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Abstract

Mg2Ge/Si composite electrodes were prepared by a gassdion (GD) method
and evaluated their electrochemical propertiesotias for Li rechargeable battery.
The discharge capacity of the Mge/Si composite electrodes increased in comparison
with that of MgGe GD-film electrode. Among them, the M&ge/Si composite electrode
with 30 wt% Si content exhibited good cycle stapijlivhich is 603 mAh g after 200
cycles.At this composition of composite, each Si partiskes surrounded with M@e
layer, and the Mgi5e layer appears to be easy to release the seassaged in the Si
particle at Li insertion-extraction because X8g is more ductile than Si. Thus, we
succeeded to develop the electrode which can thkendéage of both high capacity of Si

and good cyclability of Mg5e.
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1. Introduction

Si-based materials are of great interest duedio &xcellent specific capacities as
negative-electrode materials in lithium secondatdsies. Si has, however, a poor
cyclability owing to significant volume changes ihgr lithium insertion and extraction.
In order to improve its cyclability, various appebas have been suggestéy but their
results cannot be satisfied yet.

On the other hand, we have investigated@®tgas a negative electrode material, that
the electrochemical reaction of Mge is largely based on the reversible insertion and
extraction of lithium in the crystal lattice!®. We adopted a gas-deposition (GD)
method (also referred to as an aerosol depositethod) as a novel fabricating process
for electrode for the first tim&13). This process has the following advantages: (i)
Strong adhesions between the active material pgstias well as between the particles
and the electron collector can be expected. (i§ ddmposition of the film obtained is
maintained that of the raw material due to the lafcheat-induced decomposition. The
resulting MgGe GD-thick-film electrode exhibited an excelleptlability in
comparison with the electrode prepared by a coiweaitmethod**3),

We also tried to improve the poor cyclability ofefectrode by using the GD method,
but the expected result has not been achievedegatlise of too large
expansion-contraction during insertion-extractiohio

From the backgrounds, we focused on developind/idp€se/Si composite electrode.
Accordingly, the GD method was adopted to prepaeecomposite electrode and its

electrode performance was investigated.

2. Experimental



Mg2Ge powders were formed by mechanical alloyih) The size of the material
particles was 0.5-3 um. The commercially avail&lpowder (Wako pure chemical
Industries, Ltd., 99 %) was also used as a rawnmht&he size of the material particles
was 0.1-100 um. The M@e and Si powders were mixed using agate mortagruand
Ar atmosphere. The M&e:Si weight ratios were 80:20, 70:30, 50:50 and@0
respectively. The Mgse/Si composite film was deposited on a Cu-rolt(R0 um
thickness ; 99.9 %, Nilaco Co. Ltd.) substrateugein the evacuated chamber equipped
with a guide tube. An aerosol consisting of an argas (differential pressure 71Ra)
and the mixture of Mgse and Si powders was generated in the guide &mgewas
gushed from nozzlep(0.8) toward the substrate. The deposition weigig wa. 250 pg
and the thickness of the deposited film was 3-5 pum.

The morphologies of obtained films and distribusaf Si were evaluated using

Scanning Electron Microscope (SEM, JSM-5200; JE@L, 115 kV) and Energy

dispersive X-ray analysis (EDX, EDS-54033MCK; JEOH.).

Electrochemical measurements were carried outaviibaker-type three-electrode cell.
Working electrodes were consisted of &g, Si and MgGe/Si composite film formed
on Cu foils by the GD method. Both counter andrezfee electrodes were 1 mm thick
lithium metal sheets (Rare Metallic, 99.9% purelM LiClOs-dissolved propylene
carbonate (PC) (Kishida Reagents Chemicals) was asan electrolyte. The cell
performances were estimated galvanostatically atk3@nd at a current density of 0.36

A g! between 2.000 and 0.005 V.

3. Results and Discussion



Figure 1 shows the charge-discharge (Li insertixtnaetion) curves of the first cycle
for Mg2Ge and Si GD-film electrodes in order to discugsdharge-discharge reaction
for the MgGe/Si composite GD-film electrode. The dischargeacéy of MgGe
GD-film electrode was 600 mAh'gwhich is higher than that obtained by the
conventional electrode fabrication proc&Ssin contrast, the discharge capacity of Si
GD-film electrode is 2300 mAhy which is the same as the reported vafithough
the current density is large. Thus, it was confurtieat the GD-film electrodes
exhibited same or higher capacity than conventiefesdtrode.

In the discharge profile of M&e GD-film electrode, two plateaus were observed at
0.2 and 0.6 V. They are regarded to corresponledallowing reaction previously
reported?.

Mg-Ge + xLi"™ + xe=2LixMgGe (1)
As for the Si GD-film electrode, the plateau waseaed at 0.4 V, which corresponds
to be due to the following reactidf.

Si + 44L" + 4.4e2 LiadSi )

Figure 2 illustrates the cycle performance of theleetrodes. The discharge capacity
of the Si GD-film electrodes decayed significarsthyd showed ca. 320 mAhgfter
200 cycles. The significant capacity decay is adutné exfoliation of the Si active
materials. On the other hand, the capacity of tiggGé GD-film electrode maintained a
capacity of more than 260 mAh'gfter 200 cycles, exhibiting an excellent cycldpili
It was found that the Si GD-film electrode exhibiitgh initial discharge capacity but
low cyclability, whereas the M&e GD-film electrode exhibits the opposite proexti
Thus, we tried to develop the new composite andudewtakes advantage of both high
capacity of Si and good cyclability of Mge.
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Figure 3 shows the charge-discharge curves ofittstec/cle for MgGe/Si composite
GD-film electrodes with various Si composition osti The discharge capacities were
larger for the every composite GD-film electrodesrt for the MgGe GD-film
electrode. It was found that the discharge capautiyeased with Si ratio. On the
discharge profiles, three plateaus were observe®a0.4 and 0.6 V. They appear to
derive from the aforementioned reactions (1) andsi@ggesting that both MGe and
Si were acted as active materials. As for the dapeeversibility at the first cycle, no
remarkable improvement was observed in both@®&gand Si GD-film electrodes in
comparison with the conventional electrodesSince the capacity reversibility of Si
electrode, ca. 70 %, was superior to that ob®&electrode, ca. 55 %, the MBe/Si
composite electrode exhibited the value betweervibe

It has been found that the capacity reversibilit§sioGD-film can be improved by
optimizing the particle size at gas-deposition.réfare, the capacity reversibility of
composite electrode would increase if the sizenoggd Si powder will be used.

The dependence of discharge capacity on the nuailogcles for the MgGe / Si
composite electrodes is shown in Fig. 4. For thapmsites with higher Si contents,
such as 70 and 50 wt%, the significant capacityagees still observed, though the
improvement of cyclability was certainly confirmadcomparison with the Si electrode.
It could be considered that the composites in sattbs cannot take advantage of good
cyclability of MgGe. In contrast, the discharge capacity of the amig with 20 wt%

Si content was relatively low, but the capacitention became quite stable.
Consequently, the optimum Si content inJ&g/Si composite was found to be 30 wt%,
and the resulting composite electrode still mangdia discharge capacity of 600 mAh

g! even after 200 cycles.



The changes in coulomb efficiency of the 1&g, Si and MgGe/Si composite
electrodes with cycle number are illustrated in BigThe remarkable decrease in
coulomb efficiency, which is due to disintegratmiractive material layer during
charge-discharge cycling, was observed for théestr®de, whereas the M@e/Si
composite electrode exhibited an excellent stghlitcoulomb efficiency as well as the
Mg2Ge electrode. The changes in coulomb efficienapeMgGe, Si and MgGe/Si
composite electrodes with cycle number are illdsttan Fig. 5. The remarkable
decrease in coulomb efficiency, which is due tintégration of active material layer
during charge-discharge cycling, was observedheISi electrode, whereas the
Mg2Ge/Si composite electrode exhibited an excellatiikty of coulomb efficiency as
well as the MgGe electrode. The decrease in coulomb efficien@samt go on
continuously and should be halted by releasingtfieimulated internal energy. Since
the adhesion between the active material partiakesyell as between the particles and
the electron collector in GD-film electrode is stpeto that in the electrodes fabricated
by the conventional method, the exfoliation of #utive material layer from the
electron collector may be suppressed under a ndeteel. Consequently, the coulomb
efficiency appears to rise again in GD-film eled&s. Figure 6 also shows the change
in coulomb efficiency of MgGe/Si composite electrodes with B&g/Si ratio. The rate
of decrease in efficiency during initial tens otlgg was reduced by the addition of
Mg2Ge. Especially, in the M&e: Si=70:30 composite GD-film electrode, no deseea
in coulomb efficiency was observed. Although the-g layer must suppress the
disintegration of the composite electrode, therithgtion of Si particles in Mgse

layers appears to be an important factor to oliterbest performance of cyclability.



The reasons for the remarkable improvements oMipgse/Si composite GD-film
electrodes in comparison with the MBe electrode are discussed below. Figure 7
displays surface SEM images of the J@g/Si composite GD-film electrodes, while
Figure 8 shows the distribution of Si in the eledt#rs analyzed by Sidof EDX. In the
composite electrodes with 70 and 50 wt% Si cont@its 8 (d), (c)), Si particles
locally existed, so that these electrodes exhilptaat cyclability. As for the composite
electrode with 20 wt% Si content (Fig. 8 (a)), sitkkere are a few Si particles in the
electrode, a large amount of discharge capacityngésbserved in the electrode. On
the other hand, it was found that Si particles wen@ogeneously distributed in the
composite electrode with 30 wt% Si content (Figb). At this optimum composition
of Mg2Ge and Si in the composite, each Si particle waegnded with MgGe layer,
and the stress generated in the Si particle atdartion-extraction was considered to be
released by the M@e layer because MGe is more ductile than Si. Thus, we
succeeded to develop the new composite anode wdkels advantage of both high

capacity of Si and good cyclability of Mge.

4. Conclusions

Mg2Ge/Si composite electrodes were prepared by a gassdion (GD) method, and
their electrochemical properties were estimate@. rEsulting MgGe/Si composite
electrodes exhibited larger discharge capacity tharMgGe GD-film electrode. The
best anode performance among the composite elestreds obtained at a content of 30

wt % Si. Si distributed homogeneously in the contpasiectrode.
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Figure Captions
Fig. 1 Charge-discharge curves of the2Mg and Si GD-film electrodes.

(@) (— —) Mg:Ge and (b)<)Si.

Fig. 2 Cycle life performance of the Mge and Si GD-film electrodes.

(@) () Mgz2Ge and (b) &)Si.

Fig. 3 Charge-discharge curves of the2Mg/Si composite GD-film electrodes.
(@) — —)Mg2Ge:Si = 80:20, (b)) Mg2Ge:Si = 70:30, (c}f— - —) Mg=Ge:Si =

50:50 and (d) {* *)Mg2=Ge:Si = 30:70.

Fig. 4 Cycle life performance of MGe/Si composite GD-film electrodes.
(a) (A)Mg2Ge:Si = 80:20, (b)®) Mg2Ge:Si = 70:30, (c¥) Mg2Ge:Si = 50:50 and (d)

(M)Mg2Ge:Si = 30:70.

Fig. 5 Coulomb efficiency for (al.()Mg:Ge, (b) @) Si and (c) @)Mg=Ge/Si

GD-film electrodes

Fig. 6 Coulomb efficiency for (a)#4)Mg=Ge:Si = 80:20, (b)¥®) Mg=Ge:Si = 70:30,

(c)(®) Mg=Ge:Si = 50:50 and (d)Mg=Ge:Si = 30:70 composite GD-film electrodes.

Fig. 7 Surface SEM images of the MBe/Si composite GD-film electrodes before

charge-discharge cycling test.

11



(a) MgGe:Si = 80:20, (b) Mg5e:Si = 70:30, (c) Mg5e:Si = 50:50 and (d) M@e:Si =

30:70.

Fig. 8 EDX area analysis of the M&e/Si composite GD-film electrodes before
charge-discharge cycling test by SirK
(a) MgGe:Si = 80:20, (b) Mg5e:Si = 70:30, (c) Mg>e:Si = 50:50 and (d) M&e:Si

= 30:70.
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() Meyte 51=80:20 (h) Nggt e S1=70"30

19



(o) Mot Fe S1= 8020 (b) MgoGe:S1= 70:30
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Fig. 8
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