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a b s t r a c t

Sn2Fe/Al2O3/C nanocomposites are synthesized using a high-energy, mechanical milling method with
thermally synthesized Sn2Fe, Al2O3 and carbon (Super P) powders. The effect of Al2O3 addition on the
microstructure of the Sn2Fe/Al2O3/C nanocomposites is examined. The electrochemical characteristics
of the material as an anode in lithium-ion batteries are also evaluated. High-resolution transmission
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electron microscopy shows that the crystallite size of active Sn2Fe in the Sn2Fe/Al2O3/C nanocomposite
is smaller than that of the Sn2Fe/C nanocomposite without Al2O3. A decrease in the initial irreversible
capacity and enhanced cycle performance of the Sn2Fe/Al2O3/C nanocomposite electrode are observed.

© 2010 Elsevier B.V. All rights reserved.
lumina
ycle performance capacity

. Introduction

Environmental pollution and the consumption of fossil fuels
ave driven the world to develop next-generation energy sources.
mong them, lithium-ion batteries have become of great interest
s power sources for mobile electric devices and electric vehicles
1–3]. At present, however, the commercial graphite-based anode
as limited capacity (372 mAh g−1) [4] and anode materials with
igh specific energy are required [1,3,5].

Tin is an attractive anode material for Li-ion batteries on account
f its large gravimetric capacity, i.e., as high as 959.5 mAh g−1

Li17Sn5). On the otherhand, the problems of capacity fading asso-
iated with Sn aggregation and extreme volume changes during the
ischarge–charge reaction have not been solved [6,7]. Composites
onsisting of an active and inactive component, nano-sized com-
osites, amorphous materials and dispersion of the Sn particles in
carbon matrix have been examined in an attempt to solve these
roblems [8–13].

Following the release of Nexelion into the market by the Sony

orporation using an amorphous Sn-based composite anode con-
isting mainly of Sn, Co and carbon, cobalt-free Sn-transition metal
lloys have attracted attention [14–20] because Co is expensive and
oxic. Of these, a Sn–Fe/C composite would be a good candidate

∗ Corresponding author. Tel.: +82 2 880 7226; fax: +82 2 885 9671.
E-mail address: hjsohn@snu.ac.kr (H.-J. Sohn).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.02.068
as an anode for lithium-ion batteries [21]. The Sn-Fe/C composite
contains various intermetallic phases, such as Sn2Fe, SnFe, Sn2Fe3,
Sn3Fe5 and SnFe3, during synthesis of the composite. The reaction
mechanism of the active materials (Sn2Fe, SnFe, and Sn2Fe3) has
been investigated by Dahn and co-workers [15–17]. Although the
Sn2Fe/C composite shows a large specific capacity of 804 mAh g−1,
it still suffers from poor cycle performance and large irreversibility
during the first cycle [15].

Mechanical stability is an important factor that affects the
electrochemical performance of anode materials in lithium-ion bat-
teries. During the discharge–charge reaction, a large volume change
generates extreme stress and this gives rise to cracks and crum-
bling, as well as the loss of electrical contact within the active
materials [22]. Particulate-reinforced composites are reinforced
mechanically by embedding ceramic particles, which impart high
tensile strength and improved resistance to crack production and
propagation [23–25]. The Mohs hardness of an Al2O3 particle is 9
[26], and the addition of Al2O3 particles is expected to reinforce the
Sn2Fe/C nanocomposite materials and reduce the crystallite size
of the active materials during a high-energy mechanical milling
(HEMM) process.

This study examines the effect of adding Al2O3 particles on the

microstructure of the Sn2Fe/Al2O3/C nanocomposites. In addition,
the electrochemical characteristics of this material as an anode in
lithium-ion batteries are also evaluated using a range of analytical
techniques, and the results are compared with those for Sn2Fe/C
nanocomposites.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hjsohn@snu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.02.068
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. Experimental

Sn2Fe/C composite materials were synthesized by means of the
ollowing process. First, a stoichiometric amount of metallic Sn
>99%, 2 �m, Aldrich) and metallic Fe (>99.9%, 3–5 �m, High purity
hemicals) powders was mixed and heat-treated at 450 ◦C for 12 h
nder an argon atmosphere at a heating rate of 0.08 ◦C s−1, followed
y cooling to room temperature. The thermally synthesized Sn2Fe
nd C (Super P) powders at a ratio of 85:15 wt.% were mixed in
hardened steel vial with a ball-to-powder ratio of 20:1. A vial,
hich was assembled in an argon-filled glove-box, was placed on
laboratory-made vibratory mill and milled at a rotation speed of
00 rpm for 40 h.

The Sn2Fe/Al2O3/C nanocomposite materials were prepared as
ollows. The thermally synthesized Sn2Fe, Al2O3 (<50 nm, Aldrich)
nd C (Super P) powders with various Sn2Fe:Al2O3:C ratios were
ixed in a hardened steel vial with a ball-to-powder ratio of 20:1.
similar vial prepared using the above-mentioned method was

laced on a laboratory-made vibratory mill and milled at a rota-
ion speed of 500 rpm for 40 h. The final products were ground
nd sieved to obtain particles of <38 �m in size. Preliminary tests
howed that the optimum conditions for the HEMM process for
ycle performance and first cycle efficiency was a rotation speed
nd milling time of 500 rpm and 40 h, respectively.

The test electrodes consisted of the active powder material
70 wt.%), Super P (15 wt.%) as a conducting agent and polyvinyli-
ene fluoride (PVDF, 15 wt.%) dissolved in N-methyl pyrrolidinone
NMP) as a binder. All these components were well-mixed using a

agnetic stirrer to form a slurry. The slurry was coated on a copper
oil substrate by means of doctor blade, pressed and dried at 120 ◦C
or 4 h under a vacuum. A laboratory-made coin-type cell was used
ith lithium foil as the counter and reference electrodes and 1 M

iPF6 in ethylene carbonate (EC)/diethylene carbonate (DEC) (1:1,
ol.%, Samsung) as the electrolyte. The cell assembly and all elec-
rochemical tests were carried out in an argon-filled glove-box.
he discharge/charge experiments were performed galvanostati-
ally within a voltage window of 0.0–1.5 V (vs. Li/Li+) at a current
f 100 mA g−1.

The phase composition of the synthesized powders was exam-
ned by X-ray diffraction (XRD, Rigaku, D-MAX2500-PC). The
article size, morphology, microstructure, and crystallite size of
ynthesized powders were characterized by scanning electron
icroscopy (SEM, JEOL, JSM-6360) and by high-resolution trans-
ission electron microscopy (HRTEM, JEOL, JEM-3000F).

. Results and discussion

The XRD patterns and SEM images of the pure Sn2Fe, the Sn2Fe/C
omposite and the Sn2Fe/Al2O3/C composite are presented in Fig. 1.
ll the peaks correspond to the Sn2Fe (JCPDS #03-065-0374) phase
ithout any other phases and the particle size of the Sn2Fe pow-
ers is approximately 5–8 �m, as shown in Fig. 1a. Although the
n2Fe peaks in the Sn2Fe/C composite and Sn2Fe/Al2O3/C compos-
te are broadened due to the HEMM process (Fig. 1b and c), all the
iffraction peaks coincided with Sn2Fe phases. No Al2O3 peaks are
bserved due to the small quantity of this material. The particle size
f Sn2Fe in Sn2Fe/C and in Sn2Fe/Al2O3/C composite is <3 �m.

Bright-field TEM and HRTEM with fast Fourier transformed (FT)
mages of the Sn2Fe/C composite and the Sn2Fe/Al2O3/C compos-
te materials with different wt.% of each component are shown

n Fig. 2. The Sn2Fe phase that had previously been identified
y XRD is confirmed by the FT images in Fig. 2a. The crystal-

ite size of the Sn2Fe/C composite materials is approximately
5–25 nm. The Sn2Fe (solid circle) and Al2O3 (dotted circle) phases
an be identified in the bright-field TEM and HRTEM with the
Fig. 1. XRD patterns and SEM images of (a) pure Sn2Fe, (b) Sn2Fe/C (wt.% of
Sn2Fe:C = 85:15) composite and (c) Sn2Fe/Al2O3/C (wt.% of Sn2Fe:Al2O3:C = 82:3:15)
composite.

fast Fourier transformed (FT) images of the Sn2Fe/Al2O3/C (wt.%
of Sn2Fe:Al2O3:C = 84:1:15) composites in Fig. 2b. The crystal-
lite size of Sn2Fe in the composite is reduced to approximately
8–15 nm. In addition, the size of Al2O3 is approximately 6–10 nm.
Fig. 2c and d shows the bright-field TEM and HRTEM with the fast
Fourier transformed (FT) images of the Sn2Fe/Al2O3/C composites
with Sn2Fe:Al2O3:C = 82:3:15 and 80:5:15 in wt.%, respectively. The
HRTEM images reveal that the Sn2Fe crystallites and Al2O3 are
dispersed uniformly in the amorphous carbon matrix. The crys-
tallite size of Sn2Fe in the Sn2Fe/Al2O3/C nanocomposite materials
is reduced further to approximately 5–10 nm for both nanocom-
posites. The addition of Al2O3 particles therefore plays a role in
the random dispersion of Sn2Fe crystallites as well as a decrease
in the crystallite size of the active materials. The size of the
Sn2Fe crystallites is similar in both nanocomposites. Therefore,
the electrochemical tests were performed using the Sn2Fe/Al2O3/C
nanocomposite materials containing 3 wt.% of Al2O3 because the
size of Sn2Fe crystallites is similar for both nanocomposites.

Fig. 3a shows the discharge–charge voltage profiles of the
Sn2Fe/Al2O3 (3 wt.%)/C nanocomposite electrode for the 1, 2, 10,
20 and 30 cycles at a constant current of 100 mA g−1 over a volt-
age range of 0.0–1.5 V (vs. Li/Li+). The shape of the voltage profiles
is similar except for the first cycle. The discharge and charge
capacities of the Sn2Fe/Al2O3/C nanocomposite electrode during
the first cycle are 824 and 654 mAh g−1, respectively, and the ini-
tial coulombic efficiency is almost 80%. The discharge and charge
capacities of the first cycle for the pure milled carbon electrode
are 1009 and 412 mAh g−1, respectively. Since the Sn2Fe/Al2O3
(3 wt.%)/C nanocomposite contains 15 wt.% carbon, it contributes
151 mAh g−1 to the first discharge capacity, and 90 mAh g−1 to the
initial irreversible capacity. The coulombic efficiency for the second
cycle is increased to 97%.

Differential capacity plots (DCPs) of the Sn2Fe/Al2O3(3 wt.%)/C
nanocomposite electrode are presented in Fig. 3b. In addition,
Fig. 3c shows the ex situ XRD patterns of the Sn2Fe/Al2O3 (3 wt.%)/C
nanocomposite electrode for a given potential, as indicated the DCP
during the first cycle along with the second cycles at 1.5 V. During
the first discharge process, a solid electrolyte interphase (SEI) forms
on the surfaces of the active material near 0.75 V as the electrolyte
is decomposed [27]. The alloying of Sn and carbon with lithium
occurs at a potential below 0.6 V to form various LixSn (x < 4.4) alloys

and LiyC. In addition, the broad peak near 0.12 V in the DCP for the
first cycle is due mainly to Li insertion into the amorphous car-
bon present in the composite. The Bragg peaks of the Sn2Fe phase
disappear at 0.0 V and the Li4.4Sn peak appears. During charging,
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Fig. 2. HRTEM and FT images of (a) Sn2Fe/C (wt.% of Sn2Fe:C = 85:15) nanocomposite Sn2Fe/Al2O3/C (wt.% of (b) 84:1:15, (c) 82:3:15, and (d) 80:5:15) nanocomposite before
cycling test (©: Sn2Fe; : Al2O3).
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ig. 3. (a) Discharge–charge voltage profiles for 1, 2, 10, 20 and 30 cycles and (b)
CPs, (c) ex situ XRD patterns of Sn2Fe/Al2O3/C (wt.% of 82:3:15) nanocomposite at

elected potentials during first cycle and fully charged state (1.5 V) at second cycle.

he Li–Sn alloys decompose and Sn atoms aggregate to form large
n clusters at approximately 0.75 V, as suggested by Courtney and
ahn [28] and identified by Retoux et al. [29] and Kim et al. [7]. In

he presence of Fe released during the discharge step [15], however,
n recombines with Fe to form the Sn Fe phase which prevents the
2
ggregation of Sn atoms, as shown in the XRD pattern in Fig. 3c. This
ecombination reaction provides better cycleability than a pure tin
lectrode. After the first discharge, the DCPs became similar in sub-
equent cycles, and are almost the same as that of metallic Sn [28].
Fig. 4. Cycle performance of Sn2Fe/C nanocomposite (wt.% of Sn2Fe:C = 85:15) and
Sn2Fe/Al2O3/C (wt.% of 82:3:15) nanocomposite electrodes.

After the tenth cycle, the DCPs profiles are similar and these by indi-
cate the reversibility of the discharge–charge process. This might
be related to the presence of liberated Fe atoms, which will act as an
inactive matrix to suppress the aggregation of Sn atoms and amor-
phous carbon accommodates the volume change during cycling
[21].

The cycle performance of the Sn2Fe/C nanocomposite electrode
is compared with that of the Sn2Fe/Al2O3(3 wt.%)/C nanocomposite
electrode in Fig. 4; the irreversible capacities during the first cycle
are 265 and 170 mAh g−1, respectively. Although the capacity for
the Sn2Fe/C nanocomposite electrode fades rapidly after the 20th
cycle, the Sn2Fe/Al2O3(3 wt.%)/C nanocomposite electrode shows
enhanced cycle performance. In addition, the reversible charge
capacity of the Sn2Fe/Al2O3(3 wt.%)/C nanocomposite electrode is
477 mAh g−1 (73% of its initial charge capacity) after 40 cycles
compared with 126 mAh g−1 (18% of the initial charge capacity)
for the Sn2Fe/C nanocomposite electrode. As mentioned above, a
decrease in initial irreversible capacity and an enhanced cycle per-
formance are found for the Sn2Fe/Al2O3(3 wt.%)/C nanocomposite
electrode. These improvements are attributed to a decrease in crys-
tallite size [30–33], uniform dispersion of the active material and
greater mechanical stability of the particulate-reinforced compos-
ite through the embedding of Al2O3 [22].

4. Conclusions

Sn2Fe/Al2O3/C nanocomposites have been synthesized by
mechanical milling of thermally synthesized Sn2Fe, Al2O3 pow-
der and carbon. Pure Sn2Fe is produced by a thermal reaction
between metallic Sn and Fe powders. The Sn2Fe/Al2O3(3 wt.%)/C
nanocomposites are examined as anode materials for lithium-
ion batteries. The Sn2Fe/Al2O3(3 wt.%)/C nanocomposite electrode
shows a decrease in initial irreversible capacity and enhanced
cycle performance, which are attributed to a decrease in crystallite
size and uniform dispersion of the active materials. The superior
mechanical stability and consequent improved cycle performance
of the particulate-reinforced composite is due to the embedded
Al2O3.
This study was supported by Samsung Advanced Institute of
Technology and the Korea Science and Engineering Foundation
(KOSEF) through the Research Center for Energy Conversion and
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