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Preparation of silicon oxide particles using reduction process and the application as
anode materials for lithium-ion batteries
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Abstract

Silicon has a theoretical capacity of about 3,579 mAh/g higher than graphite, but it has limitations such as capacity reduction
and low coulombic efficiency due to volume expansion of more than 300% during charging and discharging. To solve this problem,
research on silicon-based anode materials is actively underway. Among silicon-based anode materials, SiOy (0<x<2) is easy to
synthesize, and the expansion stress is relieved by lithium oxides produced during initial charging and discharging, making it
a relatively stable material compared to silicon and silicon alloys.

In this study, silicon oxide (SiO;) particles were synthesized using a simple sol-gel method with sodium silicate solution as the
silicon precursor. The synthesized SiO, particles were then reduced to SiO, through the magnesiothermic reduction reation (MRR)
process and applied as an anode active material. The electrochemical characteristics of a SiOy/graphite blend (10:90 wt.%) were
evaluated. We found that the the initial discharge capacity tends to increase and the capacity retention rate tends to decrease
as the reduction temperature increases.
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Li/Li* ¢k Hlaslgle o) W 25 A4S 71tk B3 274
o] TRt 714 AAEo] & Aol ST F84
A2 1% 9719 Ao Qe War|we) A7} AgE T, A B (Litiom, L)2e] Fa/Eiast Whee® /19300 % oY
o|Z YAIE] Q& Ar)Ate) Ao FA5 st ot A o ] o] BAs] hiEe] &5 Sede duEos 91
Nte] 2287 27kt Wk P8 ol WERE HEa Avjg 3 UASRE 2 Ehssie, A9e e Uidk A go) A
WJElE] TR ks AT Q)T ) o) e wiElgls Ay BTk AUE R wsl wEe] 8% 9 2T 289 g4 op)
o} Fule 717, ouix] AA Al2E (Bnergy storage system, AT wEbA o8 Beke] el g Azl 7N 554
ESS) 5 TRk HopollA] AHgEt) mebd e oA Wesh o ol e Ak e JgsEa gl
FET Q= ARolP, WA 44T 9l glF ol el ARE 7 2FA T 34 AR S0, (0t Aol &
o] &= #B AT J7] 20l ZA (Guphite)> 14 Al AQYgr ©J3K, S8R Al RSk R AFo] AT B A Ye R
2] 1SS sl QP EQl 5] JhsiT) SR e o2 g THATACR Aoh 55 SEAR FEEA Qe 4ot 27
(372 mAhg)S 7HA =& oulx] Wxe) Uigk 08 F=sp) o A Al SiO, PIEHZ WY silica (Si0y)7} Li-ion} Hg-3k
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1) HI7F 2] 2l AHEkE (LiSiOy)< Adsk=t), o= 714 o=
APZ (Silicon, S oF 3579 mAl/g] £ O1E L 2k, inactived}P] K Aol BRE RAHA 3 AR S Ak
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F AT P Si0,9] AbA FHEEE ThksHA| Alo] Zhsehe, BE &=
3& Lid} w3t Sio, 718 &5 44 W silicon 3ol HE5T5
S 27] % 880 oA 7 EAo] £A4 4tk v
B AR IS 5EY 2] 39 ol AMEE gF AsE
2 2E e TR 893 2] 2% afo] AstEARL
g EA4o] AT & Sio ] 9 277t Bl AeE v 54
Bt Al §7F At wEjoke Aol o

Si0 9] AlZ WO 2= silica, Si02] 9EE E E= AARES
o8-8t S2sl= W (Thermal evaporation, E-beam evaporation)}
tetracthyl orthosilicate (TEOS), sucrose 5 silicon ATHE YSZ A}
43k 249 (Sol-gel method), silicas AM83}e] A& B3) &
o= Y Tol vk & SR 2 A SRS ideta,
Si08] SFetES A AT o drh= Aol YA, 34
5 oA &nl7}E gol A4k Bl-go] Ethe FollA e Aqto] of

=
golata g4 & st Ak} 3 wke-S Bl aka FEs 24
& 4 ok o] AT,
Azl sk els
(Carbothermal reduction)?} FFIH|<5 (Magnesium, Mg)= ©|-8-3+ gHl
H (Magnesiothermic reduction reaction, MRR)©| IT}. FEHA SHIH
22000 °CS] A2l A & FlgPsh=t, silicon] S=70] 1414
°CYl A 1fstH 34 A e FRskEH ARt ook
2hA ek SRR JTHE 0= A2 (500950 °C)ollA EHo]
7¥s3tal, 34 A 84 A7} 7Fe s MRR $H FAJo] FEkL
ATk MRR 9 3742 Wk 41L& 2] (1)} 2o, o= 0-1000 °C
o] &% Mol|X Gibbs free energy”} SF0] 1L W WSS o
7 Utk mebA vl ke 25elA S0, 2 o] 7hEslt &,
MRR 34 5 F4H02 A/3E MO % MgSiE X3 BEe
SAE G glo T 24 HHE 4 Qe

Silicas

Si0; + Mg — Si + MgO (1)

2 AT MRR 342 B3l SiOE Azt 18% 2F
ol wiE gl o= BEARE Hgatux drt o]F Al sodium
silicate solution AE|F ATAZ AME3I] SAYPO R silicas &
A3ttt 49 silicas Mg powder®} 2351 MRR 3785 531
SIOZ $HIFTh MRR A, 3 255 34 MR sl &
Tol| g2 g4 9 AYAS vl BT o] 7o E, SioyY
5 &8 A5E Azl #1318 EA WrkE AAlskT
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2. A ¥

SilicaE E/d3F7] 93l sodium silicate solution (pH value of
11.0-11.5, Sigma-Aldrichy& 22|12 H74 2 AMS38I9 T e o}
(NH;, 25 %, Dagjungchem, Korea)o} ollgHe-S 1:1 wt% HI&= &3
&t AE mixtureS A 23150 YYo= silica T Al Zw9]
H&E 3tk Sodium silicate solution Z|AHE A x| #3h
sodium silicate solutions o]t AT 1 & AE
mixture®l| sodium silicate solution 3|4 H& FAZ|2 et
FollA 1 AR % FAT F silica Y AAHE 271 93 60
°co) SrEH ol BN WAl Az

/949 silicat chemical vapor deposition (CVD) systeme &3]
MRR 34< o]&at] A=A Silica®t Mg powderE 1:1 wt.%
2 Eosto] At =rhol gol 383 CvDell 293k3tt. ol
T Ar 7k BI04 6 ARE B8 EAEE Kkt S
LS55 34 AR A5 o, 700850 °CYf 25 FRelA 50
°C| FA 0= 4214 MRR 3785 A 3iGinh 34 5 dE &
292 M9 349 HCl €402 Al-ak] MeO 2 MgSis 23
& FARES AAS AT

Silica®t Si0 8] Z71¢F 727 WskE 2AKE] S8l Scanning
electron microscopy (SEM, Hitachi S-4800)2} Field emission
transmission electron microscopy (FE-TEM, JEOL, JEM-2100F)& A}
3ttt 18la AR Rl 9l8l Xeray diffraction (XRD,
Bruker AXS GmbH with Cu Ko radiation (A=0.154 nm))& AF&-35}4
on, AE BEE 2ARE] 913l 532 nm 349 laserE AHESh=
2}t 1337 (Raman scattering spectroscpy, Horiba Aramis)E- ©]-8-5}
$AT}. Xray photoelectron spectroscopy (XPS, Thermo VG (K Alphat))
5 o) g3kl 39 250 wek sifcar} SI0,E BV A= 1
2L FrFskdtt.

T4 &0l wet d S0t S9E 1090 w% HIEE S
glo] A=S Az =AAE B 13 w% TR
SWNTs7} 4]0} Ql= SWNTs A #4ka-& ARgsiaitt. vikl
B carboxymethyl cellulose (CMC)9} styrene-butadiene rubber
(SBRyS E3lste] AME3lHth S, =4A) vRITIE 242 955,
0.5, 4 wt.%2] H-&Z A3}, mini ball mill (Fritsch, Pulverisette
23) AHIE ARt A= <22lE Alxskinh <@iEls doctor
blade 28-S E50 17.5 pym F712] Cu foilol FESIGT, 110 °C2
21 Egfo] 2ol A oF 20 & 7+ HZ3ITh ©]F Roll-press 34

2 Bl WS A T elelol DS TR AR



5

o Az 3 14 mm 73S 2h= HAE AR o Fele] A3e
At

718452 B4 H71E 913l 2032-type] coin cell S AlZ3I%Th
Az3 &5 AFS A5 A3, Limetal foil & 7]5 502 43}
o] half-cell-2 71314t} Coin cell A Ar (purity 99.999 %) 712
7F YR S B g Uil A Hede 1.2 M9
LiPFs2} FEC 2%7} E-+5]01 )= EC/EMC/DMC (20:5:75 vol.%) S
A8 B, polypropylene 817} (Celgard)S AHE-3HTE A%t
= 2032-coin cell-& ZHFEH S 00053 V (V vs. LiLi") WollAd F13kd
W AAEEt 2] 9 9 ¢ 54 %7k WBCS
electrochemical analyzer (Wanatech)E ARE3I5 0, Yad > B4
2 Electrochemical impedance spectroscopy (EIS, Biologic SP-200) 7
HIE ARSIt dud s 4 AL 5 mve] R1F02 1 MHZ100
mHz®] ok HejellA FAskth

,0

3. Zut & nE

=
Fig. 1(a), (b)i= sodium silicate solutions A 2]& A7A 2 AR5}
102 34 silica®l SEM om] Aol G434 silicai= &
Fo] FElE 714, 50 nm ©]atel Al 400 nm7kA] Thekgt =7
k. F 1,000 719] silica 9AF 2712 ZAHBIILS o, B o
30 nm%YS 213l Fig. 1(c), (d)2] FE-TEM £ A}oj]
A Z2AWE B3 WAZY silica’t FAHASLS & 5 910H, Fig
1(d)2] inset ©]7]2]Q] SAED patternS ST HIAAYS 1
T Sl

A silicad] 244 712 93] XRD9} Raman 2418 =315
ATk Fig. 2()% XRD w4 A¥}olH, B A silicadl] ThaF & 2
o] 9k 23 °& FA 02 YERJT) & Trona (CHsNaOy)oll Tk 2+
] sharpgt 3|4 3] 3E0] I UJERHTE Raman ¥ ES] 24 4
7}, XRD £ A7} vl A 2 Tronadll 19EE 927} sharpst
Al YERESH, o]= Fig. 2(b)llA] HAFELE Silicas 38T 74,
sodium silicate solution W 2] Na-ion®] ¥H-2-¢l] 2J3}e] Trona ) 2]
FAER Uehhs Z0E Alsdth

MRR 4< £ silicaZ SiOE $Hste] 34 £5ol 2 §
& 2 AAA3E vl B71EHITE Fig 3(b)e) silica”t 3 250
utz} Sio 2 2 wle] SEM 4] ZAxto|tt MRR 34 &, Y
259} FAIgle] FEe] o] s FURA| 1 thEAde] T2A]
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Fig. 1 (a), (b) SEM images of silica synthesized by the sol-gel
method. Inset is a histogram of the particle size of silica.
(c), (d) FE-TEM images of silica, where inset is SAED

pattern.
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Fig. 2 (a) XRD and (b) Raman spectra of silica particles
synthesized by sol-gel method.
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Fig. 3 (a) Schematic presentation of MRR process for SiOx reduction. SEM images of SiO; when the reduction temperatures during
the MRR process are (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C. Insets are magnified images at each condition.

Fig. 4 (a), (b) FE-TEM images of SiO, with MRR process at 800 °C. Inset is the result of SAED pattern analysis of SiOx.
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7} AAEE AL & S A Fig 4(), (by= 800 °CollA] MRR 37
< X8 Sio ol thek FE-TEM 4] 23]tk MRR 378 19| H]
4 silica’t MRR 378 o] 249 SiOE SA=HUSE &
10, Fig. 4(b)<] inset ©]7]A|Q! SAED pattern< F341 % gRlo]
7Fs3ith

Fig. 5(a)& & 250 @& Sio,0f thak XRD #4 éﬂrOlE}.
700 °CollA] MRR 34 A, B4 silicadl] 3938k= 2
3|A] 1, Tronadll 3NGE = 4 9|27} AR A &
silicon®l] SiEE= 31d ¥ AS0] Uiyt 8 257
£ silicon 34 ¥ 39| 7}=7} 571 BRIt Raman /\J—*JEJ.
A A}l A = Tronaoll 3|35 927} AlbxTh 1231 301, 520,
935-980 em™ 9] siliconoll SNFEE T FEC] YRt AL FR181%
om, 89l 257} F718RE silicon T A9 AE7E S71EE B
o} o] Fig 50b)ellA] BojEtt o] AFE O E MRR 34
53 silica ©]2]2] FAHE- (Trona)o] AAZAL, silica’} SiO = 3
HeS & ok =3, HC g0 29| AlE Ao A MgO
2 MgSi 59 FAikeo| ¢hds] AAHNTE AS & o AUtk

_,4
o[N
EOT

e

8i: COD 2104737

850 °C A
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Fig. 5 (a) XRD and (b) Raman spectra of SiO. by reduction

temperature.

= 0|8 22|12 Motz Mz A 2|F o2 HiEZ 8522 M8

Fig. &), (b)= 2 MRR &8 /%] silica®} SiO ol th&t Si2p
9] XPS 4 Aot} o]wf SiO= 800 °CollA 6 ARE B2t ShelH
z710Itk, SizpE Si** (Si0,, 103-104.1 eV), Si™* (Six0s, 102.3-103.8
eV), S (S0, 101.7-102.3 €V), Si* (Si,0, 1006 eV), S’ (Si, 98.7-99.6
eV)9] 7] F3ER FRED™ ¥ MRR 34 A, A 28E

=
V]
—

Sr’* Before MRR

Intensity (arb. units)

108 106 104 102 100 98 96
Binding energy {eV)

(
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Intensity (arb. units) =
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o
(9]
—

rwan aiva { /of

Bef;);e i ' ‘ l
MRR 700 750 800 850

Reduction temperature (°C)

Fig. 6 XPS spectra of Si2p of (a) silica and (b) SiOx before
and after the MRR process. (¢) Changes of the Si** and

Si’ peak areas by reduction temperature.
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Fig. 7 (a) Initial charge-discharge curves, (b) cycle performance, (c) changes in single capacity of SiOy and capacity retention rate

after 50" cycle by reduction temperature. (d) Nyquist plots of SiO, according to the reduction temperature measured after

initial charging and discharging.

ol sk Si* ok St =27} LrERATE 800 °CollA1e] MRR 37
& Sit 939 75 9 dAo] sty St 9 3E AR
T80 silica7} % el Site} Si° 227} AlEA Ve ©]
9} Z+e AFE 53|, MRR 348 224 silica’} Si0Z FHH
S 4 & Utk FY 250 wE §ite} §i%e) 13w WElE
Fig. 5(c)9 2= Yepfilth 39 257} S7HE silicadl
= e sit vTe] WS ashs AT B om, siliconoll
SF=E S 339 Wae ZrkeIT, wehA 3 25t S
TE silicon© &9 $hlo] F71EHE & 4 SlTh TR, 850 °Cell A <]
Si* 93 WA ZTl= 1207 13 glica®) AAAS} WS A
o2 At XPSe] 13 WAS Fal F4kst A, Sio) 0] 800
°CS MRR 378 & SiOyu 0% SHAH AT 21 358 o Atk

S 250l mE S04 A713keHd EAl BrsiGith B
28l Sio 8 3L E3Hek A0 Z 2032-type coin cell-S A 231
th Fig 6@ A WA AolFoA FA (lithiation)? ¥
(delithiation)2] %7 FAolck 2 4L 0,005 V74| 02 Crate
o] AR WEZ AHAF (Constant Current, CC) 4 02 AaY3}a1,
Z7] A7 459 10 %2 #kol 2 w7hA] B (Constant Voltage,

40

ST B HAHLE 02 Craed] AF 22
Hhal o 2zt A WA Alo]ellA 3 &=
7} 700, 750, 800, 850 °CY wi, W3 &= 717} 336.1, 429.8, 5520,
567.3 mA/gol ATk 27] W &= Sio, 9] T &3S ALt
RS A, B 25 UKl w247 1214, 10582,
2279.8, 24327 mAhg 0 & UERdT) 8 2571 S8 E 2]
WA & 9S00 B &3] STk, ol MRR 3782
54 silica’} silicon® 2 IS E A=r}F F7181 Sio, Wle)
silicon & F70l| &gt 2o E AlRHET & 27| 2% &2
Y 257} S7Ksl w22} 92.8, 89.8, 89.3, 89.1 %= LR

&

T8 EA Wrke 27 S8As JE9% £ 0.5 Crated] A5
YEE 50 3]o] S-S wHESste] AAskYh 50 319 B
o] %, & FA&-2 T 2571700, 750, 800, 850 °CY o, 217}
99.5, 919, 85.2, 734 %= LR S 257} S7FEEE silica
7} silicon© 2 == AT} AR 2494 A silicon© 2 ¢13H
) BEo] AR et &% FA1E0] Fashs 20E AR
k.



Si0, 9} <] &3 H=0 2 A& coin half-cell®] 7713}8} <
&2 #3F (Electrochemical impedance spectroscopy, EIS) 782 4
A3 Fig 6d)E 27] F 84S 243 EIS £4
A7) Nyquist plot? 57F] 221 52~ (Randles) EZolth. A<
5o x & AW Ry A3l o] 2 AEES] EAS Uel= A
31 A3oltk. o] UehtE 7 719 Bk T A A vk A5
3£ SEI (Solid Electrolyte Interphase) layer®l 7118+ A3} (Reg)©]
I, 7 A N (RS A= AlRIA Y] H8} o]F A3 (Charge
transfer resistance)S UERATE nRR|e}O 2 oF 45 © 7]27]9] 242
HiElg] W 2lE o9 gt dd-s Y= 9 (Warburg) &
A2 (Zy) TRl W] 2717} F45 Ago] ST 9
HlE Zk=d|, B A7l S 2571 S7FRE vkle) 7|7
ZtobzItk, MRR &gl sl v1%4 9] silicaol 4 2429 silicon..
2 gkl & Sio 9] Hlgo] 3l 257 S71EE 718k AW
Ago] 74t Zo= AlgH

A3 =

=

t 8% UF ole el 93 BRARA 48
£ Aol 4] 20 B sl 54 )

9] ] 75@ silica® ﬂ”‘é 0}951‘:}. ?3’*3% silica& MRR 34-< %0}&]
Si0 2 EH31%Tk XRD ¥ Ramm 2741 MRR 34 7 H1849)
silica®} F4H=<] Tronaoll i3 3 Z50] YERHARE MRR 378 &
Trona®] 337} ARFAIAL AR A siliconol] tigh ¥ 37} YERST
= MRR 34 A 3] 57} Z71RE silicon?] ¥4 =0 =
7Fhe Ae B3l 2elA 3L FYTrE Sglo] BolsiAl ¢
oftk= A RISt 34 250 w} S Sio, o] #17]3)st
A EA 7t A, 34 5 25 A Ss Bl 2
7] Ho}ﬁ £ = Uepkon, silicon?] HHEEE ] 3o
E4L A= 3 2571 800 °C¥ |, 7] WA
552.0 mAh/gOH ol Si0 0 T &S Fkahd 2279.8

gO]E}. wehA 1ouA] I=E 88k 2lF ol HiE g9
= 2AEA AL 7o) 5 ZloE Hudh
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