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LiOH, and Li-metal on the microstructure and

electrochemical properties of granulated SiOx powders were investigated. Various lithium sources were metallurgically

Abstract: The effect of wvarious lithium sources such as LiCl,

added for a passive pre-lithiation of SiOx to improve its low initial coulombic efficiency. In spite of using the same amount
of Li in various sources, as well as the same process conditions, different lithium silicates were obtained. Moreover,
irreversible phases were formed without reduction of SiOy, which might be from additional oxygen incorporation during
the process. Accordingly, there were no noticeable electrochemical enhancements. Nevertheless, the LisSiO4 phase changes
the initial electrochemical reaction, and consequently the relationship between the microstructure and electrochemical
properties of metallurgically pre-lithiated SiOx could provide a guideline for the optimization of the performance of

lithium ion batteries.
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Core-shell, t+&7d Si %
el et [5-8).

3%, SiOpy= 8% Si JAF 2 H]ZA SiOE o] F
oA glol. Si Yrtel Hul WS ulFA AT}
s83ts A% L ok det 2] 2% a2
(initial coulombic efficiency, I.C.E.)o] 2F 85%°91 Si
of H|ste] Si0Oy =2A19] I.C.E.&= 45%

2] 5ol viEf2|e] HA| A&of ojziZo] %‘Ur. Si02]
LCE.& ¥0]7] ?sto, W& AFE0] %
o [23-26], #Zol+= Lig 0]g] <= E% ==Aoll
T35t 1.C.E.& FAA|Z| At 5= pre-lithiationo]
weh Aot Es] AedE A qlo [9-22].

Q] pre-lithiation& AR =YL= Lio] A A
Efo] et & 7R R/ 4 et shye active
Lig EYsts Wioln, o sht: Yuols §a
passive Lig T Ush= HHoltt Active Lig 22
o] pre-lithiationsh= ®HoA= active Lio] H|7}<
ZFg HWAilsto] [.C.E.E& £7IA]71ch SHA]RE Li metal
7] & A &EVT oY »Y A2 E St T
B H v8gY AP ot §hH, passive Li
) o Si0,0] lithiation® T FAE=
EAOl W] AFel Li,SiOs (lithium disilicate),
Li;SiO3 (lithium metasilicate) @ LisSiO4 (lithium
silicate)?t & passive Li AtstE A2 @AAA]7 H]
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ojtt. ol A2 2o &7 FolA <Hdsta BlwA
st 2802 pre- hthlatlon 5= wiglo|ct
= AFoA Si0, Y9 H2 1.C.EE. &AlE dliZs}

7] 9lste, passive L1 AtetE: = =%Ushs pre-
lithiationg 4385t 1L, ThYet Li-sourcesE AHE-5}H0
dxe] U ©@Aa 3%(C-coating)2 sHlTy. 22 275}
oA t}Fst Li-sources (LiCl, LiOH ¥ Li metal)7}
ofd Fitg UAlo] disto] gotr1, A FAZ
MAst= b9 7198t oAt st} A7Ee Li-sourceso]
w2t Sio, ¥ 4 xle FFe AE] ¢
5to], SiOx ol tigh nAtx ¥ A7|gstA £/

2 mARtLY,

48 Uy
2.1 Ixte| =g, UxNz| ¥ Etx Y
g SEMS 7Ivtez A=Y SiOE [26], w574

Spray drying of SiO,

:

:

[ Mixing SiO, MPs and Li sources

:

Heat-treatment(C-coating) at 900°C for 10 min]

Microstructural analysis & electrochemical
characterization

Fig. 1. Process flow chart for metallurgical pre-lithiation.

Z7|(spray dryer)E ©]-&sted, H,0 &uUfjo] PVA s}
Ao @ LAY Lhe YAHE EFsto] BA 70 kPa,
inlet % 150°C 27104 B2 xHE
size (2~25 mm)2 ATjg}st9dct.
Pre-lithiationg $¢]5to] SiO, ofo]3 2 UK} LiCl
2ot (LIOH)H,O 2% = I mm X 1 mm 37]|&
A A2 Li metal foil& glove box UlF-ofAl 200
rpmO 2 stirringste] 3087 £83] &85ttt
3ol "] g2 Si0, 0.5 g Y Li 0.015 g@2 Si0.9]
T2 7lEos 3wtk L9l 42 ALtsto i°‘ﬂ
Tt 2 Hg2+= x=1 7]|& SiOLi=21:42 2= AR
oAl 2 v]go] FAstct. o] vlg2 Frhd Lio] th®
A 7Rl LibSiOsE F/dshe o 2% AuEHh:
o 7Pgskle o, AA Si9] 10%7t ¥heo] AREE
= A loloh. ok RUstn YA Lio] ARE
w2 stal, uEFo] v|ZtdAr Ao Zefkt)k Q2fo] 7t
A5 AS XS] Ygoltt. Glove boxolA &8

E35l micro-

mm ¥2 ot rlOl-

g A& 7AUol HA] tube type furnaceofAd,
Ar:H; =96:49] &3 71A & E7]|2 900°Cof|A
1071, FAZjer FAI0] AL olger sl 4
Z A (chemical vapor deposition, CVD)C. &2 &4
ARE AT SiOx Ufo]Z2 YAtof] A2 H ©A I
B 3t QUAE SD, SiO, Ofo]Z=Z  AApo]| lithium

chloride (LiCl), lithium hydroxide monohydrate
[(LIOH)H,0O] ¥ lithium metal foilg do] gxjz] U
712 FEsE M=o 717F [C, LH @ LM2 YUEeR 9l
th. 24 ¢A=2 29 13 o] Lehyoirt.
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A BAM(X-ray diffraction, XRD, D/MAX 2000 by
Rigaku Corp )2 Xleistgictt. 72 AZ=2 gcan speed
5" min™' (40 kV, 100 mA)S2 10~60° F7toA &
BETt. Si-Si A9 574 &Qle 915t Raman
EX(XperRam Compact Raman Imaging System,
Nanobase, Inc.)g X185ttt 2.5 mm beam size
9] 532 nm diode-pumped solid-state (DPSS)
laser?} AM&E|Q11, 440~540 cm’'9] AW EZo]
ojFct TE giut AmMEZC THAX S waferz x&
calibrationg st $ EAL T, 7MY =2 03 A7|=
B&stetYict FAMHAG U] (field emission scanning
electron microscope, FE-SEM, S-4800, Hitachi High-
248 E3|| pre-lithiation A
ERg HAASETt

Technologies Corp.)

2 39 Yrto] Fej %

=1L ) 8:1:19] 4 ngi &
ool 2 £95te &2l E AAstdo. Aad &9
£ mini coater® o]&3td °F 40 ym FA2 Cu
foil ol =zsiitt. I”H AT 5 oA
7125 AARE §, 90°ColA] &S LA AR
B A2 A7 14 mme] A3 Pejz ERLsto] Li
metalS OJ=2922 coin half cell (CR2032)S A|AFs}k
At TE cell2 loading level 1.0~1.5 mg/cm?9}
electrode density 0.2~0.3 g/cco]$tt. Coin cell &
21 Al B89 (Celgard 2400) 2! Asjei[1 M LiPF6 in
EC:DEC=1:1 (v/v) with 3 vol% FEC, Soulbrain
Inc.]o] AFEETH AR coin cell2 25°CofA] 10
AIRE B9t aging®la, FE7] 2 ARO]E7HA] 210
mA/g=z, 0|3 Ato]ZoA+= 1,050 mA/g2 F - YAlo]
RSPl det. A WA Aol 204 CC-CV 0.005 V ~ CC
1.5 V&, o]30]A 0.005~1.0 V2 ZIs§x]oict.

3.1 OJM7=

By
Pre-lithiation /% UXIS] 0]A|
ol5to], 73 29} o] FE-SEM ®EAMS
pre-lithiation & YAt= jEAoZ LMS
Ultt. Spray dryerg W YA &

Fig. 2. SEM images of pristine (a) and (b), and pre-lithiated
SiOx granulates by using Li-metal (c¢) and (d) with different
resolutions [inset of (b) shows SiOx NPs].

2f Ao 1l UAE €= & AYH. Pre- hthlatlon

MY 2(a) & (b)] ¥ pre-lithiation O[jEJ 2(c) ¥
(d)] _AR] AE2 2~25 um " Ulo] 18 Fxstn
10 ym Wjejof] 717 ol EAgtt. %‘5_4 Hx}7}
O|f+ spray dryeroAl &&= AA9 F7|7t
7] twolth. ¥E =yl FEF WAEE A2
A9 ¢$ol £57] FHZ WY HA A
4l o} 2(b)e] o=l BHONA Uk UAF
e ?—94 7]%57} Ui AAtof| vsto] =tAs] 24
718 ghQlst 4 i}, 1% 2(c)= pre-lithiation® o
7= Wk gloy, Od 2(d)e] =
o] 1% Arepzl Aol SRIE it U
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& Si0g 1CDD 01-070-3317

< LigSiO4 ICDD 01-074-0307
WV LigSiO3 ICDD 01-074-2145
O LigSigOg ICDD 01-072-0102
® SiCDD I]I].-EII]5-I]555

Intensity (a.u.)
T
<]

2 theta (deg.)

Fig. 3. XRD patterns of pristine (SD) and pre-lithiated SiOy
granulates by using various Li-sources (LC, LH, and LM).

2 Si0, 37} WAbE T LH= LipSiOs, LigSiO4, SiO;
2 Si M3ry wEED. LMoA= LipSiOs, LisSizOs,
Si0, 2 Si M7t BREC Aedos, $UF F
2 2steets, Li-source?] /o met A5 o
ARPIRE 7k ArSo] MAEL 7S o 2 9lor)
o]2]st pre-lithiation®] Li-source?] H&F OF5}=
pe RlsfelA B4 e el ole Ead as
2 A8 Zolth. ¥ WU APE BT A
sfelx Sxmte] JTIAS EE6l7] ofsl, 2 URIY)
Si peak (28.3°) intensity tjH] lithium silicate®] A}
A intensity S AlLteh w2 & 1o BAE AT
10 Bolt utet Zol, Sio, ol Li &% U 3
Zasth e E35H1, Li-sourceo] wat
Aol 3A 2ot LCY 7% lithium silicate
A5 AA7IR] ok, SiO Rt IRl o g Pl
LHOJA LisSiO«9} 72 Li-rich phase?} LizSizOsoll
uls) 9A A7 e clARIY Ebe gaich Ea,
LMolA = Li metalg 9 =d = E15t1L, LigSiOAt
< WAEA] 4o, Li,SiOs0f sfigshs o3 A7)
7 ddidez 37 =gtk LCoA A2 SiO; peak
(0.26)01 A7 2L LICU 871 59 4718 skl
AbA AATF E917] @249 Zlo|t}. Lithium silicate

o
) m\o
=)
o
o,
ol
p

7} 471K 9FE 242, LiCIo) 0] 600°C o]4o]of
A, ¥ pel gxje) eot B RerlolNE FRe
vhee 2oz 4 g2 oz Wy ehy Licle)
A9, ®rh we W ewsl Wa¥ o wuwHc
9tH, LHollA= ofdst lithium silicate Aro] 2HEFE| QA
on, o] LiOH9 =X-Ao] 400°C ALz, =Ust &

Table 1. Phases and their relative intensity ratios of pristine (SD)
and pre-lithiated SiO granulates by using various Li-sources (LC,
LH and LM). Each relative intensity is normalized with that of
peak at 28.3° according to crystalline Si.

Relative intensity ratio, I/Is;

a-Si0x SiO, Li,S1,05 Li,Si05 LisSi04

SD 0.52 N. D. N. D. N. D. N. D.
LC 0.56 0.26 N. D. N. D. N. D.
LH 0.48 0.7 N. D. 0.29 0.21
LM 0.49 0.58 0.17 0.84 N. D.
*N. D.: Not detected.
Ae] z=0A LCo vlsf A =2 vh3/ds UERd
Aoz HHHED. (LIOH)H00 EAfish:s 4tas 573]

Qslx] Raki, £71HQ) ez Qe Sio, FAol 7]
01 5tS Zloltt. Si0, peak? ATHA intensity (0.7)

7} 7V =7 AE| Qi) Li-rich phase’l WA 2§71
718 Li sourceo]A] Li & O7} 1:22 &EX|sto], AMdf
Koz Si byl 09 gl e LiSiOs AR o
48 Zow siHEct SRR 1 e e gy

(0.21). gt LMolM = LisSiOss A3 WEEHA] &
don, Al oF Li,Si0s A9 LisSi0s ATt

o] WHEAUH. E3JF SiO; peako] TWHH A2, Li
metalS ARESIZO= =15t metal EHO| Atsat
of o5l 4ta AATF a9 AoR A Jhssit. Li
metal®] F2 %=4(~2301C) g o, LHO| 4|
of X of @2 49 LiSiOzt 4L Aoz oA
siou, v 17 YeRgT. o9k e Aatof of
A= F7HAIQI AG7F A3 ofigolct. olet A,
D& SDeF {fARSE 49 SiOE ZFstha,
T2 99 Si0, & =§tsty AQict. A8y
Aol 946}‘3&, SiO,= Si0,0] AHEalo] olaA] A3A]

deiA oy, & AT Si0L] &
7<7]-7<40]

[e]
‘mﬁ

a5 Atao] %*0] ‘IJrEUrh e gAY Tt
A Li-source Z7}A0] AtAZZeUS AXGI= =
g 922 e AZ 4 & AT SiO= Lite]
dle o] A3 Qouoz o] Aol AL w|LaFo] 7+
A5 7INE Ao oitdnt
O 3004 =it A7 WHeks: & o ApAls] =l
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o}, &4ZAA Si wafer9] Raman AT EZHS 7F AT 9]

2FoF 24 Hof| calibrationg ol =7gH Zlolth
SDO] %<, 460~500 cm ™ol A L} v]gAl Si-Si
o] [25], HIFA Si0Q £xiE M

20] ¢xI7} 504 em'2, @A Sio] uls] Aol
(blue shift) stQ=H| [25], ol SiO«9] 1At UAL
7} 20 nm olstel Lhe &t E4o] 7]9lstt} LC
et LHe XRD 7oA SDet vlus & o, ¥/dd 4
of xto]7F 9lou}, Ramanofl= & Ha7F YEUA] of
ottt o]l= &A= lithium silicate?] ZAXAo] H&
2o 7]lg Aojot. gk, mAol XY v|FA
Si-Si g 9o & Rto|7t Q= 7oz LiClo]y LiOH9]
AI77F SiOQ] oF A QAdwo WHEE FX| e o
4 9lch. 2@y LM SDo| ulste] AAtvio]

g, o]l= A= lithium silicate?] Z2-A AT Ut
L Aol d¥ AKX AMXlo] dojd Zlo=z F|A =T
ol3Jst AAX AMAL A2tul ZAoA A wAE =
oHA} A ZA(liquid phase sintering) 832 siA 71
& Zojot. R FA Zih, Li-sourceof et A
2 OE Z4+EE Ae ol I-4EH, 1 FR8EY
JeE A8 dads g 4 4

Li-sourceo] el FIFAQ1L AFAGlo]l wWAYsH,
Si08] AXl glo] v]7tdAtel lithium silicate?} SiO,
7h BFEolAl= AZ =elstAn.

O\I

\——-Si wafer

Intensity (a.u.)

440 450 460 470 480 490 500 510 520 530 540
Raman shift (cm™)
Fig. 4. Raman spectra of pristine (SD) and pre-lithiated SiOy

granulates by using various Li-sources (LC, LH and LM) with
that of single crystalline Si wafer as a reference.

2% 59 (a)ef (b)e
A Aol 2o oigt AY
SD Yt HH 8L

7¥7v SD, LC, LH ¥ LM9]
4 9 dQ/dV Zejzolc},
2,256 mAh/g, W& gz
1,086 mAh/g2 IL.C.E.X 48.1%= =Rt 1 9
9] ™UAr= SDo ®lst HAAMe=z 8ol a(SD
UAF di¥] LC, LH ¥ LM Atz 2H7F 54 &3
290, 325 % 390 mAh/g, A 2=k 160, 230 ¥
170 mAh/g 7ZrA)stgct LC, LH ¥ LM9 I.C.E.=
2Y7y 47.0%, 44.5% L 48.9%0]|ct 1 5(a)?] SD
UAY] A WA FAoA oF 250 mAh/g7tAl= SEI
(solid-electrolyte interface), Li;Si,O5 ¥ LiySiO; =
o] ¥7tg4E0] /4= = 1ot} [28]. o] F7tof|A

(a)
2
o
o
@
=
0
>
v ) 1 T :
0 500 1000 1500 2000
Specific capacity (mAhlg)
(®  o.010
] —sD
- -LC
0.005 4 LH
] —1M
S 0.0004
A ]
B -0.005
g
(s]
2
5 -0.010
g
-
-0.015
-0.020 — 7 ' 1 r 1 - 1 r T T ' 1T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Voltage (V)

Fig. 5. The initial (a) voltage and (b) differential capacity
profiles of pristine (SD) and pre-lithiated SiOx granulates by
using various Li-sources (LC, LH and LM).
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voltage profile2 SD, LC, LH ¥ LMol 1 HEejzt
Q% QARSHY, pre-lithiationo] & 2335ty 2% &
o] SiOQ8] o] Aol WshA] ¢kol (1Y 3 FXR),
dE= v7TAtEe dofl WEt gl7] diwolt. 250
mAh/g ©o]%o] SD <xtolA  Hol= plateaus
Li,Si04 % Li-Si alloy @A[NHS (1)]o] A& A=
+ o, 1 5(b)oflA 0.33 VO] g 1w Fof o
gt} [23].

O i
o

28Si0 + 64Li" + 6de” — 3Lilzsi7+7Li4SiO4 (1)

o]0 0.3 V ©o]gtoA= LisSiOs A4S matrix2
stof, Li-Si9] ©AA  alloyingo] dojutal, A7
LisSiOs0] A8+ Foliklo] Li,0 ¥ LiisSis s P23t
ot Aol 0.1 V olste] F2 A oA AHA
Sio] Lixt9] alloying® XI&iElct AE2Xo=z A H
A Ato]ZolA SEI 2Jo%= lithium silicate A &

Li;O7} v|7tdA o2 FAE|HA], SDO I.C.E.7} 50%
ojstz 4o &= Zojtt. 2 Ao v7tadde &=
YA A717] Y8te], pre-lithiationS 329 & =15t
T, u]7telage] ofo] ZtactA] ghe 2 99
o, ©A LisSiOs 9] FE4F UHLCE=
0.23 V, LM& 0.28 V9] m3) &
[23]. o]¢} Ze ZAMRFE], Si09]
sl7kelge LCE. @40l A3 7lojstr
LisSi0s el F/dol 48 IFS F+=
AT ArehEEg o= 7t
gk AEho]
= 9 APolge FotE 4 gidd. ©A],
A BEE F71ARQ1 Atet peak %ﬂ’ﬂﬂi
A7 Siof] 7]QASHAIRE [24], 1 <F2 vly]st.
Li-sourced] @& Ato]Z £/ Wsts ForEr] ¢
sto, A7igteld 5744 B7tE il WA 8
& 282 19 61 Zo] UEUY. & AAHY
Fgo MRNog Ar2stdon], 50 Alo]Z A 17t
oA SD, LM, LC ¥ LH &A= 35 580 =%
ot LCY Z& a&2 &AL 55t 50814 Ato]Zof
A SD ¥ LMyt 97.3%=2 SAtSHACH diH, LHO| &
A8 S0UA| APl AN ChE YRS lwst
0.5% oith w3k A At G SDo| 7by
1, LC, LM ¥ LH= 2aH¥ct 100 mAh/g o4t
At LC, LM % LH JAtoA SiO, 8|7t 49
O 2(Si intensity th8] ZF 0.28, 0.58 2 0.7) 7\1300
soksta, st gefol E97] wEol, 22 &g
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Fig. 6. Cycle performances of pristine (SD) and pre-lithiated
SiOx granulates by using various Li-sources (LC, LH and LM)
process flow chart for metallurgical pre-lithiation.

|9 Tart woh LC ¥ LM9o] 42,
ol A%e] AAQA Si9] whgo] =elg]
of d|sto] offte] v| 8% Z717F ATt 508
29 UAd &% 5A&2 SD, LC, LH ¥ LM X
A Z¥z¥ 75.8, 79.2, 77.7 D 77.2%0]Qic}.
a4 301]*1 ghel=l Li-sourceo] w& F7FAQ1 SiO,
MO”‘* 54 H7r 23, 8rtgidE
da 9 25 58 g4E opPlsiath
b, SiO, A< Qi*lﬂﬁﬁ Joljd Zo] ofd F7}
F7F "7t dE
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v|71d4de]
LizSi;0s
e 71t
29tk A=
Ak Li,Si040] 1L
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