-spun SnSb alloy reduces the irreversible
consumption of lithium and formation of SEI.

Subsequent cycling stability is contributed by the cooperative
effective between the SnSb particles as well as the CNT mesh-like
network. The SnSb particles are wrapped within the CNT mesh-like
network, which greatly improves electrical conduction through the
provision of a percolated pathway for electrons transport from the
active material. Also, due to the presence of void spaces formed by
the CNT network and the inherent mechanical flexibility of CNTs,
the large volume variation can be buffered [25]. As the SnSb parti-
cles continue to be pulverized as cycling proceeds, the surface area
increases. The increase in surface area improves the contact of the
active material with the electrolyte, which shortens the ion diffu-
sion path and hence, improves ionic transportation. The HRTEM
image (Fig. 4a) showed the existence of SnSb particles of <5nm
in an amorphous matrix after repeated cycling and attest to the
structural reversibility of SnSb, which contribute to the increase
in Li* storage. Also, as observed, nanosized SnSb particles were
pinned onto the surface of the CNTs (Fig. 4b), which further improve
electron conduction and prevented the pulverized SnSb particles
from aggregating, which might otherwise contribute to fast capac-
ity fading. Hence, due to the structural adaptability of CNT to SnSb,
the measured capacity of the composite is cooperatively enhanced,
showing a good Coulombic efficiency of ~96% and higher than the-
oretical capacities in the cycles measured. Incidentally, capacity
contribution from CNTs can be ignored, which exhibited a relatively
low stable capacity of <150 mAhg~!. In the contrary, the melt-spun
SnSb showed large first cycle discharge capacity (900 mAhg~1) that
decreased drastically and stabilized below 150 mAhg~!. This may
be due to the poor adhesiveness of the electrode to the copper foil.

Gaberscek et al. [40] and Johns et al. [41] have demonstrated
separately that high-rate performance not only relies on the min-
imization of the particle size of active materials, but also on the
structure and composition of the composites, whereas Fongy et al.
[42] demonstrated the effect of electrode porosity on rate perfor-
mance. Rate capability of composite electrode is thus limited by
the electronic and ionic wirings of the active mass and hence, the
establishment of fast pathways to conduct ions and electrons from
their reservoirs towards the active material are crucial for high-
rate performance. Also, as proposed recently by Dalverny et al. [43]
through first principles density function theory (DFT) calculations,
interface migration is another reason for the improved kinetics of
conversion and intermetallics compounds. The presence of very
fine SnSb nanograins (<5 nm) resulted from the melt spinning pro-
cess should be beneficial for fast lithium ion diffusion, while the
highly interconnected CNT network should provide a good elec-
tronic percolation pathway, while at the same time provide some
degree of electrode porosity for the diffusion of the electrolyte. This
prompted us to also investigate on the rate capability of SnSb-CNT
composite at various current densities (Fig. 5). Good Coulombic
efficiency in the range of 96-98% were achieved over the cycles
and current densities measured. The composite exhibited a high

(a)

(b)

Fig. 4. (a) HRTEM image of SnSb-CNT showing the SnSb nanocrystals in an amor-
phous matrix, and (b) TEM image showing SnSb nanosized particles pinned onto
CNT.
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capacity of 1050mAhg~! during the 2nd cycle at a current den-
sity of 160mAg-1 (0.2C), which subsequently decreased to 930,
805 and 683 mAhg~! at C-rate of 0.4C, 1C and 2C respectively. It
is worth mentioning that even at a high current density of 4C,
the SnSb-CNT composite is still able to deliver a high capacity
of 522 mAhg~!. Therefore, due to the presence of the mesh-like
CNT network which ensures a good percolation conduction net-
work, none of the electronic and ionic wirings of the active mass
should limit the rate performance. Hence, the good rate perfor-
mance demonstrated in this work comes from the inherent good
rate capability of the active mass as a result of the melt spinning
process. These values are higher than those reported previously for
SnSb nanocomposites as well as the graphite anode (372 mAhg=1)
[32,35]. SnSb/CNT composite synthesized by reductive precipita-
tion [32] shows a reversible capacity of 480 mAhg~! at a current
density of 100 mAg~!, while the SnSb/C composite prepared by high
energy mechanical milling shows a rate capability of 590 mAhg~!
and 550 mAhg~! at 1C and 2C respectively [44]. The high rate capa-
bilities demonstrated in this work, together with recent works
on composites of other intermetallic compounds such as TiSnSb,
NiSb,, FeSn,, shows that efficient percolation web formed by the
conductive additive around the active particles is crucial in high-
rate performance, and that intermetallic compounds do not have
as much kinetics limitations as previously believed [45]. The high
capacities obtained at high C rates indicate the possible applica-
tions of this SnSb-CNT composite for fast charge/discharge Li ion
batteries.

4. Conclusion

In conclusion, we have demonstrated the feasibility of using a
highly scalable and high throughput process of melt spinning to
prepare the nanocrystalline bulk SnSb that were then mixed with
CNT to form SnSb-CNT composite. The composites fabricated in
this work demonstrated a good initial Coulombic efficiency of 79%
and high reversible capacities, e.g. 860 mAhg~! is achieved at the
40th cycle at 160mAg~!. Apart from that, the SnSb-CNT compos-
ite also showed good rate capability, e.g. high reversible capacity of
522 mAhg~1 is obtainable at a high current density of ~3300 mAg~!
(4C). The overall improvement in capacities is attributed to the
cooperative effect between the nanocrystalline SnSb and CNTs.
The CNT mesh-like network allows the diffusion of electrolyte into
the matrix and at the same time provides percolated pathway
for electrons and ions transport, while the nanocrystalline SnSb
increases the surface area and contact with the electrolyte. There-
fore, this work provides evidence that intermetallic compounds are
not kinetics limited, and can be suited for high-rate applications.
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