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Abstract

A Si—Zn—C composite material is prepared by mechanical ball-milling and investigated as an anode material for lithium-ion batteries. Electro-
chemical tests show that the first charge and discharge capacities are approximately 852 and 607 mAh g~!, respectively, and that 91% of the initial
discharge capacity of 607 mAh g~! can be maintained for up to 40 cycles. This improved cycling performance is attributed to the use of the third
element Zn. Li,ZnSi is partially formed at the interface between Si and Zn and graphite to provide superior cycling performance compared with

that of the binary system.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The development of electronic devices has led to increas-
ing demands for batteries with high specific energy. In this
regard, considerable effort has been made to use Al, Si and
Sn based systems as alternative anodes for lithium-ion batter-
ies. In particular, the use of silicon alloys has attracted much
attention, because of their high theoretical specific capacity, e.g.,
3580 mAh g’1 in the case of Lij5Sis. Their commercial usage
has been hindered, however, on account of their low electrical
conductivity and the capacity fading caused by the large vol-
ume change (323%) during the charge—discharge reaction [1,2].
In order to solve these problems, many Si composite materi-
als have been developed [3—12]. Among these, carbon-coated
Si composite materials composed of active and inactive phases
have been found [5-8] to exhibit a high capacity and improved
cycleability, due to buffering of the mechanical stress generated
during cycling and also enhanced electrical connection with the
current-collector induced by the conducting inactive phase and
coated carbon. Nevertheless, although the use of inactive phases
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increases the electrical contact and minimizes the mechanical
stress, it also causes a loss of specific energy.

Recently, studies [13,14] of several Si—-M binary systems (M:
Sn, Ag, Zn) prepared by sputtering showed that all of the com-
ponents react with lithium without any loss of specific energy.
Also, these amorphous samples had high specific capacities and
low irreversible capacities.

The approach in this study is to enhance the capability of Si
for reversible lithium storage through a synergistic effect of Zn
and graphite. A Si—Zn—C composite material is prepared by the
mechanical ball-milling of Si, Zn and Mesocarbon microbeads
(MCMB). The electrochemical characteristics of this composite
material when used as an anode material for lithium secondary
batteries are investigated by various analytical techniques.

2. Experimental

A Si—Zn—C composite was prepared by the following proce-
dure. Commercial powders of Si (>99%, 2 um, Kojundo) and
Zn (>99%, 7 pm, Kojundo) with a mass ratio of 1:1 were mixed
by mechanical ball-milling at a rotation speed of 500 rpm. Pre-
liminary tests showed that the optimum milling time required to
obtain a homogenous dispersion of Zn and an improved contact
between Si and Zn was 10h. MCMB (10-28, Osaka gas Co.)
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Fig. 1. X-ray diffraction patterns of powders synthesized by mechanical ball-
milling.

was added to the mixed powders at a mass ratio of 2:1 and milled
in an Ar-filled hardened steel vial at a rotation speed of 500 rpm
for 1 h. The ball-to-powder ratio was 20:1. The final product was
ground and particles with a mesh size of less than 200 were used.
For comparison, Si and MCMB, as well as Zn and MCMB, with
mass ratios of 1:2 were prepared by the same method. Each sam-
ple was characterized by X-ray diffraction (XRD; MacScience
M18XHF-SRA). The morphology, microstructure and compo-
sition of the synthesized powders were examined by scanning
electron microscopy (SEM) in conjunction with electron probe
X-ray microanalysis (JEOL JXA-8900R).

The test electrodes consisted of the active powder material
(70 wt.%), carbon black (15 wt.%) as a conducting agent and
polyvinylidene fluoride (PVdF) dissolved in N-methyl pyrro-
lidinone (NMP) as a binder. Each component was well-mixed
to form a slurry, which was coated on a foil copper foil and then
subjected to pressing and drying at 120 °C for 4 h under vac-
uum. A coin-type electrochemical cell was used with lithium
foil as a counter electrode and 1 M LiPFg in ethylene carbon-
ate (EC)/diethylene carbonate (DEC) (1:1, v/v, Cheil Industries
Inc.) as an electrolyte. The cell was assembled and all of the
electrochemical tests were carried out in an Ar-filled glove-box.
The charge—discharge experiments were performed galvanos-
tatically within the voltage range of 0.05-1.5V (versus Li/Li").
The lower voltage limit was used to improve the cycling perfor-
mance in the fully amorphous Si phase range [1] and to avoid
the formation of metallic Li which might give rise to a safety
hazard.

3. Results and discussion

The XRD patterns of the composite materials synthesized by
mechanical ball-milling are shown in Fig. 1. All of the diffraction
peaks are indexed to Si, Zn and graphite in good agreement with
JCPDS data [15-17]. The decrease in the intensity of the peaks
for Si and Zn in the case of the Si—Zn—C composite is a result
of the two-step mechanical ball-milling process.

A scanning election micrograph of the agglomerates embed-
ded in an epoxy resin and the corresponding electron probe X-ray
microanalyses (EPMA) of the cross-sections of the Si—Zn-C
composite material are shown in Fig. 2. The size of the agglom-
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Fig. 2. Scanning electron micrograph and corresponding EPMA mapping of Si—Zn—C composite powder of agglomerates.
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Fig. 3. Voltage profiles of Si—C, Zn—C and Si—Zn—C composites for first cycle.

erates is about 10-30 wm. As shown in the EPMA images, the
Zn and Si particles appear together at nearby locations and are
surrounded by graphite on the outside. This encapsulation would
provide good electrical contact with the current-collector, as well
as having a buffering effect on volume expansion—contraction
during cycling.

The voltage profiles of the first charge—discharge curves of
the Zn—C, Si—C and Si—Zn—C composite electrodes are given in
Fig. 3 and were obtained at a constant current of 100 mA g~!
over the voltage range of 0.05-1.5V (versus Li/Li*). During
the first cycle, charge (Li insertion), the electrolyte decomposes
at approximately 0.75V to form a solid electrolyte interface
(SEI) [18] at the surface of the respective composite material.
The first charge and discharge capacities of the Si—C composite
are approximately 1118 and 903 mAh g~!, respectively, which
shows an initial cycling efficiency of 81%. The alloying reac-
tion with lithium is observed as a flat plateau region below
0.1 V. The SEI and disordered graphite formed during milling
are the main causes of the irreversible capacity of this com-
posite. Compared with the Si—C composite electrode, the first
charge and discharge capacities of the Zn—C composite are much
lower, namely, 417 and 199 mAh g~!, respectively, with an ini-
tial cycling efficiency of only 48%. Zinc has a relatively low
theoretical specific capacity of 410mAhg~! for LiZn and its
large irreversible capacity is mainly associated with the irre-
versible reaction between LiZn and the intermediate LipZns
phase [19]. The irreversible capacity of the Si—Zn—C compos-
ite electrode is related to the properties of the Si—C and Zn-C
composite electrodes, as discussed above, and the first charge
and discharge capacities of the Si—Zn—C composite are 852 and
607 mAh g~!, respectively, with an initial cycling efficiency of
71%.

The ex situ X-ray diffraction patterns of the Si—-Zn—-C com-
posite electrodes are presented in Fig. 4. During the first charge,
the Si peaks disappear because the crystalline Si phase changes
into an amorphous counterpart by alloying with lithium [1,2,7].
Also, both binary LiZn and ternary Li,ZnSi phases are observed,
as shown by XRD data in Fig. 4. Lithium intercalation/de-
intercalation into MCMB can also be identified through the
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Fig. 4. Ex situ XRD data of Si—Zn—C composite electrode for first and second
cycles.

low-angle shift, as shown in the inset of Fig. 4. The Li»ZnSi
ternary phase forms in the interface between Si and Zn dur-
ing charging (Li insertion). Li»ZnSi is a member of the My AX
phases (where M is an early transition metal, A is an A group
element and X is C or N). The MyAX phases are generally
good thermal and electrical conductors and exhibit a high elas-
tic modulus, but they are readily machineable and relatively soft
[13]. The Li»ZnSi phase has a layered structure with Si and Zn
forming layers between which the Li ions are located (P3m1).
Thus, the material allows lithium to move easily in and out of the
structure [13,14,20]. After the first discharge, the Si and Li;ZnSi
phases disappeared, but the Zn and graphite phases reappear. The
reactions of the Zn, Li»ZnSi and graphite with Li during the sec-
ond charge—discharge are similar to those observed during the
first cycle.

A comparison of the cycle performances of the Zn—C, Si—C
and Si—Zn—C composite electrodes is shown in Fig. 5 as a func-
tion of the cycle number. All of the electrodes were tested within
a voltage window of 0.05-1.5V (versus Li/Li*) at a constant
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Fig. 5. Cycle performance of Si—C, Zn—C and Si—Zn—C composite electrode.
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current of 100mA g~!, as mentioned previously. The Zn—C

composite electrode shows stable capacity retention, due to its
relatively small volume change of 70%, except for the large irre-
versible capacity during the first cycle. On the other hand, the
Si—C composite electrode reveals continuous capacity fading,
even though graphite is used to improve the electrical contact and
alleviate the large volume change for Si (323%) during cycling.
A relatively high reversible capacity and improved cycle perfor-
mance can be observed for the Si-Zn—C composite, and 91% of
its initial capacity of 607 mAh g~ is retained after 40 cycles.
This enhancement of capacity retention of Si—Zn—C composite
electrode is probably due to the synergistic effect obtained by
employing the third element, Zn, to form Li»ZnSi in the interface
between Si and Zn during charging.

4. Conclusions

A Si-Zn—C composite material was prepared by mechani-
cal ball-milling. The Zn particles were uniformly blended with
the Si particles and encircled by the graphite. Examination of
the cycle-life performance of this composite material reveals
that 91% of the initial discharge capacity of 607 mAhg~! can
be maintained for up to 40 cycles. The superior cycling perfor-
mance of the composite electrode is attributed to buffering of
the mechanical stress generated during cycling and to improved
electrical connection with the current-collector afforded by the
synergistic effect between Li»ZnSi, Zn and graphite.
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