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In-depth understanding of the silicon lithiation process for next-generation
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We thoroughly investigated the mechanism of performance improvement or
degradation of Si-based negative electrodes by various analytical methods. In the P-doped Si
electrode, which showed good performance, the Li concentration distribution in the Si layer was
homogeneous, whereas the Li-Si alloy phase with a large expansion rate was heterogeneously
distributed in the Si-alone electrode that deteriorated early. Heterogeneous distribution of the
phase caused a local accumulation of high strain and a drastic increment in the thickness of the Si
layer, which led to capacity decay. The above results were obtained based on a Si-specific analysis
method originally developed in this study. Additionally, the reaction behavior of the silicide
electrode and silicide/Si composite electrode was clarified, and based on the obtained knowledge,
materials were successfully fabricated to obtain good performance.
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Tig. 1. (a) Cycle life of Si-alone electrodes
in organic- and ionic-liquid electrolytes
with a capacity limit of 1000 mA h g~ and
(b) cycle dependency of lithiated Si layer
thickness and the amount of Li-rich
phase.
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Tig. 2. (a) Cross-sectional SEM image the lithiated Si-alone electrode at the 100th cycle in an
organic-liquid electrolyte, (b) SXE spectra at the Si-Le, 3 regions and (c) correlation between peak
intensity ratio (A’/A) or Si expansion rate and xin Li,Si. Roman numerals I-VII in part (b) agree
with the numbering in arbitrary measurement points in part (a). It is worth nothing that the peak
intensity in part (a) was normalized to one at approximately 92 eV.

SXES DA RAZHD & Li RN DN Y A 7 NV HmIZ B LT TREL KDL D
(ZEg LTz (Fig. 3). SEEAMNZ W TEMR D R ITTHIE S VAR EICHIER B SIS,
ﬁ*%%ﬁaﬁﬁwﬁﬂ?f TR S ISR — 2R S LD 728D, TEWEE~D Li Wl I3 %
HEFLOARWE T DAESEAYICHEST UEBAFRIA T Li-rich AHVER S LD . 72, SiKikIC
7Ty I BEL D EHIETED TV R W AR ABN, 2 f&ithiﬁﬁ’ﬂ?ﬁb\%&ﬂ%ﬁ%ﬁk

SNDTOHOTMTH->TH Lirich RSz EFZ 2605, S b, EEEMT
I% Li-poor AL S 4072 0 REJED Si 3> T\ 3250T, SiJEANO Li BESA
INAREJE IR b DI o7 LHERR SN D . ZORER, BRENORFTICOT RSB ST
DFEMANE N Z 0 LLRAYE WY A 7 VTR ENBER L T LE o7 Lfim L7z, )7, 44
RAR TR T I

< THIBE L ISR

IND. ZHIZEVE organic-liquid electrolyte ;o phase{Si'utilizatic‘Jn rate:lSO% -
Fﬁi‘\%ﬁ ﬁgz))% Ll ﬁ) surfassiilm i : thickness increasing rate: 1.2 times

'&}EE é j”b Si E lj\] (I% 1e(§:§r§|a:§:1v§frls)i ionic-liquid electrolyte h\iici)ré?ert\]t;zon
JEfcﬁ < L ﬁ‘??% bz surface film L 21 P
S -~ Si layer (several nm) ! high
@ b} ﬁﬁ&%}iﬁ;k é: Tt) (ca. 25 um) : | .
IRVFEAET BIE 18R (2'5;5;)1 A8
PRI % = & 724

BRI 2 b
=9, \E=YA 7 Fig. 3. Schematic illustration of Li—Si phase distribution in organic-
FEmNnEoni- &k liquid and ionic-liquid electrolytes.

L7z,

(2) 4’ j_\/{'ﬁz'fzig'fﬁﬁéf‘{'ﬁij \j-é Lll 081 EE’*EO) Ll 'ﬂ}& j]‘&ll:lj i lonic-liquid electrolyte

4%‘: I‘% 151 (Coulomb\cyﬁmency: 35%)
SAETIC SIEMOE Y =1 A% CEZWET LD | | ol

Li % TOBMAICIEIN LT Si, 77205 Li-Si 84 b 5% o

RO Li Wk — HC R 2 R O A B BRI ISR W CRIMIE L > %]

T& 7z, WIS L7: L & S1ICERfF Sk cESRIE ¢ I

I L 2R — i S S &, LiveSi BB FRICENT-H]
) CE BL O A 7 VEmER LTz (J. Electrochemical Soc., 150
2017, 164, A1651). AAFIETIX, ZOEMD X572 HMERER L
ZHELTHDLMEDA A L IRIRERRR 2w H S 7.

Fig. 4 13572 2 EME IS 5 Si B LU LiveSi BHRO ) oor
AR . SRR ST s — oL ==
VIR LIRS R o TS, ARSERIE T3 T LinoSi & Capacity / mAh g
IEEWW CE #or LTc. iy, A A U RIRERRP CIETAICK Fig. 4. First charge/discharge
L CHEBERET LY LI CE LMESN T, 77, curves of (a) Si-alone and (b)
LiroSi BT Li 227 HMEREL (OCP)|E Si HEkm LS elect.rode.s .With a
£ bR RDETTH BN, A A iRAEMIRTO OCP 13 charse capacity limit of 1000
Si BUREHE L AR T, LWL #~B72» 0CcP o MARET

lonic-liquid electrolyte
(Coulombic efficiency: 46%)

Organic-liquid electrolyte
(Coulombic efficiency: 74%) |

NN




PR b ZJE L& 25, AMEMRIKET T 0.75

V T—ETh > =Dk LTA A iR EMRE D Tl asi oS

WERA: 2 FERILLPIC 1.8 V 12 OCP #3 L5 LU e, VAN

Z DFERIEA A AR EME I T LinoSi &R > lonic-liquid electrolyte
O LiBRITHETWAZ & R L TV A, Fig 5134 E. Organicliquid electrolyte
BRI 12 BEREIER O LinSi BD T~ A é MR sas R —
MVEIRT ?%L%ﬁﬁisot(ﬁﬁ BT St ko T _—/

v —7 j:uujfﬁ, l/faf?))’) 7Y:_ ;(_T L/T /fZL/{fﬁfZlKa%ﬁﬁHﬁz -&::;;—— AR I Si
HCITHRRRE 72 Si kO B — 7 MR S . & 450 B0 550

7, FEREOEME X ﬁ@mm Ui & 2 A4 A iffk reamanshitfem
EAERHIRIBE S G AIC DA LineSi IZZ CTHIR  Fig. 5. Raman spectra of the LiioSi

D Si Hkpr—7 Vlou”jiﬁ L7z, Lo, Eitofit  electrode after immersion in the
BNZUCTHDZENHSMERo7-. 72, SXES o electrolyte for 12 h.

FERND LinoSi B O 16% D Li BBEEL T\ D Z Edbnodz. S5IC, BilEL 7 Li o7
F @R HEAES T T AviEB L O 3L X =5 ik EDSIC LRz E 2 A, Li
ITEMRIZEH L T2 O Tt e < REFIEORICHE SN TWA Z ERH LN E 5T,

A F RIS BREE T3 5 LinoSi Bk S 0 Li B2 2 5 7212, #WERRAINFI T &
L= —ARxr— bk (VOZA A REEMRIRICEIN LTz, ZOREE, H @by Li OfiEE
BHENEZ 572072, _zh TEA DR LinoSi BBk ET VC HRIENER S, i
Li BEZ T <SED L I ZENZ R Lizi=d Lt E2 N5, £/, VCOb o4 o
Lo —Rx—h (FEC)%{/'&?JD L7ce 24, LiBBEQMENCHERE S . Thb b ofE
i‘iﬁa:ct 0 WABERS IE O RN e B Z L 3o 7c. Fig.

1500

6 IL57e 5@%@%&%:@& % LivoSi WOV A 7 VFF - T

& RT. 2 CHEBPICISIN L7 Li 2 Si oF% L7k g _ lo_mc'hqwd Slectrolylg+VG
EC Li A B A 1000 mA b g1 (B0 L CRBR 21 £ 1000 e p———
ST, PERDOFHEEMNE T TIL 50 A 7 VFR THR &K g
ELEZDIZXH LT, HIFEOA 4 IR ERE T T S 0 lonic-liquid electrolyte + FEC]
180 ¥1 7 /I/*%i T%Eiﬁ);ﬁ%*# Sz, 7272 L, Si % _g lonic-liquid electrolyte
ZE%*@@%/EI\y 6 1’4U\J: %) ’3‘4’ 7 /]/ﬁ/'%@ F'?J:ﬁﬁ % ﬁ”b g T rgamc ||qu|d electrolyte
722 enn, Li BB X VARV A 7 VFEMBED 0 500 1000 1500
nNTWirneEz Hhs. £2T, VC X FEC 2¥N Cycle number
LToA T RIRERKEZ N T A 7 VikRAE1 T 572 Fig. 6. Cycle life of the LiioSi
L2 A, FRZVC BINREIZ 1300 01 7 VPl E b A electrode in various electrolytes with
MR DENT-MERENE SN (ACS Appl. Mater.  a charge capacity limit of 1000 mA h
Interfaces, 2021, 13, 3816). g

(3) LaSia/Si = R MEMOAE A T =X L OfEH

INETIZY TN —T Tk x 2R VA RISL 2R Yy NEMRO U F 7 L ZIRE Hﬁﬁ
W 2R C& =L 2 A, HFIC LaSio/Si BN ENT- T A 7 V2 ENEZ 7T Z 25N
L C& 7= (JOP Conft Series: Mater. Sci. Eng., 2009, 1,012030). L2>L7Z2H»R 5, ZOEMRDL,
fEA DA RNFREFRONL TR oo, AMETIEIZINEZHOLNCT S E L DI
LaSio/Si MO MEREN 2 s U CHEREGHES 2T H 3. Fig. T I3RBEY A 7 iz e b
9 LaSig/Si 2 RYy MERODE X OHEE %2 /RrT. b

30

B & LT Si FMEMOR R L IFHECORT. S FMER B Oreaniciouid slect Ilfmc liquid electrolyte
DA, BREROEC X 0 EIROEE N SRR 2100 T 2% _
> TW= (Fig. 1b). fth, 2Ky y MEMITERRD £ 20%
BRSO TRBOZEE 2R L TR Y, MY 2 .-
A7 NVETIIIHEDOR 2.5 f5E TRBIZIEL, Tk 8 F
YA I A TIHERDTE S ML, ZofRIZ= § s
Ry NEMOELA B =R LD Si BMEMDZ1 & 8 I
TR D Z L ARBE LTV, Z 2 TEEUSMILIED ; . )
%.b)&)é%@kiﬁﬁb %Eﬁgﬁﬁ %Tﬁ{%{fﬁ Cycle number

(STEM)IZ & v #HikH R & Bl5g L7z, Fig. 7. Cycle lives of LaSi/Si and Si

Fig. 8 X ERBRATD STEM 4 & %t)57 5 EDS~  electrode in ionic- and organic -liquid
v T HT. EDS v v B TIZBWTEHWEFTDY  electrolytes. Square and circle denote
LaSi: 1 La, HEOE Si OO 52ERT. ZofEH the discharge capacity and the
Y'Y LaSis~ MU w7 ZFFIZHEED Si /3F /41 X relative thickness, respectively.



L~ )L T AT R
LTWsZ &N
HoNERoT.
D XD 7%
D 7= O MR 72
LaSis NFERFIZ
BETD S b
DT ZARF L,
o R AR 5 S #0AH .
INnb7=8 Si B Fig. 8. STEM image and the corresponding EDS maps of La812/81 electrode
MEM LV before charge-discharge testing.
Nty 47 ve
EMENEONT EHEIND.

fth )7, AHEERETICE T 2 REREEERT T Fig. 9 O X9 ik~ 2L L Tz, By
%%(%k@%DiLﬁmm,kwﬁv OFEFNIHAED SiHTH D Z ERbholz. Zhh

ﬂbf%wﬁv @*%(#k 577 ID Tl EDS ~ v 2 (Fig. 9b, B\ Tl & H &
Niphoizi=, DEPER L’C%ﬂ%\ Lic& Z A Si oBaBMmit s (Fig 9f, g). Fig. 9b,

clZBWT Si N *ﬁﬂj ézhﬂiiﬁo T DIIIER & UG 2 40 99 HIZ SIHENBRREE 7> TL
U, Fig.9a £ EORWT L— @kkﬁﬁi DY SIRENELS poTzTdtEZLND. ZDLD
WZA BPHCRIEATCIX St A HIZ LaSi2 AR B L7 RSB S TR 0, BRI & ik LT
WA O EBSR A WEE L Tz, THETICY 7 A—T TV U Y REIREME L O Si Bl
BN ENEN LI ENT 26D, Zhbrdar ARy y MESHEEMTIE Si 28F
ENEDRERMH Z L &R L C& = (Electrochemistry, 2020, 88,548). M7=, SitHD
HPRELIZELAECTIECE DY LaSie #8503 F / A XL~V Tl S Fig. 9 @ X 5 7af
WO SN EBLZOND. ZOX D kO - LaSia #5125 Si B OIS ) #fRfTx 72 <
720 B LTz L fiw L (ACS Appl. Nano Mater., 2021, 4, 8473). [RIAR DR Z LI A HE B AR
720 T <A A R EMRE IRV T bR S L.

Fig. 9. (a) STEM image of a LaSi2/Si (70/30 wt.%) composite electrode after the 150th cycle in an
organic-liquid electrolyte and the corresponding EDS maps of (b) La and (c) Si. Magnified EDS maps
at the areas labeled (d and e) I and (f and g) II.
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