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Synopsis

We evaluated the anode properties of silicide/Si composite electrodes for lithium-ion batteries and revealed that ternary
silicide made by elemental substitution improved the electrochemical performance of the electrodes. In particular, a Cr, sV, Si,/
Si composite electrode exhibited good cycle stability. As detailed herein, we attempted mechanical grinding of the Cr, 5V, Si,/Si
composite and addition of fluoroethylene carbonate (FEC) into the electrolyte to further improve the performance of the electrode.
These attempts resulted in superior cycling performance of the electrode, as expected. The mechanical grinding should cause the
formation of an amorphous Si phase and fine dispersion of Cr, sV, ;Si,/Si in the Si phase, which suppresses the pulverization of
the Cr, sV, Si,/Si composite particle during charge-discharge. It is considered that the addition of FEC suppresses the continuous
reductive decomposition of the electrolyte, which contributes to the improvement in the cyclability.
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Fig. 1. (a) XRD patterns of Cr,sV,5Si,/Si composites with and without MG treatment and their enlarged view (b) between

32 ° and 35 ° and (c) between 57 ° and 60 °.
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Fig. 2. Raman spectra of Cry5V,5Si,/Si composite with
and without MG process.
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Fig. 3. Particle size distribution of Cr,5V,sSi,/Si composite

with and without MG.
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Table 1. Particle size of Cr,sV,sSi,/Si composite with and

without MG.
Particle size (um)
dio dso dgo
Without MG 6.6 14.0 23.6
With MG 0.6 1.9 11.2

&V (mass%)
30.00

v 24.38
) 18.75

13.13
|

Fig. 5. (a) SEM image of Cr,5V,5Si,/Si composite ribbon
without MG and the corresponding FE-EPMA
maps of (b) Si, (c) Cr, and (d) V. Scale bar: 5 um.

Fig. 4. Cross-sectional SEM images of (a and b) Cr, sV, sSi,/Si composite ribbon without MG and (c) the ribbon with MG. (a)
presents entire image and (b and c) denote enlarged view. Scale bar: 1 pm.
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Fig. 6. Initial charge-discharge curve of Cry5V,5Si,/Si
composite with and without MG electrodes in 1
mol/l LiPF; EC/DEC (EC:DEC=1:1, vol%) in the
absence of FEC.

Table 2. Initial discharge capacity and Coulombic efficiency
of the Cr, 5V, sSi,/Si composite electrodes.

Initial discharge | Initial columbic
capacity efficiency
(mAh g (Si)-) (%)
Without MG without FEC 2545 78
With MG without FEC 2186 72
Without MG with FEC 2598 78
With MG with FEC 2247 72
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Ty NEBO 7 -1 YRR IR, MG AL K it AR
D7 —10 YEICIART MG ILH % EfE L - BROZ
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TN RE D MEBERg e B O R R 2 B3 2 2 LAk &
TWwa ¥ 70 SEEHG L - EBRICBWTY, B
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SEM #i% 5 L OHIR D5 2175 72



B> Fy a4+ v

3000

CroVo5Si,/Si with MG with FEC

i Cry sV 5Si,/Si with MG
B 2500 iy,

2000
1500

1000

Disharge Capacity / mAh g (Si)!

500 Pure Si
(b) Cry5Vo 5S1,/Si with MG with FEC
CrysVo sSi,/Si with MG
100
X
-
>
o 99 o g
5 i '/I/L////////.‘////////l/l//.e- N
o ® A N1
= Ay WIS
© 98 |\° o0 G
L
2 3
s 97
=1 o
8 Pure Si
96
95

0 10 20 30 40 50 60 70 80 90 100
Cycle number

Fig. 7. (a) Cycling performance and (b) Coulombic
efficiency of Cry5V,5Si,/Si composite with and
without MG and pure Si electrodes in 1 mol/l LiPF,
EC/DEC (EC:DEC=1:1, vol%) without FEC and

with 3 vol% FEC.

Table 3. Total amount of Li* alloyed with Cr, sV, sSi./Si
composite and capacity retention of the electrodes
at the 100th cycle.

Total amount Capacity
of Li* retention

(mmol g (Si)-") (%)
With MG without FEC 0.561 79
Without MG without FEC 0.530 43
With MG with FEC 0.631 98
Without MG with FEC 0.576 51
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DWTIE, 50 cycle 72 bR T EIRIIHERF L T b b oD
(Fig. 8 (d)), EWHER THILKLCTHE L2 ZAHT
PG 22 7 5 v 7 H358EE LT 72 (Fig. 8 (2)). Si Hijd
TR & IS 5 LR T AR LTI Lo 22,
Si BB CITIEWER TN 7 v 2 35E L, KT
MEN Tz (Fig. 8 (). —77, MG LB % Fhti L 7=
L 5 um BEOR THNEBIZB VT L EHE R ENIZRS

N7 -7: (Fig.8(h)). Fig.7 T/RL72X 912, MG JL#E
REREMIIT A 7 VEIEINEVWEEMET L2, £

72, MG LB %2 Fhiti L 72D 7 — 1 » 31T 50 cycle
BIZBWTL 995 % THDHDITR L, MG ULBERFERD
EMILO8 % FEEF TR T LT Ihbid, BRE
FEOR T OEINIC X B EBHEOK TR, 7T v 7 5E
A U738 AR T C OB O 53 OB R T 5 &
ZZoNDH, MGHLAEFER L 7-EMIL, SiHOIERLE
1ER° CrysVosSi, DA 2 738012 & - T, Li W o39'g 1t
R Si DILIIFEFAE U7 R, FOR RO B3E 1] &
N, B A7 VEEN r—urahEeRLizEEZ
Y3

Table 4. Thickness of active material layer of
Cry5V,5Si,/Si composite and pure Si electrodes
before and after the 50th cycle (delithiation
state) cycled in 1 mol/l LiPF; EC/DEC
(EC:DEC=1:1, vol%) without FEC.

Thickness of active material layer (um)

Cry5Vo5S1/Si| Cry 5V, sSi,/Si
without MG |  with MG

22+3 22+2
40+2 22+2

Pure Si

21+3
60+5

Before charging
After 50th cycle
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Cry.5V.5Si,/Si
without MG

Before
charging

After 50th
cycle

Cro Vo sSiy/Si
with MG

Pure Si

Fig. 8. Cross-sectional SEM images of various electrodes (a-c) before and (d-i) after the 50th cycle (delithiation state)
cycled in 1 mol/l LiPF; EC/DEC (EC:DEC=1:1, vol%) without FEC. Parts (a, d, and g) and (b, e, and h) denote
the images of Cr, 5V, sSi,/Si composite electrode without MG and with MG, respectively. Parts (c, f, and i) present

the images of pure Si electrode. The g, h, and i are high magnification images of d, e, and f, respectively. The

scale bar denotes 10 mm (a-f) and 1 mm (g-i).

3. 4 A UNEBREODEELICHEE IO
BEOESHLUVRIPI R

FEC #NINFEME H Tl MG LI L 50 cycle LD 75
BETIER SN D -7 (Fig. 7 @). 50 cycle LB T FEC
DFEN LYY A 7 VEEWISEDS RS L JH K % 4
T 5720, A7 VREBBEOBMOBEDE S <2555
% %M L7z, Fig. 9 & 50 cycle #2 # O BARZE X 0D
F =T 2 AR E IR Y. REMD S OHTR S HEL &

IZONTSiEMINL, —EDESI DL L Si 80K E
fbL7z SimdgEfb L7zsidida s KTy MHRTDH
5728, WREDS Si mALER S F TOHPHPE
ThbEZEZHND., FECHINNEMRR L HH LI5S
IHIEDIEAIEHY 110 nm FEE T 5 DI LT, FEC iRk
TR IR D JE A 2549 60 nm T d» ) HEIE O B E A PIH] <
nTwiz B, FNEFNOY Y T IVTINEHT O —
TR ER LA, F—H Y TN BT SRR
ADFEIFATSmBETHY, KERITHOXIFIRS
Neholz. £72, FEC OFHIZ L O FTHEIRS 12T L,
C, O, SiZLFIEL T CLOIFE ﬁzﬂ&@(aﬁ%aﬂ
KTHDLEEZEZLNLTZD, CrysV,sSi/Si frT-3R1H 12
S AT B FE MR DB o3 5 R L h?&t%A
W (DFoas)r—1h) 2ERLTWD EHfERSNG.

Atomic concentration / at%

Atomic concentration / at%

Fig. 9.

100

! | —0
90 | (a) Film Electrode C
80 | (0]
— I —_— F
70 Si
60 | e
50 !
40
30 A
. S m/\ﬁ/
2 AWM A
10
0
0 50 100 150 200
Detection depth / nm
100 ' i T
90 | (b)  Film Electrode C
80 L | _ 0
< | > F
70 Si
60 —P
50 L
40
30 \
20 “ ‘WAN—__
10 \j/'\v
0
0 50 100 150 200

Detection depth / nm
Results of AES of the Cry5V,5Si,/Si composite
electrode with MG after the 50th cycle in 1 mol/
| LiPF; EC/DEC (EC:DEC=1:1, vol%) (a) without
FEC, (b) with 3 vol% FEC.



B 50> 57 54 v ZREBEBH 3 50 Cr,V Siy/Si 2 ¥RV v b OEBEEEOm L 11

ICP 53 #T DA A, 50 cycle e OB HFIZEH T 5 Li
&, Si®mlL FEC D A% 2> 72 (Fig. 10). FEC
WIMERRE T IZBW T, A 2 VEREBAIIIZ FEC 78
R L TR RS 5729, 50 cycle DFE S Cld FEC
HROB RS {, Li, SiEPE L hoTnb L%
ZHND. A, TS N HEIR O & 13 FEC N
DFHEBLIZH DS T, BERIC FEC BIRSMEEO )
7550 cycle EDOPIEDIEHIZIE { 7 > T/ (Fig. 9)
FEC #ER MBI I2 BT 50 525 100 cycle 1272) T
DL BLUSI OWMLBIZZENEFNIBIVSHETH
D, WS A 7 VB E L R VEELTWAZ
bhrolz. I, FECINMEMEO%E, Limid 1512
HMLAZb00 Si=mIdZL L TEL THEORES I
fill STz,

F 72, HhH SN O NMR 4T 5% Table 5 12
7. FEC MERINE MR 12 BT 50 cycle 4 & g
L T 100 cycle #2134 H &A1 L 72. X-OCH,HC,0-Y
I3 EC, -OCH,CH; i3 DEC D5 RAEBY TH L EEZ D
N5, Z0O7z8, 50 cycle 5 100 cycle (2221 T B
DVEEER S DB FEF AT L 72 2 LSRR SNz, — T,
FEC IRINBAREOHA T A 7 ViERkERk b & HEO#
MRS NS, YA 7 VBRI X 2 BRI O 55 5 73]
fleiTwiz, F72, EERINEE & R L < LiF 29KIREIC
WINLCWwaZ s, T TOHE L FEBEIC, FEC
DR L LIF % & SIS CrosV, 5Siy/Si AL T2 12 TR
ENTWBEEZ2 5N 2 FEC MIRINE R
T B O I SO AHEST L T B 2SR S 1
TeZ LG, TR O 53 B 28 TS R T 2T L Rk
BRI ICHERE L, S EERTOWIRIEADIE L 72 o 72 LHE
Wb, ZofFR EBREFLOBEML L > 77—
BRI ) BRICES T2 SiBORIPEL, FEN
BTFLAEEZLNS. UEOHERENS, FEC ORI
W&o TIEWERE ISR SN LB HIM L, BT
DRI T 5 Z LRSS % A4 7 IVEEED
WHEICHETH D Z DR SN

100
90
80
70
60
50
40
30
20
10

(a)

Without FEC
m With FEC

Amount of Li / nmol cm3

After 50 cycles  After 100 cycles

(b)

Without FEC
u With FEC

Amount of Si / nmol cm-3
O =~ N W »h 01 O N 0 ©

After 50 cycles After 100 cycles
Fig. 10. Amount of Li (a) and Si (b) included on surface
film of the Cr,5V,5Si,/Si composite electrode with
MG after the 50th and the 100th cycles in 1 mol/l
LiPF; EC/DEC (EC:DEC=1:1, vol%) without FEC
and with 3 vol% FEC. The amount was analyzed
by ICP.

4. #& B

Cry5Vo5Sin/Si O BAMAFE & FFAl L 7245 5%, MG 3L
Lo THA 7 VvEEPSEE L. 2, MG LIS
Lo TSiHPIERLL 7-4EE, Li OWE»sE—1bL,
Li Y v FHORHT 2R 5H0H S, Si Ao giE)s
PRI SN2 &k, CrosVesSi, U A FHAS ST A IZI

Table 5. NMR results of surface film on the Cr,5V,5Si,/Si composite electrode with MG after the 50th and the 100th
cycle in 1 mol/l LiPF6 EC/DEC (EC:DEC=1:1, vol%) without FEC and with 3 vol% FEC.

H (nmol cm™) LiF
X—OCH,HC,0-Y| —OCH,- |-OCH,CH,| HCOO™ | CH,COO~ | TotalH |(nmolcm™)
s50th | Without FEC 9.02 0.13 4.4 0.11 0.95 22 0.25
cycle | with FEC 4.4 0.01 1.32 0.31 0.66 11 2.04
100th | Without FEC 28.6 0.2 12.98 0.44 0.58 55 0.3
cycle | with FEC 242 0.15 0.84 0.29 0.31 7.92 2.21
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MBS 272002 St S DI, EEER Li
TEEOwEE Vo2V )AL Fa v RY Y MLoghR
PEONIZI LB LEEZONSL. MAT, &
R~ FEC 2T 5 2 &2 & o TE 512 CrysV,sSi,/Si
BROY A 7 VEEMEDYE SN2 FECIHMIZ &L -
THA 7 VERERTE O B O 51 UG 255 S v
BY, BEEABIR L VY 7 — FORESHIH S
TWBZEHPREBENT.
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