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bstract

The effects of particle size, chemical composition and cycling potential range on the electrochemical properties of micro-sized Sn–Sb electrodes
ere investigated in terms of initial irreversible capacity, rate-capability and cycling stability. Large particle sized SnSb electrode shows a low

nitial irreversible capacity and a relatively good cyclic performance when charged/discharged at 100 mAh g−1 due to the low specific surface area
nd loose structural characteristics of SnSb particles. When charged and discharged at high current density, large particle sized SnSb electrode
isplays a fast capacity fading compared to the small sized one due to the long diffusion distance of Li-ions. The Sn/Sb ratio has effect on the
ycling stability of electrodes. Sn-riched and Sb-riched Sn–Sb electrodes exhibit fast capacity decline while sample with pure SnSb intermetallic

hase shows a relatively good cycling stability. To increase the lower limit of cycling potential range cannot improve the cyclic performance while
o decrease the upper limit to 0.8 V can control the cycling stability of SnSb electrode significantly. The Sb component is considered to be the main
ause of the capacity fading of Sn–Sb electrode.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium storage alloys/intermetallics have been frequently
roposed as alternatives to carbonaceous anode materials due to
heir very high Li packing density and hence high electrochemi-
al capacity [1–3]. However, the higher Li packing density leads
o a large volume change on Li uptake and removal, which easily
auses anode cracking or pulverization, and thus affecting the
ycling performance of electrode [4,5]. This can be improved
y employing nano-sized active material [1,6] or by limiting the
ycling potential range [7–9]. Unfortunately, the former usu-
lly results in a high initial irreversible capacity owing to its
ery high specific surface area, and in the latter cases the better
ycling stability is achieved at the expense of capacity.

In order to minimize the mechanical stress in lithium alloy
lectrodes caused by the volume change during cycling, an effec-

ive strategy is to disperse active component that can alloy with
ithium in different inert components, such as inert metal (V,
u, Fe, Ni, etc.) [10–13] and plastic mixed-conducting mate-

∗ Corresponding author. Tel.: +86 10 62334863; fax: +86 10 62332570.
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ials [14]. The inert component can buffer the large volume
hange produced by the active component during cycling, and
hus increase the mechanical stability of alloy electrode. The
ombination of two active elements, they alloy with lithium at
ifferent potentials, can also realize the excellent cycleability
f electrode. The representative examples are SnSb and InSb
4,15]. Because the lithiation and delithiation of the two active
omponents occur at different potentials, the unreacted phase
an accommodate the mechanical strain yielded by the reacted
hase, and hence make the volume change of the whole elec-
rode take place much smoothly. On the other hand, this kind of
lloys allows the electrode to keep at a high capacity, as both
lements are capable of alloying with lithium.

Initial irreversible capacity for anode is a crucial factor in
eal batteries as it will consume the cathode material as com-
ensation. The high initial irreversible capacity is one of the
ain problems for alloy anodes, which impede their commer-

ialization. Decreasing the initial capacity loss may promote the
ractical use of alloy anode in high energy Li-ion batteries. In

his contribution, micro-sized Sn–Sb powders were synthesized
ia solid-state reduction from SnO2 and Sb2O3 with the aim
o diminish the surface impurity of Sn–Sb particles and thus
ecrease the initial irreversible capacity. The effect of particle

mailto:hlzhao@mater.ustb.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.06.143
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on the electrochemical performance of alloy electrode, sample
SnSb was calcined at 850 ◦C for 2 and 6 h, respectively. The 2 h-
H. Zhao et al. / Journal of Po

ize on the initial irreversible capacity, and the effects of the
hemical composition of active material and the cut-off volt-
ges of charge/discharge cycling on the cycling performance of
icro-sized Sn–Sb electrode were investigated.

. Experimental

Micro-sized powders with Sn/Sb ratios of 2:1, 1:1 and 1:2,
abeled as Sn/SnSb, SnSb and Sb/SnSb, respectively, were syn-
hesized by solid-state reaction from SnO2, Sb2O3 and carbon
n argon atmosphere. The starting materials were mixed by ball-

illing in ethanol for 8 h, followed by drying in a 105 ◦C-oven.
he homogeneously mixed powders were placed in a quartz
lass crucible and calcined at 850 ◦C in argon atmosphere for
ifferent time in a Al2O3-tube furnace. Different sized Sn–Sb
owders are obtained by controlling the reaction time from 2 to
h. XRD was used to identify the phase composition and SEM
as employed to characterize the particle morphology of Sn–Sb
owders.

Sn–Sb electrodes were prepared by pasting a slurry consist-
ng of 75 wt% Sn–Sb active materials, 15 wt% carbon black and
0 wt% polyvinylidene fluoride (PVdF) dispersed in N-methyl-
-pyrrolidone onto a Cu foil. After pre-drying at 60 ◦C, the
lectrodes were pressed and rigorously dried in dynamic vac-
um at 130 ◦C overnight. Half-cell studies were performed in
aboratory-type cells with excessive organic electrolyte (1 M
iPF6/EC + DMC, 1:1, v/v) and metallic Li as counter electrode.
ycling tests were carried out at different current densities of 50,
00 and 200 mA g−1 with a cut-off of 0.01 V/1.2 V versus Li/Li+.
n order to examine the charge and discharge depth effect on the
ycling performance, Sn–Sb electrodes were cycled at differ-
nt voltage ranges. Cyclic voltammograms (CVs) was recorded
etween 1.6 and 0.01 V with scan rate of 0.05 mV s−1.

. Results and discussion
Three kinds of Sn–Sb powders with average particle size of
0 �m was synthesized at 850 ◦C for 2 h, in which Sn/SnSb,
nSb and Sb/SnSb were identified by XRD, respectively. Fig. 1
hows the XRD patterns of these three Sn–Sb powders. No

ig. 1. XRD patterns of Sn–Sb powders synthesized at 850 ◦C for 2 h by solid-
tate reduction.

s
s

Fig. 2. SEM image of sample SnSb synthesized at 850 ◦C for 2 h.

eaks designable to corresponding oxides are detected, indicat-
ng that SnO2 and Sb2O3 have been reduced completely. The
igh peak intensities suggest the high crystallinity of synthe-
ized Sn–Sb powders. Carbon analysis reveals that a certain
mount of carbon (3–5 wt%) remains in the Sn–Sb powders.
his should be beneficial to the cycling stability of Sn–Sb alloy
node as carbon can not only enhance the electronic conduc-
ion of electrode but also buffer the volume change caused by
he lithiation and delithiation of Sn–Sb active materials. SEM
bservation discloses a spherical morphology of the synthesized
n–Sb powders, as shown in Figs. 2 and 3. A close inspection
eveals that the spherical particles of Sn–Sb powders present a
oose and polycrystalline structure [16] rather than a dense one.

.1. Particle size effect

In order to make an insight into the effect of particle size
ample shows an average particle size of ca. 8 �m while the 6 h-
ample presents an average particle size of 20 �m, as illustrated

Fig. 3. SEM image of sample SnSb synthesized at 850 ◦C for 6 h.
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ig. 4. Cycling performance of SnSb samples synthesized at 850 ◦C for 2 and
h, respectively. The current density is 100 mA g−1.

n Figs. 2 and 3, respectively. Prolonging the holding time at
50 ◦C can increase the particle size of SnSb sample remarkably
nd, at the same time, make the particle size distribution more
arrow and homogeneous.

The cycling performance of the two samples with different
article sizes is shown in Fig. 4. The 2 h-sample shows an ini-
ial irreversible capacity of 165 mAh g−1 while the 6 h-sample
isplays 86 mAh g−1, indicating that the particle size has strong
mpact on the initial irreversible capacity of SnSb electrode. BET
nalysis gives a specific surface area of 85.504 m2 g−1 for 2 h-
owders and of 23.846 m2 g−1 for 6 h-powders. Large particle
ize corresponds to low specific surface area and thus low surface
ontaminant, which is produced during the electrode preparation
rocess and is considered to be the main reason of the initial
rreversible capacities. Therefore, increasing the particle size of
ctive powder is apparently beneficial to the decrease of initial
apacity loss. It is worth to note that the initial irreversible capac-
ties of the two investigated samples (2 and 6 h-samples) are both
ignificantly lower than the most reported values of nano-sized
nSb anode [5,17,18].

The two samples show high specific capacities on second
ycles, 780 mAh g−1 for 2 h-sample and 750 mAh g−1 for 6 h-
ample, but they degrade gradually with charge and discharge
ycling. Nevertheless, they retain ca. 600 mAh g−1 after 20
ycles. Usually, the micro-sized alloy electrode shows fast
apacity degradation upon cycling due to the large absolute vol-
me change of single particle, which will result in the crack or
ulverization of single particle or even electrode [19]. The rela-
ively good cycling stability of synthesized SnSb powders with

icro-sized particles can be attributed to the loose structure fea-
ure and the polycrystalline characteristics of the synthesized
nSb particles (Fig. 3). The single spherical particle shown
utwardly is practically an aggregate with many small parti-
les inside, thus the space possibly existing inside the spherical
articles can accommodate the volume change and release the
tress generated during the lithiation and delithiation of SnSb

lectrode. As expected, the two samples show similar cycling
erformance due to their similar structure features, although the
articles of 6 h-sample is two to three times larger than that of
h-sample.

F
t
a
d

ig. 5. Specific capacities of 2- and 6 h-samples as a function of cycle number.
he charge and discharge current density is 50 mA g−1 for the first seven cycles,
nd 100 and 200 mA g−1 for the second and third seven cycles, respectively.

The rate-capability of two samples was investigated at dif-
erent current densities. The results are shown in Fig. 5 (the
ata for 2 h-sample has ever been published in [20], which is
isted here just for comparison). The electrodes were charged
nd discharged at 50 mA g−1 for first seven cycles and then fol-
owed by 100 and 200 mA g−1 for second and third seven cycles,
espectively. The two samples have similar cycling performance
t low current density, while 6 h-sample shows a relatively
aster capacity fading at high current density when compared
o 2 h-sample. With the current density increasing, the capacity
ifference between two samples increases, indicating that 6 h-
ample with large particle size has a slow kinetic process. The
omparatively long diffusion distance of Li-ions in 6 h-sample
hould be accountable for this phenomenon. It is apparently that
arge particle size of the synthesized SnSb active material is unfa-
orable for the rate-capability of electrode although it shows a
ow initial capacity loss.

.2. Composition effect

The cyclic performance of samples Sn/SnSb, SnSb and
b/SnSb synthesized at 850 ◦C for 2 h are shown in Fig. 6.
ompared to Sn/SnSb and Sb/SnSb composite samples, the pure

ntermetallic SnSb sample exhibits a relatively good cycling sta-
ility. At the first several cycles, Sn/SnSb shows a similar cycling
ehavior with SnSb, a good cycling stability is maintained. With
he cycle going on, however, a fast capacity decline is observed
or sample Sn/SnSb. On the other hand, Sb/SnSb shows fast
apacity degradation even at the initial stage, suggesting that
b component may cause more irreversible capacity during the

ithiation and delithiation process.
Because the lithiation and delithiation potentials are differ-

nt for Sn and Sb components, the volume change of Sn–Sb
lectrodes will occur in a multi-step manner, as reflected in

ig. 7. Peaks A and A’ represents the lithiation and delithia-

ion process of component Sb, while peak pairs of B–B’, C–C’
nd D–D’ correspond to the potential dependent lithiation and
elithiation process of component Sn. CV plots demonstrate
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ig. 6. Cyclic performance of samples Sn/SnSb, SnSb and Sb/SnSb synthesized
t 850 ◦C for 2 h. The current density is 100 mA g−1.

hat samples Sn/SnSb and SnSb show a relatively homogeneous
olume change, which has been divided to take place at dif-
erent potentials, as demonstrated in Fig. 7(a and b). Contrary,
b-riched sample (Sb/SnSb) exhibits a high capacity at poten-

ial corresponding to the lithiation and delithiation of Sb due
o its high Sb content, as shown in Fig. 7(c), which will cause
large volume change at that potential. More volume change
ccurring suddenly at the same potential may cause the particle
racking and thus leading to a fading performance, as reflected

ig. 7. Cyclic voltammograms for Sn/SnSb (a), SnSb (b) and Sb/SnSb (c)
btained at 0.05 mV s−1 between 0.01 and 1.6 V vs. Li/Li+.
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n Fig. 6. The fast capacity fading of sample Sn/SnSb may due to
he phase transformation and the re-aggregation of Sn particles
uring cycling process [21,22].

The potential difference between the anodic and cathodic
eaks can reflect the polarization state of the electrode. For peak
air of A–A’, the potential difference is 0.33, 0.35 and 0.40 V
or samples Sn/SnSb, SnSb and Sb/SnSb, respectively, showing
hat the polarization of electrode is increased with the increased
ontent of Sb component. This is another reason that Sb/SnSb
lectrode shows a lower specific capacity compared to Sn/SnSb
nd SnSb electrodes.

.3. Cycling potential range effect

To limit the cycling potential range of electrode may have
ffect on the cycling stability of Sn–Sb electrodes. Sample SnSb
as cycled in different potential ranges to limit the lithiation and
elithiation process of some component. The results are shown
n Fig. 8. To increase the lower limits of cycling potential range
annot improve the cycling stability of SnSb electrode, while
o decrease the upper limits to 0.8 V can control the capacity
ecline significantly, although a relatively low specific capac-
ty is remained. According to the charge and discharge curves of
nSb electrode, as illustrated in Fig. 9, increasing the lower limit
f cycling potential range to 0.3 V will sacrifice some capacity
oming from Sn component, while lowering the upper limit of
ycling potential range down to 0.8 V will lead to the impos-
ibility of Li-ion extraction from Sb component. In potential
ange 0.3–1.2 V, Sb and partial Sn components are active, while
nly Sn component is active when cycled in 0.01–0.8 V. The
ood cycling stability of SnSb electrode cycled in 0.01–0.8 V
nd the fast capacity decline feature of SnSb electrode cycled

n 0.3–1.2 V suggest that the capacity fading of SnSb electrode

ainly comes from Sb component rather than Sn component,
n other words, Sb component, compared to Sn component, has
igh irreversibility against the lithiation and delithiation process.

ig. 8. Specific capacity of sample SnSb as a function of cycle number. The
ut-off voltage is 0.3–1.2 V and 0.01–0.8 V, respectively. The current density is
00 mA g−1. The solid symbols represent the lithiation process while the hollow
ymbols represent the delithiation process.
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ig. 9. Charge/discharge profiles of SnSb sample synthesized at 850 ◦C for 2 h.

An interesting phenomenon needs to note that the irreversible
apacity (the difference between charge and discharge capacity)
s high for SnSb electrode when cycled in 0.3–1.2 V, but is very
ow when cycled in 0.01–0.8 V. The reason remains to be investi-
ated further. The initial lithiation capacity of SnSb electrode is
ery high when cycled in 0.0–0.8 V, ca. 880 mAh g−1. From sec-
nd cycle, the capacity is maintained stably at ca. 280 mAh g−1.
he relatively lower initial lithiaition potential (<0.8 V) and
igher delithiation potential (ca. 1.0 V) of Sb component will
esult in that Li-ions can not be extracted from initially lithiated
b (Li3Sb) when the upper voltage limit is set as 0.8 V. From
econd cycle, Li3Sb will play as a buffer in SnSb electrode to
ccommodate the volume change caused by Sn component dur-
ng charge and discharge process leading to a stable cycling
erformance of electrode.

. Conclusions

Micro-sized SnSb powders with different chemical composi-
ions and different particle sizes were synthesized via solid-state
eduction. The particle size has a strong impact on the initial
rreversible capacity of Sn–Sb electrode. Due to its low spe-
ific surface area, SnSb powders with large particle size has
ess possibility to contact with oxygen in atmosphere and with
lectrolyte in the cell, leading to a lower surface contamination
nd less SEI film, which is considered to be the main reason
f the initial irreversible capacity. The large particle sized SnSb
owders, however, show a relatively poor rate-capability when
ompared with small particle sized SnSb powders. The Sn/Sb
atio also plays an important role in the cycling stability of Sn–Sb
lectrodes. Compared with Sn-riched and Sb-riched Sn–Sb pow-

ers, sample with pure SnSb intermetallic phase exhibits a
ood cycling stability. More volume change of electrode due
o alloying and de-alloying of Sn–Sb with Li occurring sud-
enly at same potential is apparently unfavorable to the cycling

[

[

[

ources 174 (2007) 916–920

erformance of electrode. To limit the charge/discharge depth
f SnSb electrode can alter the specific capacity and cycling
tability of electrode. To increase the lower limits of cycling
oltage range cannot improve the cycling stability of SnSb
node, whereas to decrease the upper limits to 0.8 V can con-
rol the capacity decline significantly, although a large amount
f capacity is sacrificed. The experimental data suggest that Sb
omponent is the main cause of the capacity fading for Sn–Sb
lectrode.
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