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IRFURE AR () e 25 553 TN 5.0% A1 33.5%, 1EEE
AL V5 S5 B I v R PR 2R K R I D FE R
TS T Y () A0 DU R B St Al A Sy — i Rl
B REIR AR AT ORAA . 2 FRRA R Ak 2R 2
x 1. R 1 A5, MK R ER 2 Sio, Al
ALO;, HIFESE RN 47.5%F 37.2%, HIKZE
Fe,03+ CaO %; MEAALEF SiO, MR &5 EN
45.0%, K, N AlLOs;. Fe,0; fl CaO %%, Lk
2 FA RIS A EE I Si0s.

B Mg, 35 pum)k H REH Rk
PR AT); FAEINaCL, ZHraE)sk E R T 1k
HRFE AT ThERHCL, 244l S SRR (HF,
IATAR IR AT MIAEEEGR s N edE = AR
B(CTAB, Zrifraliysk B REHRPERAEEGHA TR A
Al MR IROR B 22 e AR A IR A ]

B 1 MR R ARSI IR X 5 2R AT 5 (XRD)
REFF T B ABSEME A . B 1a FE 1b
AL, A B A A DL3E R A (3AL,05°2S10,)
AR BE(SIONI W s A H il AH ) DU
(SiO)T W AT, bk 2 MitkhEE&HEFEER
SiO,. b4, 2 MAEIE XRD #7E 20 N 16°~26°
I35 L AT, b, R K I SR T IR
O A Al S AR IR AR Y T R A A % X I

F1 HERMESEERNFER
Table 1 Chemical composition of ash from fly ash and coal gasification slag wW/%
Chemical composition SiO, ALOs Fe O3 CaO K,0 SO; Na,O TiO, P,0s Others
FA 47.5 37.2 5.8 4.0 1.1 1.3 0.8 1.1 0.2 1.0
CGS 45.0 20.6 12.1 10.5 2.7 2.4 23 1.3 0.3 2.8
W—Mass fraction.
—FA v — CGS
« Mullite ¥ Quattz
v Quartz
b » >’
£ =
8 S
‘S‘ * é
10 20 30 40 50 60 70 10 20 30 40 50 60 70 80
20/(°) 20/(°)
(b) XRD patterns of CGS

(a) XRD patterns of FA

(d) EDS spectrum of point 4 in Fig. 1(c)

Al

(e) SEM photographs
1
Fig. 1

(f) EDS spectrum of point B in Fig. 1(e)

A BERANE AL XRD 1% #1 SEM ff
XRD patterns and SEM photographs of FA and CGS
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KM HEERKER Siv O f1 Al THR, X—Z 858
PP XRD 15— 2. M 4E R SEM 8 5 17
TEE G ARG AR RN R SR, 454
TCRARE AT, eI 2 AL BTN, 1
N SR AR B B SIO, (W, 2 R 5%
BV T RRME Ak, Fik, B&H&ERE
G IR RIS

1.2 ERERESMRRE &

12,1 ®EEMERISIS  E BERIKE TSR EkEE
AFRJE, 4y AVEC 1 g ByEAR . 1 g BENMT RN 2 g SALEN,
BT O B 5 min [FHRMRESS. K
G, BRA GRS E BN Y, TER
SSETREL S Comin (ITHEERTHREE 750 ‘CIHF
fHIE 8h 5, HARHERIR. )5, KiEWmES
¥R 2% 150 mL 1.5 mol/L FIERERIAWH, 60 C/K
W 6 h J5, HEETKZRGEGESE, FFBA
80 CIIMEAR R HLT, &5, H 0.1 mol/L MEFER A
TS HE T J5 HRE S 34T AR B, DARR 25 K I BE ) SiO,,
B A SRAZ IR B R FERE AR R S FA-Si.

122 FEBRE A MR ) 2% 1) A Sk
i 2GR o

B 1 g BREFJR BRI . 0.6 g BRI 2 g SALEN
BT FEIREE Smin, K 7E MR A ISR IR
HBEAFNRNZEF, H& T2R 121, &REHRE
PSR T S EHE RS CGS-Si-C.

2) BB FETERR S A AR ) 4%

FE A FA-ST 85078 A2 A BB AR NI, &8
AR I R A . AR SRR R Bk,
B 0.2 g BB AR FL IR B3 BUE 20 mL AT 40 mL
FEETKINREER S, R HE A 48 30 min.
SRIG, [EBIFIRH AN 0.008 g ] CTAB H-4ii#k 2h
Ja, AEETKMEKOERE, BMEZRN
CTAB. 2 J&, ¥ FA-Si FIMy 4% i 2=t 1:1 4
BUAE 30 mL TG/K SREEH i 4 h 5 & 57K A
TR OGRS BOMT . &%, BTEFERTE
800 CIIE S HH FoAL 2 h, Frfar=#ic NFES
FA-Si@C.
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KH SmartLab %Y X SF£R AT 0 BT SO & 1)
ol i EE R AT R AE o M2 : Cu $E(A=1.5406 A),
EHE 40 kV, FFEEE 10°~80°, KA InVia BH;

1 (Raman) SO i 1R &R RS R B 2R AT R AIE o 3K
S WOLHEK AN 532nm. F|H Compact Merlin
R3g Rk A P BB SR R A,
44 EDS WS4 S RE e XA e s AR & & . R
Fi JEM-2100F 2432 S o 7 2 3B (TEM) WL 82 0 i 1)
WOR SR AN i T 25 4« SR Autosorb-iQ-MP A5
BRI ERR R BT S I FLES A A B R T AR . R
M BET HCRIARMRETH R LR AR, R %
iZ R BR (DFT) B 8 o i L2 0 i o R
STA449F3-QMS403D #4 #h & 3 BT FE /AR T
WFFERTIRAARRE S AR B R, IREERECAEE S
1000 °C, JFHEIEZY 10 C/min.
1.4 FERR SR ARG Bl 8 R H B AL S MR K

PL 70%-~ 15% - 15% %) 5T & bb 53 70 Bk BURE
FA-Si@C (F£ih CGS-Si—C). 5 ik S AN FR M
FE i FA-Si@C (Ff & CGS-Si—C)F1S ik B 7E ik
RO IRA IS E M TRV i T 25 B8 1 /K (1) g 1R
b, RS SORHALE 0.2 mm AR S L, JRONELE
R AE 100 C T 10 h, TS #REZ N 14 mm
[ 7 A AT sEAR . DLIRITE 4 J@ 21 4 o) A,
Celgard 2400 RN AMRE, HBABRNY 1 mol/L
LiPFs, HIEFI[IRIR £ IR BE(EC 51k — .18 DEC,
RARLEA 1] SN N 10%  (J5 253 250 1) AR
WIR CIBBR(FEC/E N IR ] CR2016 B 4411842
HAL I 4 R e FR AE 7R i N FE 5 R T (H,0 AN
O, WET 107). FHIHE/K Ik & 48(BTS-4000)
HEAT AR 78 78R R (GCD) » 38 i H Ak 2 T A
(CHI760D Z)FEATFEIA R 23 CV)RIAE L P I X
(EIS).

2 Z#ER544%

2.1 fEREESMRIBESMBHE

2 N FA-Si@C 1 CGS-Si—C Il % i e A
P 2 AT L, SR A 6 47 B 5 A B30 R i 0 78
A RIS £ FA-Si@C E&ME. CGS-Si-C N2
DA [R) B e YRR B 4 o R TR S A
A ORAA, I — 0 s 2 A B B RGE IR E A . B R
I 5 R F I R S BB IR A(648.5 C) i, BELAZR
ST A FEE A R R S A
AR, ()RR ST A MgO, HA
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PR, [k, AT b kb2 kA2 X (3) i
AR R SICP . B g J i R v AR R MO 7



* 3588 - CRERR #h 40D J Chin Ceram Soc, 2025, 53(12): 3585-3599 2025 4

JEE R B R HCL B BTGB REMRFED,

FURHGL R, £ SRR ik 1300 'C, ] Si05(s)+2Mg(g)—>Si(s)+2MgO(s) (1)
G 22 TR A R RERT R 454 o [RIE, v Si0,(s)+4Mg(g)—Mg,Si(s)+2MgO(s) @
o e B SR R R RS O BR, AT R AN MgSi(s)+Si0x(s)+2C(5)—28iC(s)+2MgO(s) (3)
ER NaCl (LA 801 “C OB )2, ik 3 A FA-Si ff] XRD i, Raman J&i%. SEM

I AT PGS JE S PR I e A, (R IE AN o A1 TEM #Er. fHIE] 3a AT L, FA-Si 2ILH BRI

Magnesium
thermal reduction

750 C, 8 h, Ar

Coal gasification slag

Magnesium therma
reduction

/750 °C, 8 h, Ar &

, Carbon coating /
R [
XN ‘
:‘-:?‘f,‘? 800 °C,2h, N,
=5

Fly ash FA-Si FA-SI@C
K2 FA-Si@C fl CGS-Si-C il # i A2 &l
Fig. 2 Schematic diagram for the preparation process of FA-Si@C and CGS-Si—C
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(a) XRD patterns (b) Raman spectrum

(¢) SEM photograph (d) SEM photograph of point 4 in Fig. 3(c)
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(f) TEM micrograph (g) HRTEM micrograph (h) SAED diagram
K3 FA-Si[f) XRD i, Raman Jtil;. SEM #1 TEM H&
Fig. 3 XRD patterns, Raman spectrum, SEM and TEM images of FA-Si
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TEATHTIE, Horh, 7E 20 v 28.4°. 47.3°, 56.1°. 69.1°,
76.4° 40 B 5 ANATIHIE, 3% BTS2 A A A
FERI(111). (220). (311). (400)F1(331) 5% i (JCPDS
27-1402), X 32 BB IR 248 08 5 5 15 51 () FA-Si
DA i R4 R Ao 20, B 1B 3b AT L, FA-Si
75 510 cm ' fEES BT H R BUIRTETIE, HR
FETE 521 em ' BHE R A RERER — e P 8
BT, IR BH LRy B A A Ik A 1) £ B AR R
BT 45 5 PER . Raman 3% 547 940 em ™' BT
BRIt BT SiOy H ) Si—O 4, SiOy [MAE7E FE &
B T ROk 2 1 A AR SR A R B ] 3 mT L, 8k
IR 515 21 FA-Si FEALREF T AT IR S50,

AR RO RERIL LM . T EEROE R AR P8 7%
MBI R T 150 /) N8 R JE K BBk
SER LR R /N IS R . EDS Ju R 4 R
(K 3e)idt—2BiEsL T FA-Si R TH I PRA 3 Bl Si
1O 2 Fhoe UL L Ah, N FA-Si 1) JR 5B R B (K

(d) SEM photograph

3d)Hr] DU B H R AR R =AU, X v 1 8
PO R R & E K E MgO, Jasid R Hopk
HCl FREm ST FLR K. hE 3¢ ol i,
FA-Si =B i A R S ME B i, HERS
KL AELEGNAR AL o [R]INER F v 23 7% 230 325 3 vl 1 S 1k
BE(HRTEM)AHL A7 5 MK — 20 434 7 FA-Si 1)
SR ZE RS B . N HRTEM F8 A (LI 3g) AT LA b
iU U1 BT R 1Y) AR A5 £0(d=0.31 nm), I
HI%E X HFHT 5 (SAED) B (L ] 3h) 78 Bl (1) 777 5 15
PR SN A ARRE R (111) (220) (311)diTH, X5
XRD 43 M4k B—35, UIFSEE I £l Bh B A IR k15
B FA-Si HhIE R 7 B B 45 B AAhE o
/MR 2 AR FA-Si@C F1 CGS-Si—C I
TESFFE W 4 fio. 4 7T, S Es 2|
1) FA-Si@C(ILIE 4a)814 2505 FA-Si(WLE 3c)%:
A—5, HH EDS 7 #rks il (WL & 4c) v] i, FA-Si@C

(e) SEM photograph of point B in Fig. 4(d)

C (6}

(f) EDS spectrum of Fig. 4(e)
Kl 4 FA-Si@C # CGS-Si—C [f] SEM H& /i EDS fEi
Fig. 4 SEM photographs and EDS spectra of FA-Si@C and CGS-Si—C
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WL, ZJRIBIBORKIN, FORLRY) o7 55 S kA T
HEZ 1) 7 RS PO B R A5 s [ EDS 404t
R 4nFEH CGS-Si-C KIHEYR EEth C
TCER AR, BURDIRY B B Si AT O JTER AL, U
T B G SR R D IR A b A S
Tk e A SORE, - EL AT T B 8 T R A %) IR e &
Kb, T RERE AR R SR
Kl 5 N FA-Si@C A1 CGS-Si—C 1) TEM & F.

H ] Sa AT O, 678 SRS R SR REA RHIRTESR, A7)
RINRER B EH LR, [HN HRTEM [
(UL Sy mr USLIN 215 A7 B S5 b b 2R S0 SR A
WAL R AR D R GIANTEE R Z, 20
ST PR B B RRAE « A% E X 38k STEM-EDS Jo %
Wit B (LI Sc)rT AR 2, 7E Si JCERFTTE X 81

S — 2 C JuER, IESEAERER TR 1 o e 2
ot)=, O JLR M BHE S T R AEEMWRBITE
T o T A CGS-Si—C ) TEM [ H (WLE 5d)H AT A
T BT b L 52 3] J2 48 A R0 R ME AR I O SR A
4E4 HRTEM B Se) Ak A 18 K B 45 1) s
W] RS SR U BRI AR, i — B ESE T
CGS-Si-C HEH o A4 o> BAERIREE M, X —5518
£ STEM-EDS 7t 2 B B (L B 515 2 Bk, B
TE C JCER IS o3 A () DX S i A A5 RO SR A4 . I
&b, M CGS-Si—C i HRTEM Kl (L& 5e)dritm]
LI BT Hh U 52 3 8 0 SR R HE B 454, IX —RFIEAE
FA-Si@C AR KM LR HHE RSB L —5
BERGE JR VL BB R TG LA R 45 W IO R O A
p=REy b S PR & N R R T ANV R X ot AR
T 368 3ot Al 0, 78 S W SR 15K A% 7 45 4" FA-Si@C
5 U ATG 58 T o = o

(c) SAED diagram

(d) TEM micrograph

(e) HRTEM micrograph

(f) SAED diagram

K5 FA-Si@C fl CGS-Si-C [ TEM H& /i
Fig. 5 TEM micrographs of FA-Si@C and CGS-Si—C

I E(TG) M1l FA-Si@C 1 CGS-Si—C
HHEERTRH 2 AT . B 6 N FA-Si@C H
CGS-Si-C [f] TG Hhizk. XRD i1 Raman Y¢iti. H
Kl 6a F1 6b 1] W, TG HI 2% 4 S 3 3 ANRRAE 1B B -
fE#R FE AR T 140 CHHIUE M B, FA-Si@C #
CGS-Si-C HAR U B &40 2 o] H BB T ARk 2
BRI AR MR T 600/640 CHF, FA-Si@C

I CGS-Si-C 5t #4571 2K Z853 Jil1A 28.1% (5 273 40)
H136.9%, X FE 2 HF FA-Si@C fl CGS-Si-C
T EE A SR SR B, F] FA-Si@C
Al CGS-Si-C ™ i 443 1 & & 73 7l 8 28.1% Al
36.9%; i E 48T =i, FA-Si@C fil CGS-Si-C
FES PR R B 38, 1X LR AR BRI
T AR A R B R SiOy 4P,
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90 + 90 r 2 SiC 5 ,g 5
< S5 28.1% ® l T <
% A 80 L é" i A M :
[72] 80 - ° 2] —_~
= % = e .
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§ 75 _./ = 70 b - & ~
70 | - v o 82
o
65 60 M - . .
60 . . . . - ' ' ; t . :
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Temperature/‘C Temperature/ C 26/(°)
(a) TG curves (b) TG curves (c) XRD patterns
FA-Si@C Peak (002)  Si e —FA-Si@C FA-Si@C
Peak@f @40%) (1D Si-Si @ e G1o.4%)
0, '
(30.2%) Hli ks, l. - D G T Di(11.7%)
J Si-O
21 z z
E ke — k(002) i : 5
3 _q;_ Pea 1 = Qs — CGS-Si-C =
E |cas-si-C B S0 [, E | [si-si =
1]
Peak y *\ - +
(14.3%) J sito M B
L M . ) 4
15 20 25 30 400 800 1200 1600 2000 1000 1200 1400 1600 1800
26/(°) Raman shift/cm! Raman shift/cm!

(d) Peak fitting of the (002) peaks

(e) Raman patterns

(f) Peak fitting of D and G bands

6 FA-Si@C Ml CGS-Si-C ) TG #i£k. XRD % fl Raman i
Fig. 6 TG curves, XRD patterns and Raman patterns of FA-Si@C and CGS-Si—-C
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Tk 4B HOE 5 5 B 45 B B i, T FA-Si@C
R I AR 25 R PR 42 g I A R S R AN
A, CGS-Si-C L H L 7 X R SiC TS %, WE
HTE S B HOE JR IS FE R AZE AR R SiC 1
J2 M . CGS-Si—C 1 FA-Si@C ] XRD i 1 f7 T 20
S 259 BT PR T B 4 S 6 I T A A T IR A R
(5B A FA-Si@C o oy A0 I v il 2 gk T2 8 ) ke
JEPO, IR W L8 SIS R AR FA-Si T 5] ATt
2. N7 F 9 FA-Si@C Il CGS-Si—C F1i%
R IR, 23 BIRHE T 260 25° BT (AT 5 e 3k AT w5y
WA (18] 6d), BFIAR RIS B (sp” )
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o se ik = E & B TR AR A S, 1
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940 cm ' BT H I T AR B ek 0 AR BT B e

X T SiOy H1 ) Si—O H#, IE B DL A N T
O A il 2% (O RE A4 R B R 0 5 A i B A kL
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5 sp” ZA0RR R TP, @i @il A% D gl
G AT 3 I3 & (WL K 66), 43 I3 21 1 62T 1200
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T A A S5 M B SR B ) Dy W (sp S5 BRIEIN A
PRENER) . Ds RS T SR 2 P AERE sp’ it
512 10 B )R G e (5B % i sp” )L,
MR 300 45 AT 51 (L 6f), FA-Si@C th sp® 45
MR P AN i b S B B AT CGS-Si-C, i
CGS-Si-C 144 5 B 2 M 5 BRIG F A7 58 b sp?
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FA-Si@C 1 CGS-Si-C "' Dy W&l G W [0 AR L
B (Ap /AG)7 1 1.78 F1 1.51, 1EW] FA-Si@C
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(P/Pe<0.01) 7 [l N ih 2k B % EF+, R W
FA-Si@C Ml CGS-Si-C 77 {EfFLP%, [k,
FA-Si@C M1 CGS-Si—C ¥J A B A MILFAFLILAFH
JERFLEER . Eid BET AT 5H 45 H FA-Si@C Al

200

—o— FA-Si@C
150

| BET surface area: 215.7 m>-g! i’
100 _ﬁf.ﬁiwﬁx =
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mg .

= 50 8997
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S 350 .
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Electrochemical properties of FA-Si@C and CGS-Si-C
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Extended Abstract

Introduction The large-scale mining and processing of coal resources inevitably result in the continuous generation and
accumulation of solid wastes such as fly ash and coal gasification slag. However, their utilization rate remains low, with primary
dependence on open-air stockpiling, leading to substantial resource depletion and ecological hazards. The existing resource utilization
of fly ash and coal gasification slag is still confined to low-value-added fields like construction materials and agriculture. It is
critically necessary to explore their inherent resource properties and develop high-value utilization pathways, thereby addressing
environmental challenges, while enhancing economic benefits. Some researches reveal that fly ash and coal gasification slag both
contain abundant silicon components in their phase compositions. This characteristic endows them with significant potential as
precursors for synthesizing silicon anode materials. This study was to fabricate silicon/carbon composites with fly ash and coal
gasification slag as precursors, provide novel insights into the high-value application of coal-based solid waste resources and expand
the methodology for low-cost preparation of silicon-based materials for lithium-ion batteries.

Methods In the fabrication of distinct silicon-carbon composites, a fly ash-derived silicon material was prepared via uniformly
grinding a mixture with 1 g of fly ash, 1 g of magnesium powder and 2 g of sodium chloride. Afterwards, the ground mixture was
heated in argon atmosphere by magnesiothermic reduction at 750 ‘C for 8 h. A purified silicon material was obtained after sequential
washing with hydrochloric acid and hydrofluoric acid. For the fly ash-derived silicon-carbon composite, this silicon material was
dispersed with phenolic resin at an equal mass ratio, modified via cetyltrimethylammonium bromide assistance, and carbonized at
800 ‘C for 2 h to form a carbon-coated structure. In contrast, the coal gasification slag-derived composite was synthesized in a single
step via subjecting 1 g of coal gasification slag, 0.6 g of magnesium powder, and 2 g of sodium chloride to identical magnesiothermic
reduction conditions, thereby retaining inherent carbon to generate an interconnected silicon-carbon architecture.

The morphologies and microcrystalline structures of all the obtained samples were analyzed by X-ray diffraction, Raman
spectroscopy, X-ray energy dispersive spectroscopy, scanning electron microscopy, and transmission electron microscopy. The
thermal behavior was evaluated by thermogravimetric analysis, and the microstructures were characterized via BET specific surface
area and pore size distribution measurements. The two composite materials were assembled into lithium-ion half-cells for
charge—discharge cycling, cyclic voltammetry, and impedance testing to evaluate their lithium storage performance.

Results and discussion Silicon materials obtained via the magnesiothermic reduction process with fly ash as a precursor exhibit a
high crystallinity, primarily composed of densely packed crystalline particles. The corresponding fly ash-based silicon-carbon
composite fabricated via a carbon-coating strategy exhibits a “core-shell structure” with a carbon content of 28.1%. This carbon layer
predominantly consists of amorphous carbon enriched with abundant sp’-hybridized structural defects and edge disorders,
significantly affecting the interfacial charge transfer dynamics. In contrast, the coal gasification slag-derived composite synthesized
via one-step magnesiothermic reduction demonstrates a distinctive mosaic architecture incorporating 36.9% carbon with substantially
enhanced sp>-hybridized carbon domains, thus facilitating a superior electrical conductivity.

Fly ash-based silicon-carbon composite and coal gasification slag-derived composite both have high specific surface areas (i.e.,
215.7and 274.8 m*g™") and rich hierarchical pore structures (i.e., synergistic distribution of microporous and mesoporous pores). As
lithium-ion battery anodes, fly ash-derived silicon-carbon composite and coal gasification slag-derived silicon-carbon composite
exhibit reversible capacities of 800 and 420 mA-h-g™' at 50mA-g ', respectively. These composites maintain reversible capacities of
348 and 334mA-h-g ! after 300 cycles at 500 mA-g ', respectively, showing superior rate capability and cycling stability. This study
demonstrates that silicon-carbon composites with high-performance lithium storage characteristics can be prepared by using low-cost
coal-based solid waste—fly ash and coal gasification slag as precursors, which is helpful for promoting the development and

application of low-cost, high-performance energy storage materials.

Conclusions A silicon-carbon composite with a “core—shell structure” was synthesized by using fly ash as a precursor through a
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magnesia-based reduction process combined with a carbon coating strategy. Also, a silicon-carbon intergrown composite exhibiting
an “mosaic architecture” was prepared by using coal gasification slag as a precursor by a one-step magnesia-based reduction process.
The abundant sp® structural defects and edge defects in fly ash-based silicon-carbon composite could enhance its lithium storage
capacity, while the significant sp? carbon in the coal gasification slag-based composite could improve its structural stability.
Consequently, the composites both exhibited excellent rate performance and cycling stability when used as anodes in lithium-ion
batteries. This study could provide some insights for the high-value utilization of coal-based solid waste resources and expand

avenues for low-cost preparation of silicon-based materials for lithium-ion batteries.
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