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a b s t r a c t

A composite material anode for lithium ion batteries (LIB) consisted of electrodeposited Sn–Sb alloy dis-
persing in a conductive micro-porous carbon membrane coated on Cu current collector was investigated.
The composite material was obtained by directly electrodepositing Sn–Sb alloy on the micro-porous mem-
brane electrode via micro-pores in it, which was prepared by casting a polyacrylonitrile (PAN) solution
eywords:
ithium ion batteries
lectro-deposition

containing polyethylene glycol (PEG) on a copper foil and then immersing the copper foil into de-ionized
water to perform phase inversion, following by heat-treatment. SEM examinations showed that the com-
posite material consisted of isolated pillar-like structure SnSb electrodeposited on Cu current collector
dispersing in a conductive micro-porous carbon membrane deriving from pyrolysis of PAN. Constant
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. Introduction

Lithium ion batteries are currently the best portable energy
evices for the consumer electronics. Carbon materials (hard car-
on, soft carbon, graphite, etc.) are commercially used as the anode
aterial of lithium ion battery. In view of the fact that the the-

retical capacity of carbon material is only 372 mAh g−1, to get
igher energy and power densities, a significant attention has been
aid to investigation of many alloy materials. These alloy mate-
ials, such as Sn-based alloy, Si-based alloy, Sb-based alloy, etc.,
sed as anodes for lithium ion batteries may exhibit larger specific
ravimetric and volumetric capacities [1–4]. However, they have a
ommon drawback, which is the pulverization of alloy caused by its
olume expansion/shrinkage during the charge/discharge cycles of
ithium ion batteries associated with the reversible reaction of Li.
uch morphological changes results in severe cracking of electrode
ith loss of electrical contact between inter-particles, and particle

nd the current collector, resulting in poor charge/discharge cycling

haracteristics. Therefore, it is necessary to relieve such morpho-
ogical changes to achieve satisfactory cycling performance. Many
esearch findings have shown that abovementioned problems can
e resolved to some extent by using nanocrystalline [5–7], porous
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ax: +86 10 89796031.

E-mail address: zhaohp05@mails.tsinghua.edu.cn (H.-p. Zhao).

a
u
t
c

b
c
i
I
b

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.02.064
ests using the composite anode showed stable coulombic efficiency and
ible discharging capacity was 339.5 mAh g−1after 50 cycles, corresponding
ity retention.

© 2008 Elsevier B.V. All rights reserved.

aterials [8] and by using multi-component instead of single-
omponent materials like binary phases Cu6Sn5 [9–11], which due
o their complex reaction mechanism help to relieve mechani-
al strain during charge and discharge of the material. However,
acroscopical alloy particles will still suffer from pulverizing risk

n long-term cycles as a result of the rapid loss of the reversible
apacity. Although the introduction of nano-sized materials can
trongly affect reversible capacity, it confronts still some unsolved
roblems such as the reaggregation of nanometer alloy particles
uring cycling. Nevertheless, when superfine alloy particles are dis-
ersed in suitable supporting medium such as amorphous carbon
etwork, the resulting composite materials should be very effec-
ive in maintaining dimensional integrity during cycling [12–14],
here the carbon network acts as a barrier to prevent the aggre-

ation between the nanometer alloy particles, and provides a void
pace where the particles experience a volume change.

Polyacylonitrile (PAN) is a linear and insulated macromolecule
t room temperature. Thermally treated polymer of PAN shows
rich evolution of structural and electric properties, the chains

ndergoing cyclization to form a conjugated-chain chemical struc-
ure, resulting in electrical conductivity. Thus, PAN becomes
onjugated conducting polymer by low temperature pyrolysis [15].

In the other hand, PAN is a very processable polymer, which can

e dissolved in DMF or DMSO to form casting solution. After the
asting solution cast on a glass plate was properly treated by phase
nversion process, a microporous PAN membrane can be obtained.
n the present study, we attempted to prepare composite material
y electrodepositing Sn–Sb alloy on a template-like microporous

http://www.sciencedirect.com/science/journal/03787753
mailto:zhaohp05@mails.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.02.064
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Table 1
Bath composition and operating conditions for preparing electrode

Materials Concentration (g L−1)

SnCl2·2H2O 30
SbCl3 2
K4P2O7·10H2O 130
Tartaric acid 7
Gelatin 0.3
Temperature 44–50
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urrent density (mA cm−2) 2
H 7.5–8.2

No stirring

embrane electrode, which was prepared by casting PAN solu-
ion on a copper foil following phase inversion in a non-solvent
ater, and then heat-treatment. The composite material with dis-
ersed Sn–Sb alloy in conducting carbon network showed better
ycle performance.

. Experimental

The polymer PAN (its weight-average (Mw) values: about
.5 × 105 g mol−1) used in this study was synthesized by suspension
olymerization in our laboratory. A homogenous casting solution of
olyacrylonitrile (PAN) was obtained under the mechanical agita-
ion by dissolving 1 g of PAN in 20 mL of dimethylformamide (DMF)
olution in which about 5 mL of polyethylene glycol (PEG) was con-
ained. After leaving still for certain time, the resulting viscous
olution was cast by a home-made blade with a about 30 �m gap
nto a rimmed Cu foil (thickness: 30–40 �m), which was treated
n corrosive hydrochloric acid solution in advance. After exposed to
ir atmosphere at room temperature for appropriate time, the Cu
oil was immediately immersed in a de-ionized water bath (a non-
olvent coagulating bath) for at least 4 h to perform phase inversion.
fter the exchange of DMF and water by phase inversion, a substan-

ial number of micro-pores were formed in the film coated on the Cu
oil. The resultant was washed, rinsed and dried at 80 ◦C under vac-
um for 24 h, successively. In the end, a white, opaque membrane
as firm adhered to the Cu foil and thus a micro-porous membrane

lectrode was obtained.
The composite anode material for LIB was prepared by elec-

rodepositing Sn–Sb alloy into the as-obtained micro-porous
embrane electrode through membrane pores in it, where the
embrane electrode was used as working electrode and a pure Sn

late as counter electrode. Compositions and operating conditions

f a pH 8.5 electroplating bath are shown in Table 1. All electro-
eposition runs were carried out at 44–50 ◦C without agitation.
fter electro-deposition, heat-treatment and preparation of tested
node foil were done as follows: the as-electrodeposited composite
lectrode foil as well as unelectrodeposited micro-porous mem-
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2

Fig. 1. the electrons back scattered images of surface morphology of micro
ources 184 (2008) 532–537 533

rane electrode were cut into circular sheets of diameter 1 cm and
hen put them into a quartz tube furnace. The heat-treatment was
erformed under the protection of nitrogen gas at appropriate tem-
erature. Different temperature and time of heat-treatment were
ried to optimize parameter of heat-treatment. Based on electro-
hemical performance and conduction of pyrolytic PAN, the proper
emperature for heat-treatment of the electrode foils was carried
ut in the range of 250–350 ◦C under the atmosphere of N2 for 14 h.

Electrochemical tests were performed on 2032-type coin cells
ith lithium metal (0.5 mm thick foil) as a counter electrode. The

lectrolytes used were 1 M LiPF6 EC + DEC + DMC (1:1:1, v/v/v).
he separator of cell was Celguard 2400. The cell assembly was
erformed in a glove box filled with argon gas (less than 2 ppm
f water). The charge–discharge cycling of the coin cell was gal-
anostatically performed at a current density of 0.25 mA cm−2

ith cut-off voltages of 0.02–2.0 V at room temperature. Cycle test
as conducted using Land Battery Test System made by Wuhan

and Electronic Co. Ltd. In this study, the charging and discharg-
ng processes represent Li-de-insertion and Li-insertion processes,
espectively. The amount of active materials in sample was calcu-
ated as follows.

Amount of active materials = total weight of anode
heet − weight of corresponding copper current collector or
opper substrate, where corresponding copper current collector
r copper substrate was the same treatment processes as that
f the composite anode foil or unelectrodeposited micro-porous
embrane electrode sheet.
Please note, herein, that PAN-pyrolyzed carbon was still

egarded as active material in the composite electrode though its
eversible capacity is very low. (The amount of Sn–Sb alloy in sam-
le was calculated as follows: amount of active materials = total
eight of anode sheet − weight of corresponding heat-treated
nelectrodeposited micro-porous membrane electrode sheet.)

Crystal structures of samples were characterized by X-ray
iffractometer (XRD, D/max-RB) using Cu K� radiation. For the
ross-section observation, the micro-porous membrane electrode
oils were inlaid in an epoxy resin. The epoxy resin was cut, ground
nd dried to obtain cross-section of them. Before passing through
EM, the cross-section samples of the composite material had to go
hrough the carbon coating process. After that, the samples were
maged and photographed by employing a scanning electron micro-
cope (SEM: JSM6301, Hitachi, Ltd.) with energy dispersion X-ray
pectroscopy (EDXS, ATW Link Isis300) with potentials of 15 kV in
chieving magnification ranging from 100× to 50,000× to exam-
ne the membrane cross-section and the surface. The differential

ischarging capacity profiles during 1st, 2nd, 10th and 20th for
he composite material anode derived from discharge/charge volt-
ge versus capacity profiles of the composite material anode at the
onstant current density of 0.25 mA cm−2 cycled between 0.02 and
.0 V (vs. Li/Li+).

porous membrane electrode before (a) or after (b) electrodepositing.
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Fig. 2. The secondary electron images of surface morphology
. Results and discussion

Fig. 1 shows the electrons back scattered images of surface
orphology of microporous membrane electrode before or after

lectrodeposition. From Fig. 1a, one can observe that many pores

a
t
w
m
p

Fig. 3. The cross-section of the composite materia
composite material (a) and its local amplificatory images (b).
symmetrically distributed in the surface of the membrane elec-
rode. When the microporous membrane electrode as cathode
as put into Sn–Sb alloy plating bath, plating solution went into
embrane layer through these pores. While electrodeposition was

erforming, Sn–Sb alloy first deposited on some places of Cu col-

l (a) and its local amplificatory images (b).
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This is probably due mainly to the presence of amorphous carbon
pyrolyzed PAN. As a matter of fact, if the mass of the active material
in the composite electrode was measured only by the mass of Sn–Sb
alloy in the composite electrode, the first discharging capacity of
Fig. 4. The XRD patterns of the compo

ector, where these parts exposed to plating solution in membrane
ayer, and then gradually grew via these membrane pores. As is
een in Fig. 1b, the electro-deposits growing from the membrane
ores almost fill in all membrane pores. In the secondary elec-
ron images (Fig. 2a) and the local amplificatory secondary electron
mages (Fig. 2b) of the composite material, it can be noticed that
hat these electrodeposits do not still come out the membrane sur-
ace while only parts of them make surface membrane breach and
ecome exposed. These electrodeposits seems to be ball-like parti-
les and the diameter of about 5–10 �m. However, the cross-section
f the composite material shows that the electrodeposits distribute
n pillar-like structure not ball-like particles in conductive carbon
etwork pyrolyzed from PAN and approach to membrane surface
Fig. 3a), which is consistent with abovementioned observation. In
hese isolated pillar-like structure, expansion of these alloys would
uffer from less restriction, which was in favor of structural stabil-
ty of the composite material. This is because there are many pores
nd channels in amorphous carbon surrounding electrodeposits
r interface between electrodeposits and the amorphous carbon
seeing Fig. 3b), which is as a result of ring closure of the nitrile
ide groups and structural shrinkage of macromolecule PAN as well
s release of small-molecule compounds in PAN during annealing.
hese pores and channels, which should have the same function
s voids in plating layers found by Wang et al. [16] and Tamura et
l. [17], are quite valuable to accommodate volume change during
ntercalation and de-intercalation of Li+ and improve the cycle life
f electrode. The EDS analysis indicates that the Cu/Sb/Sn ratio of
lectrodeposits in the vicinity of Cu substrate is about 3:2:1 (Fig. 3a),
hich shows that electro-deposition of Sb predominated at the ini-

ial stage of electro-deposition. Owing to the excess of Sb, Cu2Sb
ould be probably formed with Cu diffusing from Cu substrate
uring heat-treatment, which would be able to be detected in XRD
attern. In the EDS analysis of electrodeposits far away from Cu
ubstrate, one can observe that Sn/Sb ratio has approached to 1:1
hile content of Cu is still high (Fig. 3b), whereas there only is less

mount of Cu in the field of amorphous carbon surrounding elec-
rodeposits (Fig. 3c). This indicates that Cu disperses easier in the

lloy phase than in amorphous carbon.

Fig. 4 shows the XRD patterns of the composite material after
eat-treatment at 300 ◦C. Based on the XRD pattern, it can be iden-
ified that the composite material includes three substances SnSb,
u2Sb and Cu, respectively, based on JCPDS no. 33-0118, JCPDS no.

F
c

aterial after heat-treatment at 300 ◦C.

5-2815 and JCPDS no. 04-0836. Herein, from relative strength of
u peak, we do not still determine whether the reflection peaks
f Cu is from the reflection of the Cu current collector or Cu dis-
ersed in the composite material diffusing from the Cu substrate.
owever, according to information in the EDS analysis, we seem to
e able to presume that the diffraction peak of Cu should be from
u diffusing from Cu substrate during heat-treatment and one part
f them forms Cu2Sb with excess Sb in electrodeposits while the
ther disperses in the electrodeposits.

Fig. 5 shows the typical charge/discharge curves for the compos-
te material at a constant current density of 0.25 mA cm−2 cycled
etween 0.02 and 2.0 V (Li/Li+). In the first cycle, the charging
nd discharging capacities of the composite anode are 433.5 and
89.9 mAh g−1, from which its first coulombic efficiency of 66.9%

s calculated. It is evident that the discharging capacity is far lower
han the SbSn alloy theoretical discharge capacity of 825 mAh g−1.
ig. 5. The typical charge/discharge curves for the composite material at a constant
urrent density of 0.25 mA cm−2 cycled between 0.02 and 2.0 V (Li/Li+).
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he composite electrode showed 722.5 mAh g−1, approaching to the
heoretical capacity of SnSb. According to the mass and thickness of
he active electrode, 2.038 g cm−3 of the density of the composite
node was determined, while the pressed density of the classical
raphite anode is on the order of 1 g cm−3. Therefore, the density
f the composite anode is approximately twice as many as that of
classical graphite anode. Moreover, low first coulombic efficiency
ay be related to the formation of a SEI (solid electrolyte interface)

assivating film as a result of the reduction reactions of Li with
lectrolyte on the surface of the electrode material. Meanwhile,
ne should notice from the figure that the first lithiation poten-
ial plateau (0.7 V vs. Li/Li+) is lower than that of the second as well
s following one (0.8 V vs. Li/Li+). This means that some irreversible
eactions may occur during the first discharge the initial structure
f Cu2Sb and SnSb during the first discharge and additional energy
s need to destroy and rearrange the initial structure of Cu2Sb and
nSb during the first discharge.

To investigate the electrochemical behavior of composite mate-
ial during charge and discharge cycles, differential capacity
dQ/dV) plots during the 1st, 2nd, 10th and 20th cycles are com-
ared in Fig. 6. The plots show similarities in the charge processes.
evertheless, apparent differences can be distinguished between

he first two discharge processes, indicating that they follow a dif-
erent reaction mechanism. We presume that the plateau voltage
0.7 V vs. Li/Li+) on the voltage profiles corresponding to the two-
hase region between Cu2Sb and Li3Sb, which is in good accordance
ith the reduction peak in the differential capacity plots. At 0.7 V,
voltage plateau signifies the onset of a two-phase reaction con-

istent with the formation of a Li2+zCu1−zSb structure (0 < z < 1),
losely related to Li3Sb [18], while at 0.61 V and at lower voltages the
i2+zCu1−zSb phase continues extrusion of Cu from the structure,
ielding the final discharge products Li3Sb and Cu at z = 1. In fact,
he electrochemical profile and the differential capacity plots sug-
est that reaction (1) occurs by a similar inhomogeneous process
f lithium insertion and copper extrusion.

Li + Cu2Sb → Li3Sb + 2Cu (1)

eaction (1) can be written more generally as:

Li + Cu2Sn → Li2CuSb + Cu (2)

i + Li2CuSn � Li3Sb + Cu (3)
Therefore, this explain the reason why there is an acute peak
t 0.7 V at first discharge curve while disappearing at following
ischarge ones and there all are the presence of peaks at first
ischarge as well as following curves at 0.61 V in the differential

ig. 6. The differential capacity (dQ/dV) plots of the composite material during the
st, 2nd, 10th and 20th cycles.
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ig. 7. The cycle performance and coulombic efficiencies of the composite material.

apacity plots. Herein, note that in the same time that Cu2Sb per-
orm electrochemical reaction with Li, SnSb alloy does so as well
nd hold a dominant reaction with Li, which can be found in the
harge/discharge curves and differential capacity plot of the com-
osite material, because the composite material has the similar
harge/discharge curves during electrochemical cycles except for
rst cycle as that of SnSb described in refs. [19,20].

Fig. 7 shows the cycle performance and coulombic efficien-
ies of the composite material. The reversible capacity was
39.5 mAh g−1after 50 cycles, corresponding to 78.6% of the dis-
harge capacity retention. Except for lower first charge/discharge
fficiency, charge/discharge efficiencies of following cycles keep
igher values and 50th cycle efficiency still reached 97.4%. It is
onsidered that good cycle performance of the composite material
an be attributed to two factors. First, amorphous carbon mem-
rane formed by pyrolysis of PAN in the composite material serves
s a supporting medium, which would both buffer the volume
xpansion of Sn–Sb alloy and prohibit the aggregation of Sn or
b micro-particles and maintain the conduction path between Sn
r Sb particles and amorphous carbon. Second, electrodeposited
n–Sb alloy phase presented isolated pillar-like structure, which
ould reduce the mechanical stress resulting from phase transi-

ion structure and restricted volume expansion during Li insertion
nd extraction processes.

. Conclusion

Applying a phase inversion process to make PAN solution con-
aining PEG cast on a Cu foil turn into microporous membrane
oated on the Cu foil, and using the microporous membrane elec-
rode as a template-like, a composite material anode for LIB can
e successfully prepared through electrodepositing Sn–Sb alloy
n the template-like electrode via the membrane pores and then
eat-treatment. This composite electrode has a novel structure that
ost of Sn–Sb alloy are dispersed in isolated pillar-like structure

lectrodeposited on Cu current collector in a conductive micro-
orous carbon membrane except that some excess Sb form Cu2Sb
lloy with Cu which diffuses from Cu current collector. In here, the
icro-porous carbon membrane deriving from low temperature

yrolysis of PAN serves as supporting medium, which relaxes the
roblematic volume change of SnSb alloy during intercalation/de-
ntercalation Li+ and inhibits aggregation of some dispersive SnSb
r Cu2Sb micro-particle. Electrochemical test results showed that
he composite electrode exhibited desirable cycle performance and
cceptable cycling coulombic efficiencies. We believe that it is a
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romising method to use the supporting medium idea in the pro-
ess of preparing anode material for LIB.
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