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BERGE JFUE A ) & 2 FLAKRER R L i,
FEAR Ji B AE AR BAR IR T (500~900 C), £k
W R A R A B2 FLRE . 1% SRR TR B i
[AH(298 K)=-297 kJ/mol|""a] f] T~ JE o7 il 45 ik 3k 55
AREL i SsySicPY. Si/CusSiPH. Si/MoSLP 4%,
S e R 2:1 BEREERR ST Y, BA
TEARRE S B R (60%) RARTYNK G F R o
SRR AL BRIV L BRI A )\ T4 H R BH 25 7
53] E R A(TIA 664 mY/g)HIZ LAk — &
WREPY, BFFe k], R R RN, B
TR Z AL AR R AR &5 0, 29k
FEREAR RIS, AN, gk S RE A KL
MM, X Fe LR EA UM A EF S HAEH . B8
A [R] R S A A RN SR A R I SR R R SR
73 B P RN L5 ) P e o7 o e v R ) A R i
— BRI S 4. BB b, DRI IR S
FONRTIRAR, B BERIR IR N, A R A
EHIRE LR AR E A K]

YTk, RTAELAZER AR, did S
BRAGRE, R A BRSSO
TREACERGK S A AR s i 1o 42 i B A R A R ) L
B, HEE T A BRI R ) 4 R R A 43 B
Wi, FERCEERE I, R E N AR, VP T
R i VA bt AR L ) APV S
R o R TAENREAEACERACK S B SO R ] 25 1L
Wik, RIS SEBA 1A R AL T 3 R .

1.1 RKFIS5ER

BT I A (Mnt)>R B A 5l B TR X FRIET,
gl REBOKT 95%, AKit— B34l B0 (Mg,
35 pm) A B R RBEARAA) . Sk
(FeCls-6H,O)FI &AL S (NaCD) T [ iRl T 4k 2%
RAVERAF; THRHECL 37%, FESB)MEAHR
FR(HF, 40%, J&E5H)BMET T M50 .
R R b A
1.2 H&EEE

BRI S i A (SIO) Il %% B JBEL 10 g SRBiA
N 250 mL [OIDESEREERES, BRI 5:1, 7R
350 r/min 55 E FHTEE 6 he SRIGHL 10 g BREZJR 1)
S A IAZE 200 mL 4 mol/L ) HC1 &+, 80 C
INEERE 6 h, FEC . HAUKPEEE pH E B,
AR T 24 h, BBIRRTE S MA(SI0,). BREE 525
AR PR E A2 40 40 B VeI R AR F &, 10795

CL7E R AT 3 A Y.

BRI S A (Fe—Si00) il % - BUS g Si0,
SrECT 100 mL W AKE R, BiEE 15 min,
EIMA 0.1 mol/L ] FeCls ¥, #+#E 1 h, HIIA
AEACEN O E pH BN 10, f# Fe’ 58 2 UTIE
ZA 100 J5, BOTE, 193] Fe-SiO, E&M kL.
RTRT RS B =R, WE T Fe/Si BRI
BN 0. 10%F1 20%1) 3 FhkESh, 25l 4 ke
il SiO,. FE &k Fe—SiOy-1 AR i Fe-Si0,-2.

/AL ER(SUFeSL) K E A EHIH % HL1 g
(1] Fe-SiO, 5 Mg+ NaCl #% 1.00:0.85:3.00 /i & L
REWE), RAANBWRS S, AT
5 “C/min [FEFTHEZE 650 C, 1 3 h. M
EHARAH S, F 1 mol/L HCI A1 1% (Fi &> $0) i HF
R IR 2B Mg Al 28445, PB4k
ZpE, REREELERYCR T AR RS Si0,.
FE i Fe—Si0,-1 A i Fe—Si0,-2 8t Ji i i v )
FED KB 22 B EAAN) 73 il f 4 N FE i Med-Sis
il Med-Si/FeSiy-1 FIFE i Med-Si/FeSir-2, &= 4
A 42 NRE R Siv kRS Si/FeSix-1 AIFE S Si/FeSir-2.
1.3 FREFHZE

FESI X B 2R AT 95 (XRD) ¥ 5 1@ i Rigaku
MiniFlex-600 fiT 4 (H A, Rigaku)dllfF. X $£856
HL 7 REIE(XPS)iliid K-Alpha X 5% HL 7 REIEAX
(£, Thermo Fisher Scientific) W75, Arfsagit)
PLC 1s (284.8 eV)IE ARG IE. X $H450
It o3 A B (XRF) I Epsilon 3 & AEE A AT X
AR A (7 2, Malvern Panalytical) Jlli45
Bl o BB B/ B SR AE ASAP 2020 LR TR K
L& > M4 (%€ B, Micromeritics Instrument
Corporation) Fll5€ . 4 L+ 25 B2 (SEM) HE i
it SU8010 A7 Kk S % M+ i (H 4, Hitachi)
R 494 HL 7 WA B —RE I 3 AT (SEM-EDS)id it
Xplore 30 FRMZF(FEE, OXFORD INSTRUMENTS)
AL, BETE 73 X AR 299 1 mm> 1 mm. &5
BB IR A (TEM). & X H P75 (SAED) AR
W3 T (EDS)HIFE Talos F200S i 5t HL 1 B Ai(3E
[, FEI Company)3KHY .

1.4 BRI

Si/FeSi, 44K & & KL 1 WAL 2% 1% B SR H
CR2032 441~ db ATk, TAE AR e 6l &7
AR EAEIEHEYIR . 2 SRR R A 4 TR
JRELE 7.0:1.5:1.5 WA, MAEEEAK, 7890
BE A fa, FRANREEREJEEN 9 pm) |,
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80 ‘CELATE 10 h, i MR 514889 0.7~1.0 mg/em’.
F it & L TAE AN B, & @8 K A AT
4025 . A (R BRI Celgard 2500, FELRTRCAN 1 mol/L
[1) LiPFq ¥ TARARLE 1:1 BOBRIR £ )G /AR IR — F s
(EC/DMC)FER N 10%(J51 & 43 30 B A Bk IR £ 4
BE(FEC). BN FREF B P T, KFES
[IARFR 5 BE T 0.000 1%,

22 DL Si/FeSi, K E B BN AR, 5T
FAL LiCoOo(LCO) IERR AT 2H A . IERR (1)) 45
T K LCO. LHRFEFIZR Iw — 5 L) (PVDF) 4 i
BN 8:1:1 HENRATE N-HIE-2-I bl (NMP)
BRI, SRER KRR BT F(EE 16 pm), 1F
110 CHEZTHE 10 h, fJa bk 55 U s
R . LCO MELR LA &N 185 mA-h/g (0.1 Alg).
T 2H 2 4 L UL T, SE I g SR SRRy B R A AT 7
k. H1E 20 min J5, B TR B T A .
A R U A EAEAR A = EEL N 1.1, 3%
At FH (1 B S5 R R AA YA 5 Y LA [

JE L FE ORI E CT2001A 2R (5 H v
T PR 2 71 2 i B ik R G, MakiE
FE R, I RN 0.05~1.50 V, A Hi
MAR RN 2.75~4.35 Vo JER Z2MAR(CV)FIZZ it
FHpTI(BIS) 3 7E LAk 2% TAE % (CHI660E 2, |-
HIRENEARAR) E5Em. CV B4 A
A 0.1 mV/s, HIEJEHECN 0.05~1.50 V. EIS
IR 2 A M R R B LR, A0 B
0.01 Hz~100.00 kHz, #RIEJy 10 mV.

2 Z#ER54%

2.1 48R R

&1 1 4 Si/FeSi, PK 5 A MRHEA A £ B Bt (1)
T4 1% . Mnt 7E2Y 5.9°(20) 4k H B SE 147 (001) it 1 1
FRIEATSTIE, XTI d {2 1.48 nm, S AY (140 5L
S . BRTEZ) 26.8°Q0)HBLHES A JLlgst, K
HIC A ) 20, 1 BH SR A AR BRI . 20 BhR
WIR)G, RS (SI0)TE 22.4°Q0) B, #
WEZR 5 P RFAEAT (B 1a), 1X2& T IRIE %
B T S\ THAAR 1) 4@ BH 21, DUTH A4 A 1) =4
PREBEN LB & T RO E T — i, SRR I
IR GERIBE 52 4R, Mt A1 Si0, AL -4 st 2
1 FT7Is « Mint 8544 P (1 468 80 7046 FH B8 1B R Vs
FR AL = (S10,) H 1) S A RE B S8Ry, 208 99%.
Fe-Si0, F SiO, (AT HHUE—2, R LI B T
T Sio, MR 1a). S ia ki

BYEERGE S , BE i Med-Si %t MgO A1 Si 415
Fffh Med-Si/FeSir-1 FIFE L Med-Si/FeSi,-2 L H5
a-FeSi,(K 1a). BRPEZ:F MO J5, R Si &1
JFkE, FESh Si/FeSi-1 FIFEN Si/FeSir-2 MI[FH &4
FUREERAT a-FeSiy(B 1b), RIAG BRI F A IE
Tk 4 SR A Bh B R I s B ] — A5 R AL 2k
KEEGMEL ¥R EENF RN A

Mg(l) + %Sioz(s) - %Si(s) +MgO(s)

(AG650 <= —130 kJ/mol AH650 o= —155 kJ/mol)
6]
1 2
Mg(l) + gFeZO3 (s) > EFG(S) +MgO(s)

(AGgso = —309 kJ/mol; AHgso <= —305 kJ/mol)
(2)
28Si(s) + Fe(s) — FeSi, (s)
(AGgs0 = —35 kJ/mol; AHgsq <= —43 klJ/mol)
3)
RIER [EI DR — SR A R AN S A s SR A ek Ak
PR, TRk B R 4 A A AL Bk . KR
F KW, a-FeSiy (4 B =T 950 CHOHY, A
TAEH R BRENE 650 C, EiR¥M a-FeSi,
(17 £ AT R R B s DR e 7 3 R R R TR R o A
BILA T N, )RR T 650 C. it
RIR 8 % " 4 5043 I FE 5 Si/FeSi-1 A1 FE &
Si/FeSiy-2 H1 FeSi, #HX} Si (I & o Eb 2y 5l 4%
10%, FRI=PH a-FeSi, K7 EFi%E Fe-SiO, H Fe
TR INTE . BhAh, AT RS HOUS2 BRE
Si. Fffb Si/FeSip-1 FIFE S Si/FeSip-2 105 B8 14T
W/, ARHE Scherrer 77 AR PUEBAF RIRE S Siv kE
it Si/FeSiy-1 FIFE fh Si/FeSio-2 F-F- 3 b R )23 )
N 20, 40 nm A1 48 nm, B[JffEE ATRAH Fe & &1
BN, AR R ST 3G
%=1 Mnt M SiO, FEZWFERM

Table 1 Main chemical composition of Mnt and SiO,

Mass fraction/%

Sample
SIOZ A1203 Fe203 MgO CaO T102 Zr02 Kzo NazO

Mnt 6495 1537 9.16 5.14 428 050 039 0.17 0.04
Si0, 99.09 045 <0.01 <0.01 0.10 0.10 0.01 0.08 0.16

Si/FeSi, K B &K Si 2p 1 Fe 2p ) XPS
WA 2 s 0 ENEI5, SifE 99.4 eV H
100.0 eV A 2 AN FEE P, XM ERJTEER Si2p,
A Si 2p3p. BN, 7E 100.9. 101.5 eV A1 103.4 eV
R B BT LANE, T SiT(Si0). SiT(Si0)
A Si* (Si09)™, i LS AW ] I 9K Tk 2 5 7
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2 PEA TR, ARXT Si, FEdh Si/FeSir-1 Al
FE Si/FeSir-2 B4 100.5 eV H I 7 HJE T a-FeSi,
ROl 2a). Si/FeSi, 49K S EHI Fe 2p 1)
Iy VDL 45 S 2b BT, Si AR B Fe 2p 15 5,
FE & Si/FeSio-1 FIAE N Si/FeSir-2 7E 707.3 eV HBL T

B Mnt A Quartz + MgO
¥ a-FeSi, e Si
Med-Si/FeSi,-2
KJ; I v H &~ o 7\ v e

Med-Si/FeSi,-1

Intensity

Med-Si

|
‘/\\A/L_ u | Mnt

10 20 30 40 S0 60 70 80
200(°)

(a) Intermediate products

HJE T a-FeSi, iU, AHXIFE S Si/FeSir-1, Ff i
Si/FeSi-2 H11) a-FeSi, il K, FH
a-FeSi, &5 8w, Mhb, i Si/FeSir-2 7£ 710.8 eV
HILTHJE T Fe,05 MUIEIE™, FIHERH o-FeSiy
(A AL T EL

e Si
Si/FeSiy-2

[ ]
JL :

e, J‘ ) I Si/FeSi,-1
\ Si

0 30 40 S0 60 70 80
20/(°)

(b) Final products

v a-FeSi,

Intensity

'I\
10 2

K1 ZEW A (Mnt) BRALSEBAT (S10,) Bk T3 R 1k 52 15 47 (Fe-Si05) « AN A1k 11 38 B R A0 52 T AT 5 P T o 1) 7= (R i Mled- S
F &b Med-Si/FeSir-1 FIFE i Med-Si/FeSi-2)FIZ = I(FE i Siv Si/FeSix-1 1 Si/FeSi,-2)f#] XRD i

Fig. 1
final products (Si, Si/FeSi,-1, and Si/FeSi,-2 samples)
—Si2p;, Si2p,, —Si*
Si?t —Si* Si—Fe

Baseline —Background
—Envel
Si/FeSi,-2 Tvelope 7
FeSi,
Si/FeSi,-1 /

Intensity

S A

106 104 102 100 98
Binding energy/eV

(a) Si2p

XRD patterns of Mnt, SiO,, Fe-SiO, samples, the intermediates (Med-Si, Med-Si/FeSi,-1, and Med-Si/FeSi,-2 samples) and

Fe-Si — Fe—0O
Baseline — Background
— Envelope
Si/FeSi,-2 M Dn |
PPN, AWWFCSL S\,
VN vV Al V]
z
2]
5
= | Si/FeSi>1 n
L wag 2 Ao | Ao A 1A 0 l\/\A..“Mv
Si
714 712 710 708 706
Binding energy/eV
(b) Fe 2p

Bl 2 BEM Siv BEf SifFeSiy-1 FIEE i Si/FeSi,-2 [ XPS i
Fig. 2 XPS spectra of Si, Si/FeSi,-1, and Si/FeSi,-2 samples

Si/FeSi, 44K & A M RMEE#GE JF 1T 5 116 2= 4
RN 2 FT7R o« BEfh Fe-Si0,-1 FIEE S Fe-Si0,-2 1
ff) Fe/Si i EL4r BN 10%A1 19%, St 7ERE
P . S BERGR R SRR I FEdh Si/FeSip-1
FIFESH Si/FeSip-2 H11K) Fe/Si Jii & LA 3%A1 7%, Fe
B m D 1 5 R AT RE TR R e R H g R R A R
HF 362> %00k ¥, B0 RE ) Si/FeSi-1 HIEE S
Si/FeSiy-2 P2 ) Fe 4235 LA FeSi, L AAETE, O
PL SiO, ITEAFAE, FRIBHHE SHEN Si/FeSi,-1 FIFE
i Si/FeSip-2 1 FeSiy HiXT Si [ & &7t A 6%F1
14%, 5 RIR B H 1 4%H1 10%4500 .

& 2 ET SEM-EDS ZERNDTE/ENKAKE SRR
HIERBIER L F LA

Table 2 Elemental content in Si/FeSi, samples before/after

magnesiothermic reduction based on SEM-EDS

results
Mass fraction/%
Sample Fe/Si mass ratio/%
Si Fe
SiO, 53.0 0.0 47.0 0
Fe-SiO,-1 449 45 50.6 10
Fe-Si0,-2 42.6 8.0 49.4 19
Si 93.4 0.0 6.6 0
Si/FeSi,-1 92.7 2.8 4.5 3

Si/FeSip-2 88.5 6.3 52 7
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2.2 MR

TEM M BoRJE 6 M S WA BA F ZRIES
(K 32), SdEHBgEE, P EZEH/NT 50 nm
A FLI Si0, ki HERL T (B 3b), B 2 FL45H
(K 3b E s BB Aric L ). eIk 4E K, Fe-SiO,
' Fe JLRW A MEAE Si0, KH(E 3¢c). LEERIL
JiJE, Si FEEH 15-30 nm Kk R (B 3d), BT
AT SRR RN SRR (111) (220) A1 (311) & 1T (1
3g), 5 XRD 45 R —8. A FE M Si, F i Si/FeSip-1
B KRR~ (35~60 nm), LUk 84 B
THR(E 3e). UbAh, EIXHFATH EISH I 7 IH)E

Si(111)
Si(220)

-

© Si(311)

(g) SAED image of Si

(h) SAED image of Si/FeSi,-1

a-FeSi, MIATH IR, BIANTE d=0.237 nm ILISHTH IR
R a-FeSi, I(101) g T (B 3h). Si Al Fe JLE I
SERABAEW] T RS Si/FeSip-1 H Fe IFELE(A 3i).

FEih Si/FeSip-2 BIBURLR ST R/INAN—, 73 B0k i) 1k
500 nm(& 3f), AR5 XRD 13 2P diki R
SIS R 8 IR AHE T 1) 9PKEER
T RER R, AR TR 5 SIS (<1410 C)
BERB ML), 2) BALT B IRBERNIE R Fe,05 LR R
Si0, B R £ (AH,= —309 kJ/mol vs. AH=
—130 kJ/mol), MNPV RS =y 1k dnobr B T 1 =)

PRI s 3) kAT AR AR ok s

Si(111)
Si(220)
Si(311)
v/

(i) EDS mapping of Si/FeSi,-2

B3 FEdh Mot FEdh SiO,. B Fe-SiO,. FEdh Siv #idh Si/FeSip-1 MIAE AL Si/FeSip-2 9 TEM [ R Al EDS T ]
Fig. 3 TEM images and corresponding EDS mapping of Mnt, SiO,, Fe-SiO,, Si, Si/FeSi,-1, and Si/FeSi,-2 samples

SEM £ 5L rv s, 0 52 21 AL R JRE R~ 3 K PR3
%o Si FE PR R SN T 50 nm (RERIURIHER 1 5
EEALAE(E 4a). AHXT Si, KA Si/FeSi-1 1
o RSS2 AR B AZBE(A 4b). FES
Si/FeSip-2 NI T mlle i k(B 4c), HEA R
ERIESUE 4d). ZILGATHE TS Si/FeSi-2 1
[N R s = =TI By AP ety (eSS i oy ovd
FARC K SR R A B I FLBR s, TR

ek, tbAh, SiFe WEREIRTTR IMRME T H 2R
SERIE R, IXFPELRAESCR[32, 44] A HRE .
2.3 LEREAMILES

FEdh Siv FE5h Si/FeSip-1 FIFE b Si/FeSiy-2 MR
A B/ B TR R (B 5) 3 B T BB IR LR, (R
AN H3 RUIET TUPAC 23 28 HINY 8 w8 1 [X 45K,
FE i Si LLAE §h Si/FeSip-1 FIFE i Si/FeSip-2 FIE K
P&, RPHBEETELZ RIL, KT ROk HER
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FoEE S BROUEIRIE L SN S R A BRI R RS AR R A R I e .+ 3257 -

TR H LB . FE&h Siv FESh Si/FeSi-1 FIFE
Si/FeSiy-2 LR MAFNFLAMK IR ER 3), 1%

N NIRRT
._( ’f_ ol A

1 um

(c) Si/FeSi,-2 (High magnification)

G AR TR AL EE 1R R AR RG4S, T b
TR R 1 FL R -

7 RSN L A
(d) Si/FeSi,-2 (Low magnification)

B4 FES Siv BEfh Si/FeSi-1 FIFE S Si/FeSi,-2 1 SEM HE
Fig. 4 SEM images of Si, Si/FeSi,-1, and Si/FeSi,-2 samples

3 #E5 Si\#£5 Si/FeSi,-1 A4 Si/FeSi,-2 RILLRER
(Spen) FFLEEHDEIRE

Table 3 Specific area (Sggr) and porosity data of Si,
Si/FeSi,-1, and Si/FeSi,-2 samples
Sample Sper/(m>g™")  View/(ecm®> g™)  Average pore diameter/nm
Si 89 0.39 20.4
Si/FeSi,-1 42 0.12 13.6
Si-FeSip-2 33 0.10 14.3
—=a— Adsorption

—e— Desorption —

4400 T

g

=300 =

=

2

4200 &

Si ] -

>

Si/FeSi,-1 100 -5

] g

=

o

. .- “"YO
SFeSi2 00 02 04 06 08 10

Relative pressure (p/p,)

BlS  Ffdh Siv FESL Si/FeSip-1 FIFE S Si/FeSi-2 MIZS
i i 5 U 2K
Fig. 5 Nitrogen adsorption—desorption isotherms of Si,
Si/FeSi,-1, and Si/FeSi,-2 samples

2.4 fEEEHIIBFOMEBEIEMN

Kl 6a Ny Si/FeSi, M IIIEIR 22 M2k . 7E 5
WIRR A I R R A, Si/FeSi-1 FAARAE 1.29 V F10.76 V
BT, X 2 ANETES 2 BTG WL, XFTRE
P 798 A H FL AR AR TH 0 AR R[] 7 H A I (SED) 1R T
o KT 0.1 VI BE I 5 0 X N7 it A Ak ) E
ETLREMIEEAL . FE55 2 F155 3 BIEAM T e,
0.17 V HBLITHE BRI 3 TG 5 TERE B AL I 72
EMAW AR AR T, 037V A1 0.51 V BRI EALIE
SR LigSi &4 L st F202 . %0830 4R 2 ih
LR 10 A I SRR AE U 5 R A A AL

Si/FeSi, HLARITI & BHE 7/ ki 6b fir
N, FO/TBH BT & SRR 2 2R R IR [
BAX L. 7E 0.1~1.3 V A1 0.1 V 4bH LR} 22 A0
BRIEETEG, 23R SEI T RA AR 14
I 2 AE 1.3~0.1 V JEHRIX ], Si/FeSip-1 1 Si/FeSi,-2
MR L Si HUAR I REE S B TEAIG, SRR N T/ Si,
Si/FeSi>-1 F1 Si/FeSi,-2 HIAR I & Rl s A 70 FL LU 25
354 2 707mA h/g F1 2040 mA -h/g. 2047 mA-h/g I
1676 mA-h/g. 1831mA-h/g 11528 mA-h/g, X}M[F)
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8 Coulomb XA 75.4%. 81.9%F1 83.4%. HHXT
T Si HA}%, Si/FeSi,-1 1 Si/FeSi,-2 HLMR K4 Bl FEL 2%
EIRHTRK. X8 TS ERER & E G, (RS
PERIREALAR(100 mAh-g Y& BBIFTEE Y, ghsh,

Si/FeSi,-1 F1 Si/FeSi-2 HLHAHXT Si HLHR 17
Coulomb #Z 5 i=y, HAEFTIEIAHT BRI H 5 =11
“F-#4) Coulomb X% (K 6¢), 1ZIL G nT VK T LR AR
(RN, IS T FRARRR T 1 SET RIS o

0.2 - - 3.0 100 F
053y SifFeSiy-1 J ansatetanssataggesd
01F 035V Z 25 K951 U
] j > | |
220 g 90
< S 20f o i L .
£ oof = Si/FeSi,-2 Si/FeSi,-1 .é’ u Si
S s el b= o Si/FeSi,-1
5 0.76V 129v | =13 585 ot
5 -0.1F = Si 2 4 Si/FeSi,-2
“ — st 210 £ 80 L°
——2nd % %
—02r 3 = 0.5 G 75¢m
021 1.0A/
-0.3 L L L L 0.0 T —————, 70 I 1 L | |
00 03 06 09 12 15 0 500 1000 1500 20002500 3000 0 4 8 12 16 20

Potential (vs. Li/Li*)/V
(a) Cyclic voltammetry curves

Specific capcity/(mA-h-g™)
(b) First charge and discharge curves

Cycle number
(c) Coulombic efficiency/%

Kl 6 Si. Si/FeSiy-1 Fl Si/FeSi,-2 BMZHITEIAR L. 7E 0.2 Alg T 1 BIER 7R - ZEFI7E 1 A/g T HY Coulomb R HL

(A 3 Bl 0.2 A/g)

Fig. 6 Cyclic voltammetry curves, first charge and discharge curves, and Coulombic efficiency of Si, Si/FeSi,-1, and Si/FeSi,-2

electrodes

Si/FeSi, HLRA KIS ZMEREWIE 7a PR
Si/FeSi,-1 HHZAE 0.1, 0.2, 0.5. 1.0, 2.0, 5.0 A/g
1 10.0 A/g FHIELZE R399 1808 1737, 1469,
1274, 978. 668 mA-h/g f 328 mA-h/g. MHR%
FEM 10.0 A/g A2 [0] 0.1 Alg B, HAFERERE 2] 46
fH, KW Si/FeSi,-1 HMEAMNFH TN, £
A B B %5 B2 R, Si/FeSir-2 HLMR A& B KT
Si/FeSir-1 Hitl, XN Si/FeSi-2 HIREALL S
EHE. £ 0.1 Alg FI/NHEREE T, Si Bkl
Si/FeSip-1 Fl Si/FeSi,-2 AR EA B =2 & . 2R
L B IR T O, ST BRI AR BT
Si/FeSi>-1 Al Si/FeSi-2 HtK, HJFEF N a-FeSi, HA
SHE, ReE SRR E S E YRR, M

3000 | @ Si
_ L o 9 Si/FeSiy1
T ]
02500 ¢ @ Si/FeSi,-2
‘é 2000 — 2"1 . OLae
9
£ I 98380548 39900
8 1500 ggggg 1.0 Alg
S L %90,
29999 20 A/g
& 23333,
= 1000 |- 80000
3 vgoss 5.0A/g
Q, F 1 1 Y
wn ‘OOQ
500 - 93299 10,0 Alg
| 92000000
O 1 1 L 1 1 1 1 1 1 1 l”,,, 1 1
0 5 10 15 20 25 30 35 40

Cycle number

(a) Rate performance

Specific capacity/(mA-h-g™')

T B A 25 17 R ) 5 2 VE R - Si/FeSiy HERR I TEFR 14
REnE 7b Fias. TERT 100 FEEHAH, Siv Si/FeSir-1
H1 Si/FeSip-2 HAMK I LU 2 B3 A AR IR TG I I 4,
U R T R 3 A i R 0500, 25 500 YRAEFR S, Sis
Si/FeSi,-1 Fl Si/FeSi-2 HMIMIAE DN 417,

781mA-h/g il 561 mA-h/g, 2 EARFEHR AT BN 35%-
77%F1 50%. FHXT Si AR, Si/FeSip-1 Fl Si/FeSi,-2
Bk BAEm A ERFE, £ a-FeSh NE A
Rt il AR S M AR E . L4h, Si/FeSi,-1
HLA G Si/FeSip-2 HLAR HL A AR e M PR e e 1,
KRN Si/FeSir-2 AF7E iyl oe 4 P ik (R~ KT
150 nm), ‘5 HHLEIEH I AR A LR BRSSO AR
PR,

100
3000
o @ Si
2500 o @ @ Si/FeSi,-1 - 80 -
o 9 Si/FeSi,2 >
=
2 000 g 160 5
&
[
; 2
40 2
1 Alg g
; =
!
20
0 L 1 1 L | 0
0 100 200 300 400 500
Cycle number
(b) Cycling performance

B 7 Si. Si/FeSi,-1 Al Si/FeSi,-2 LI K f55 M BE MG FR 1 i

Fig. 7 Rate performance and cycling performance of Si, Si/FeSi,-1, and Si/FeSi,-2 electrodes



5255 10

KB S5 BRI S A A R AL BRGUR SRR LA R R

° 3259 -

K 8 7y Si/FeSi, UM T HALSABHATIE . iR [X
5 AT R R A G, R [ ELARED, A
A PH TR/ o AR P 8 47 Pl v FR) A8 0 HL 5

HHATPLE, B Si B Si/FeSir-1 AEE S Si/FeSip-2
[ R 7314 290+ 204 Q F1 255 Q, FKIHFEALELAE
BRI AL . 2 4 518 T RRIE K

F4 ATESAIAMRIEPAER € RBELINKESMHIBULF LR

Table 4 Electrochemical performances of different metal silicide-reinforced silicon anodes compared with previous reports

. . . . Specific Current Capacity retention
Material Initial Coulombic efficiency/% . B . . Cycle number Reference
capacity/(mA-h-g) density/(A-g) rate
Si/FeSi,-1 81.00 1110 1.00 200 >95.0% This work
Si/a-FeSi/3D carbon 88.00 890 1.40 100 82.4% [57]
Si/Al4Cug/AlFe/AlFeSi, 88.70 1250 0.30 200 85.7% [58]
Si/C/FeSiy 70.00 1280 0.50 100 86.0% [59]
Si/TiFeSi, 80.00 1000 0.20 100 92.0% [18]
Si/FeSi,@C 86.00 1205 0.40 100 97.0% [25]
Si/MoSi, 77.60 1647 0.84 150 85.2% [33]
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Extended Abstract

Introduction Silicon is considered as one of the most promising lithium anode materials due to its high lithium storage capacity.
However, the volume expansion effect and semiconductor properties of silicon hinder its practical application. Two effective
strategies exist for mitigating this issue, i.e., reducing the size of silicon to nanoscale; and introducing non-active matrices to improve
stability and conductivity. In recent decades, the incorporation of iron silicide (FeSi,) with silicon (Si) has attracted much attention
due to its high conductivity, mechanical hardness and environmental friendliness. Unfortunately, the Si/FeSi, nanocomposites are
mainly prepared by high-energy ball milling, which has some drawbacks such as low purity, large particle size, and uncontrollable
morphology, making it difficult to achieve the commercial application. Porous silica derived from clay minerals is extensively
investigated for the preparation of silicon nanoparticles by magnesiothermic reduction. In addition, porous silica has a large specific
surface area, which facilitates the effective dispersion and loading of iron oxides. The reduction of iron oxide and silica dioxide to Fe
and Si can be achieved by magnesium. In this paper, a natural montmorillonite (Mnt) with a high content of silica (65%, in mass) was
utilized as a raw material. Silicon/iron silicide (Si/FeSi,) nanocomposites were synthesized via modification of Mnt (including acid
etching and iron loading) and molten salt-assisted magnesiothermic reduction.

Methods A porous silica (SiO,) was prepared via leaching Mnt at a high concentration of HCIl. Subsequently, a iron oxide was
loaded on SiO, via precipitation in different Fe/Si mass ratios (i.e., 0, 10%, and 20%). Modified SiO, (Fe-SiO,) was mixed with Mg
and NaCl in a mass ratio of 1.00:0.85:3.00. Afterwards, the mixture was heated in an inert atmosphere at 650 ‘C for 5 h in a heating
rate of 5 C/min. After cooling naturally, the product was washed with 1 mol/L HCI and 1% (in mass) HF in sequence to remove the
by-product. Finally, it was rinsed with ultra-pure water until neutral and dried at 80 °C. The sample were named as Si, Si/FeSi,-1, and
Si-FeSi,-2, corresponding to the Fe/Si mass ratio of 0, 10%, and 20%, respectively.

Results and discussion The XRD patterns show that Si/FeSi, nanocomposites are consisted of Si and a-FeSi,. An increase in Fe
content in precursors leads to a higher a-FeSi, content in the product. Based on the results of RIR value method and elemental
composition analysis, the mass ratio of FeSi, to Si in Si/ FeSi,-1 and Si/ FeSi,-2 is 5% and 10%, respectively. The average grain sizes
of Si, Si/FeSi,-1, and Si/FeSip-2 are 20, 40 nm, and 48 nm, respectively, according to Scherrer's equation,. The grain size of silicon
increases with the augmentation of Fe content in the precursor. This phenomenon analyzed by both transmission electron microscopy
and scanning electron microscopy images is since the melting temperature of silicon nanoparticle is lower than that of bulk silicon
(~1410 C), the addition of iron greatly increases the local temperature (AHgey0,= =309 kl/mol vs. AHgio,= —130 kJ/mol), and the
addition of Fe can effectively reduces the melting point of nanocrystalline grains in Fe/Si eutectic alloys. Moreover, the specific
surface areas of Si, Si/FeSi,-1, and Si/FeSi,-2 are 89, 42 m%/g, and 33 m?/g, respectively. The gradual decrease in specific surface area
coincides with the concurrent increase in grain size.

As anode electrodes, Si/FeSi, nanocomposites exhibit a higher initial coulombic efficiency, compared with Si due to the
smaller specific surface area. The rate performance show that Si exhibits higher capacity than Si/FeSi,-1 and Si/FeSi,-2 at a low
current density of 0.1 A/g. However, when the current density increases gradually, the capacity of Si is lower than that of Si/FeSi,-1
and Si/FeSi,-2. This phenomenon indicates that the incorporation of a-FeSi, enhances both electron conduction and ion diffusion rates.
After undergoing 500 cycles at a current of 1 A/g, the capacities of Si, Si/FeSi,-1, and Si/FeSi,-2 are 417, 781 mA-h/g, and
561 mA-h/g, respectively. The corresponding capacity retention rates are 35%, 77%, and 50%, respectively. The cycling performance
demonstrates that Si/FeSi, nanocomposites have a more robust structure, compared to the Si electrode. In addition, the cyclic stability
of Si/FeSi,-1 is inferior to that of Si/FeSi,-2, potentially due to the reduced structural stability resulting from a larger particle size.

Conclusions  The Si/FeSi, nanocomposites were prepared via modification of montmorillonite and molten salt-assisted
magnesiothermic reduction. This method utilized magnesium powder to reduce Fe,O; and SiO, for the in-situ formation of Si/FeSi,
nanocomposites. The composition of Si and FeSi, nanocomposites could be adjusted via altering the ratio of Si/Fe in the precursor.
Moreover, the reduction of Fe,O; resulted in an increase in grain size and a decrease in specific surface area of silicon nanoparticles.
As anode materials, Si/FeSi, composites demonstrated the superior rate performance and cycle stability, compared to Si. This
phenomenon could be due to the incorporation of a-FeSi,, effectively enhancing the kinetics of lithium ions and electrons on the
electrode. In addition, as an inert substance, FeSi, could reduce the volume expansion effect of silicon, thereby maintaining the
stability of electrode structural. The structural stability of the Si/FeSi,-2 electrode was relatively weaker than that of the Si/FeSi,-1
electrode. Therefore, Fe content in the precursor could be of paramount importance for achieving high-performance silicon-based
nanocomposite anodes.
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