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GeSiix alloy electrode is useful to cover shortcomings
of Si negative electrode for lithium-ion batterid® improve
the electrochemical performance of xSiex negative
electrode much further, film-forming additive andntposite
with LaSk were applied. GaSios electrode exhibited better
cyclability with discharge capacity of 1240 mA i gt 400th
cycle in the additive-containing electrolyte. Theycle
performance of GaSiodLaSk composite electrode was also
superior to that of GaSio.s electrode.

Silicon (Si) is an attractive candidate as a negati
electrode material for lithium-ion batteries (LIBlsgcause it
has high theoretical capacity of 3580 mA H (i15Sis)
compared to that of graphite (372 mA fi)gwhich is used
currently! Si is also an abundant resource and relatively
inexpensive. However, a tremendous pulverization Sof
occurs as a result of large change in volume afuging the
alloying (charge) and dealloying (discharge) remagiwith Li,
which leads to an initial capacity fading. Thesaitations
hinder the practical application of Si active miatelas a
negative electrode for LIBs. We have previouslyorégd that
the electrochemical performance of composite eldetr
consisted of elemental Si and silicide such as/85and Fe-
Si/Si is superior to that of a Si electrodeln particular,
LaSk/Si composite electrode has exhibited remarkably
improved electrochemical performance. The silicxdght to
release the stress generated by the large volunastainge in
Si during charge-discharge cycle, which results the
improvement of the performance. In addition, it Hseen
reported that film-forming additives, such as veng
carbonate (VC) and fluoroethylene carbonate (FE€)p to
improve the electrochemical performance of a Sitedele®>”

Germanium (Ge) has high theoretical capacity 0f4138
mA h g! (LiisGey) as with Si and both Ge and Si belong to a
same group XIV. The electrochemical performance dbe
electrode is superior to that of Si due to the Hjgec
characteristics of Ge; isotropic lithiuation, fdstdiffusion,
low electrical resistivity, and so dnGeSiix alloy electrodes
were also prepared and their electrochemical pedaoce was
investigated with various ratio of It has been reported that
all GaSiix electrodes show an improved capacity retention
compared to Si electrode, and that the cyclabiditynproved
with an increase inx°® A Ge.Sioo electrode especially
exhibits the best compromise from a viewpoint of
performance/price with reversible capacity of cd@0d mA h
gt at 100 cycles.

To improve the electrochemical performance ofSie
electrode much further, in the present study, wengited to
prepare the composite electrode consisted of: & and
LaSk. In addition, the effect of VC on the cyclabilityf
G&.1Sio.o electrode was investigated.

Ge&.iSie and LaSi powders were synthesized by a
mechanical alloying (MA) methotl. The stoichiometric
mixture of elemental Ge and Si powders foro .o or of
elemental La chip and Si powder for LaSvas put in a
zirconia container together with balls. The weigdtio of the
balls to the sample was about 15:1. The vessel wsed
sealed to keep an atmosphere of dry Ar gas. The fMA
GeiSiho and LaSi was performed using a high-energy
planetary ball mill (P-5, Fritsch) for 10 and 8 fittwa rotary
speed of 380 and 300 rpm, respectively. The cortgaxi
GeiSidLaSk (50:50 wt.%) was prepared by mechanical
milling for 2 h with a rotary speed of 150 rpm diod another
1 h with a rotary speed of 250 rpm.

The working electrode was fabricated by a gas
deposition (GD) metho@iThe GD thick-film was prepared on
a current collector of Cu foil substrate with 20n in
thickness. The weight and thickness of the deposiietive
material on the substrate were estimated to be £2ug and
ca. 2um, respectively. A galvanostatic charge-discharge test
was carried out with a 2032-type coin cell and an
electrochemical measurement system (HJ-1001SM8Autdok
Denko Co., Ltd. or BS2506 KEISOKUKI) in the potetti
range between 0.005 and 2.000 V vs/liiat 303 K under
constant current density of C. 1 C for Ge.Sibs and
Gen.iSiodLaSk (50:50 wt. %) was calculated to be 3360 and
1680 mA h ¢, respectively, based on the theoretical value of
3580 mA h ¢ for LiisSis and 1384 mA h ¢ for LiisSis.5*°
The capacity of LaSiis vanishingly smalft.Both the counter
and reference electrodes consisted of Li metaltsh@eare
Metallic, 99.9% thickness; 1mm). The electrolytduton
used was 1 M lithium bis(trifluoromethanesulfonyfide
(LITFSA) in propylene carbonate (PC, Kishida cheahiCo.,
Ltd.) with or without 5 vol. % VC. Backscatteredeetiron
(BSE) image of GeiSibdlLaSk (50:50 wt.%) powder was
observed using field-emission scanning electronreszmopy
(JSM-6701F, JEOL Co., Ltd.). The beam acceleratmtage
and working distance were set at 20 kV and 8 mm,
respectively.

To confirm the solid solution formation of &Sio.g,
XRD measurement was performelligure 1 shows XRD
patterns of G&iix (X = 0.1, 0.5, and 0.8) powders. Peaks
which assigned to Si (111), Si (220), and Si (3WBre
observed irFigure 1A As shown inFigure 1B XRD peak of
Si (311) shifted toward a lower angle with an irRse inx,
which indicates an increase in the lattice spawiith x. It is
considered that some of the Si atoms can be raplageGe
atoms and that G&Sio.o can be a substitutional solid solution
because the atomic radius of Ge (0.122 nm) is g that
of Si (0.111 nm), but still within 15%.
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Figure 1 (A) XRD patterns of G®i1x alloy powders and
(B) magnified view of part A between 52 and®°5&u

powder was used as an internal standard.
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Figure 2 First charge-discharge curves ofo.Sés and
Ge&.1SiodLaSk (50:50 wt.%) thick-film electrodes in 1 M
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Figure 3 Cycle performance of &8s and

Ga.1SiodLaSk in 1M TiTFSA/PC with or without 5 Vol.%
VC at 1C rate.

Figure 2 shows the first charge-discharge curves of
G&.1Sio.e and GeiSio.dLaSk (50/50 wt.%) electrodes in 1 M
LITFSA/PC with and without 5 vol.% VC, respectivelin
every case, potential plateaus were observed ar@10.4 V
vs. Li*/Li on charge and discharge curves, respectivehychv
are attributed to the alloying and dealloying remang of Si
with Li. GeniSioe electrode showed almost the same first
capacity in spite of the presence or absence of Vi
Coulombic efficiency was 70 and 67% in the elegtith
and without VC, respectively; the efficiency wasablmost
the same. First capacity of &8ihdlLaSk composite
electrode in VC-containing electrolyte was almbst $ame as
that in VC-free electrolyte. While the first capsciof
Ge.iSi.dLaSk electrode was about half of that of Z®io.o
electrode, the capacity would be almost the samhatsof
Ge&.1Sio.o electrode when it is converted to capacity peranas
of Ge.Sioe since the capacity of LaStan be ignored. In
addition, the Coulombic efficiency of GfSiodLaSk
electrode was 75% in spite of the presence or abesehVC,
which was higher than that of €&Si.o electrode. The
improved Coulombic efficiency should be attributed the
presumption that Lagireleases the stress generated by the
large volumetric change occurring in 38io.s particle and the
pulverization of GeiSi.o is suppressed, and that reductive
decomposition of the electrolyte does not occuthennewly
formed surface.

Figure 3shows the cycle performance @& 1Sio¢ and
Ge&.iSiodLaSk (50:50 wt.%) electrodes in 1 M LiTFSA/PC
with and without 5 vol.% VC. While the initial disarge
capacity of G&1Sipe electrode rapidly faded in 1 M
LITFSA/PC, it was significantly suppressed in VQataining
electrolyte; the discharge capacity was 1240 mA atgd00th
cycle with VC. The capacity retention &fe 1Sio.o electrode
was 52 and 2 % at 400th cycle in 1 M LITFSA/PC watid
without VC, respectively. At 800th cycle, in addiii the
discharge capacity was 700 mA fi, gvhich was about twice
as much as that of currently used graphite negaiietrode.
These results indicate that a VC-derived stabléasarfilm
forms on the surface @& 1Sio g electrode in VC-containing



Figure Backscattered electron image§ 0f.1SedLaSk
powder. Magnification is (a) 1000 X and (b) 5000 X.

electrolyte, which the effectiveness of VC-derivedrface
film was confirmed on graphite and Si electrodés:*?

Ga.iSih.dLaSk composite electrode also exhibited
better cycle performance in VC-free electrolyte usoh
compared to GeSis electrode. Discharge capacity and
capacity retention of the composite electrode V832 mA h
g! and 32% at 400th cycle, respectively. The reasan f
improved cyclability of GeiSiodLaSk electrode should be
attributed to the electrical and mechanical praopenf LaSi.
The electrical resistivity of pressed §G8ioo powder was
estimated to be 13Q cm, while LaSi showed the resistivity
of 2.2Q cm; LaSk has better electrical conductivity compared
to Ge.iSie? In addition, LaSi should work as a matrix,
which reduces the stress induced by the volumelrange in
Gea.iSibe. In  addition, the cycle performance of
Ge.iSihdLaSk in VC-containing electrolyte solution was
superior to that in VC-free electrolyte solutiohgtdischarge
capacity and the capacity retention were 543 mA'hagd
51% at 400th cycle, respectively. The dischargeaciap was
1086 mA h g(SisGer)* which is even equal to that of
Ge.1Sioo electrode in VC-containing electrolyte solution.

To confirm the mixing state of G&Sios and LaSj,
BSE image was observed, as showikigure 4 It is obvious
that LaSt and GeiSio.o mixed in micrometer order because
BSE image reflects electron density of sample;tlagyhd dark
spots in Figure 4 correspond to La%i and Ge:iSio.s,
respectively. It is considered that these mixingtestof
Ge&.iSie and LaSi in micrometer order contribute to the

improvement in the electrochemical performance efiSio.o
electrode.

In summary, the cycle performance of o@®&o.s
electrode was improved in VC-containing electrolgte to a
stable surface film formed on the surface ofo(S®.9
electrode. In addition, the GfSibdLaSk (50:50 wt.%)
composite electrode exhibited better cyclabilitgdnese LaSi
which was mixed with GaSios in micrometer order should
release the stress generated by large volumetaogeh in
Ge.1Sio.o during charge-discharge cycle. It is proved that t
film-forming additive of VC and composite electroséth
LaSk, which are useful for the improvement in the
electrochemical performance of Si negative eleeratbne,
improve the cyclability of GeSio.s electrode.

This work was partially supported by the Japan &gci
for the Promotion of Science (JSPS) KAKENHI, Grant
Number 24350094 and 25620195.
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