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Preparation and Lithium Storage Properties of Low Cost Silicon Nanotube/Carbon Composites
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(1. College of Material Science and Engineering, Liaoning Technical University, Fuxin 123000, Liaoning, China;
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Abstract: The preparation of silicon anode materials via reduction of silicate minerals can improve the electrochemical properties and
reduce the production cost. In this paper, silicon-carbon composites were prepared by a simple evaporation solvent method with
natural halloysite aluminothermic reductive product as a raw material and asphalt as a carbon source. The results show that silicon
exists in the form of nanotubes with a diameter of approximately 30 nm. The carbon layer is uniformly coated on the silicon
nanotubes, which increases the diameter of the silicon carbon composite. The thickness of the carbon layer is approximately 7 nm.
The carbon exists in an amorphous structure, and the carbon coating leads to the decrease of the specific surface area. According to
the results of electrochemical tests, the optimum electrochemical performance of silicon-carbon composites can be obtained at a mass
fraction of coated carbon of 15%, i.e., the first charge and discharge capacities of 1 387.8 mA-h/g and 1 615.7 mA-h/g, respectively,
and the first coulomb efficiency of 85.9%. The silicon-carbon composites maintain the first charge discharge efficiency of silicon
nanotubes, and greatly improve the cycle performance. Compared with the 200 cycles capacity retention rate of silicon nanotubes of
38%, the 200 cycles capacity retention rate of silicon-carbon composites coated with a carbon content of 15% is increased by 45.8%.
The specific capacity of silicon-carbon composites coated with a carbon content of 15% is 1 065.6 mA-h/g after 500 cycles. The
capacity retention rate is 76.8%.

Keywords: halloysite; silicon/carbon composite; silicon nanotube; lithium-ion battery; anode material
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ST, BT AR R AR A/ A I R ) R AR AR AR
A T BTG P A AT AR A L A5 v [ 2 R 5 (SET)
AT AR i, BRI 5 B50hE S S B o k. 5 b R B
RERE SRR, AREHR SR, WK, fERfi
AR Bt A Al Bk AN )T bk 7 s e B

AR,  RAR Wik SR i) g i AR — Fh &%
AR & T7IE, BT CUE B AR I 45 1) R B
P E A B PEfE . Wang ZEPTDIREEE + N R
Bl SRHBERGE LR & 206k, HIXRRES E
1 826 mAh/g, 7E 0.05 A/g [FHEIRFEELT, 30 KIE
WG 25 240 mA-h/g, (REFRA 13.1%. Miao 5°
AR R B A N R R, R B RGE L H & oK 2
FUEE B X Fe L EL A & 1 768.5 mA-h/g, £ 0.2 C 1)
L N, 200 A 5 A B IR FF RN 65.4%.
Ryu VLR ARG o JEORE, SR 5 #G8 JRUk 1) 4%
MK, BEXRAHRILERE 996.4 mA-h/g,
1E 0.4 Alg MHTLH T, 200 KOG G5 EIREF
N 31%. Lin ZPIIBRR mEh £o0 R, R H
HARGE JELE ) & R AR AT OB B A B
N 3 826.7 mA-h/g, TE0.5Alg BIRHEE T, 50 KAE
WE AN 2 663 mAh/g, BHEMGEFEEEN 69.6%.
X B3 T DL R IR A N SRR, SR FH B G ik
il AR AARA L, 1E 2 Alg IRE LT,
200 A G LR BN 1197.6 mAh/g, BEMEFFR
N 38%.

NT BT R RS N, Si/C B
PRIRRE R EPE M Si M4 MR e A e i 3
S AZHE R, Ma 20 E B RGE JF R S
BERERE SR, 761 Alg BIHRIRE BER 1 UK
HEE A BAF) 2 122 mA-h/g, 243t 100 IRTEH G L
REALUAF] 796 mA-h/g, HEEFEEEN 88.3%.
Mishra ZEU2 Uil ] 22 £l — SRR N RER, 385 6
HOE IR B 2 i & T 2 AL IR E A MR
fE 1.2 Alg WS E T H RO LA B8 3|
2 100 mA-h/g, it 250 GG, ZEMERIRT
WZREN 1 880 mA-h/g, B EARFFH N 89% . Furquan
ST VDRI R, R BERGE JRI% I 4t Si/C
HEGMEL . £ 1 Alg FIHEIRERE T 2 BKH
Fb 7 /il oA 2 290 mA-h/g, 50 TG JE, EEME
AT 2584 2 170 mA-h/g, BEARFEN 94.8%.
R IS I A PR SRR R 2 A v R AR i 3 3K
HRZE M B0, %52 )R N FE i (=650 C)
B R, RERER

X B 38 S OV R AR R Ve R, SR

R R AR P SOV RERRL, R
WPERE KIS . TERXBR IS /RS B, DMK
AT It , e T B i A, A TR
IBREAMEL . B A M RME 8 - Bt (1 57
MBS, R SF IR ERE: HIRRREE
N1 615.7 mAh/g, 7E2 Alg FHIREEE R, 500 X
T35, HEARMTA S B A OREFAE 1 065.6 mA-h/g.

1.1 MRS

PAIRIE A (P8 22 & BNIE R A BR A 5] it 7
kA Rk, Si-H &R il 4 772 W SCHR[9]. LA
Wi N 0 78 T b A 78 IR R (TG 2 T 138 3G e 197 755 &
BHEBAT), KA 3~5 um, BEEBN 41% (FE
D). WEEmEENRTEN: 1 g TEBAH
R E TE A AR, R P
10 “C/min I F-EERSEHF] 800 C, fR¥F2 h, A
JEAHEER, WEERENH .

FEAR S A EHAH % 15 0.5 g BRIEAEIR Si
HF 0.064 g Wi 7 U DU EMR A, 7E 60 C
THR KB B R, B2 VUSRI R b S5 S
AN Si-Ho P RE N Si-H AR I E T
BRI ERAMARY T, HRLL 10 'C/min
(TR R = F 800 °C, fRFF 2h, RIEAHNESR
B, BEREYAEmESME, B Si-HIC %
o 0.064 g IHF I ERE RN 5%, YN
FEfh Si-H/C-5. BT HEE LR &%, H&TA
AL R IR, BRI R iE b, 2 B
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, SEOLETHM, BRESEN. BT RAZRE
AYPKE SIC EEMEHHI &I, ¥ Al AICL
PAS R I A TN K AR N 28 9 260 Clind, 132110
W JFE YA HCL A HF ERRE ) M 2 RIR0, &
KRR R P DL ORI, fEIUEA
R AR RIS AR EEAOK A . EVU AR R Z )5,
s YIS AEERYRE b fEmiR T, Pis s
IrRAE R, BRI SV BB R REYORE b, B
#%H Si-H/C.

XFAE §h Si-H/C-5 . A Si-H/C-10 . A
Si-H/C-15. ¥ Si-H/C-20 HEATHE M, AN
25, FHEEFE A 10 C/min, MRS R ILE 1. %
BRIGE 5| S R AR S ILAE 400 C, JETE
750 ClaTHasE, Ffah Si-H/C-5. #£dh Si-H/C-10.
FE&L Si-H/C-15. #£&h Si-H/C-20 7 800 °C [ &4t
KFMRUCN 95.03%- 90.15%-. 85.07%. 80.31%.

F SEM Xf 4 Si-H. ¥4t Si-H/C L& 500 Bl
J& BIFE &L Si-H/C-15 BIJESRIEAT 1 RAE(E 2), Hrb
Bl 2a [P Si-H SR T SCHER[9]. I 2 v 0L, i
Boafides s, BA/DNT 100 nm. BE D H K
(1) Si-H/C 53R R IE R, I B ER S 2
BN IZE AR B . 500 RS FOFE M Si-H/C-15 B

SRR, EAREIRFFEDIR, C JZIEREGKE A
BB T — 272, 1578 R IEH F g 2R 4 1)
ZEPEH .
FEdh Si-H/C-15 1 TEM 2347 W& 3a 1A 3b,

A LLE RO R B E A MR ARG . B 4c
H = 2 HE TEM 8RB, ST 2R 0.31 nm %)
N Si(111)gaTH, HE 3¢ HfiE X B 775 (SAED)
UESEH B ST ER, KB Si A, HE 3¢
AL, 7E Si-H AMEH A EE T IEELA 7 nm (1)
W)z, FFHBRZET BT E .
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Fig. 1 Thermal gravity curves of Si-H/C

(d) Si-H/C-15

() Si-H/C-20

(f) Si-H/C-15 after 500 cycles

B2 Si-H. Si-H/C JFERHEAEH 500 [ /5 /) Si-H/C-15 ] SEM [ Fr
Fig.2 SEM images of Si-H. Si-H/C and Si-H/C-15 after 500 charge—discharge cycles
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Fig. 3 TEM images and high-resolution (HR) TEM images
and selected area electronic diffraction (SAED) of
Si-H/C-15
Si-H M1 Si-H/C Z &1 KHI XRD & W&l 4 fros
Hrr, Si-H BAZ ARG HIATHIE, I H R
S ALSEHP, 1E Si-H/C () XRD &, IR0
23| 5 Si-H MR Si fATsfie, BEHITES] &l Hh
e AR I B A U AR . [, FE 220
TR A I B SE AT S 0, T T 7 v il 20
TERITCE TR, 125 TEM 70 Hr 45 R —2.
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Fig. 4 XRD patterns of Si-H and Si-H/C

FIH Raman Y1434 1 Si-H A1 Si-H/C. #1P 5 fr
71 MR ) SiRFIE GG HELAEL) 501 em o [,
2 ANGGBEIEAT T 301 em ! A1 938 em ! XS Si [ TAX)
A TOL)Z &, XnlfeeHT Si BARVMIE. 5 Si-H
HAEL, Si-H/C 7£ 1 345 cm ' #1590 em ' 464 2 ANH
g, ARG D G g, 4N DIEE G g
SRR T E A MR R SRR . Si-H/C-S
Si-H/C-10. Si-H/C-15. Si-H/C-20 W52 0.98.
0.99. 1.05. 1.03, UEHAEAMEIFBHATE .
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Fig. 5 Raman spectra of Si-H and Si-H/C composites

Si-H/C-15 [P FAN BB S5 IR A ] 6a B,
Si-H/C-15 M55 IRE 8 THRFE IV . HAHX & )
plpe>0.8 I, GBI N, R BIFE S P AEEA
L. B 6b RMNIIFLES IR, EEILLES
FifEL) 2~30 nm. % 1 Jy Si-HPHIA[E#%4 & Si-H/C
MR FLARURPF LIRSS R BEERS
RN, HREAL FUAFIRFE LR R ETR ) .
AR EHETE T Si-H FLBRRIZS R, {f Si-H
fIEL R AR 51.6 mY/g BFEIKE] 40.0 mY/g AR,
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Fig. 6 Nitrogen adsorption isotherms and pore size distribution curves of Si-H/C-15

1 Si-H 7 Si-H/C pItt =M . FLIKFAFIEIFLE

Table 1 Specific surface area, pore volume and average
pore diameterof Si-Hand Si-H/C

Specific surface Pore volume/  Average pore

Sample Reference

area/(mz'g’]) (cm3'g’]) diameter/nm
Si-H 51.6 0.20 34.61 [9]
Si-H/C-5 373 0.13 34.45 This work
Si-H/C-10 33.9 0.11 32.83 This work
Si-H/C-15 31.8 0.10 29.95 This work
Si-H/C-20 29.5 0.09 29.38 This work

2.2 BUAFEMRARERST

Si-H/C K Si-HPE ke o 2k 7a e
7N, Si-H/C B IR FRETE 1.2 V A1 0.8 V iz 3
&, XN T BRI f# S SEL TR B
X Coulombic AZMITFHLERNEK 2. HIXANE
MR B BT S TR, TERES Si-H/C-15
WA KAE. Si-H/C-15 W8 IR FE A =598
1 387.8 mA-h/g F1 1 615.7 mA-h/g, B X Coulombic
IR BB KAE 85.9%.  JE DR 2 40 78 Bk 1) 389 Jin &
KT EAEME LR, W T AT 35 &5
g, MRS T IR Coulombic R H. MEMH
SEH 15%8 N3] 20%0 & X Coulombic X E A
B R, IX T R T B A B A R 0 IR T R
By, ShifesE AT 15%105 2 5 80 5 1
FEIE SEL. FE i Si-H/C-15 B4R 5 Si-H 7850
Fb %55 2 855.4 mA-h/g F13 321.9 mA-h/g A L K&
NB&, {HE X Coulombic B A% . #E4h Si-H/C-15
{55 7 Si-H B X Coulombic 3 = AL A5

15 2 Alg IR FIE T Si-H/C G 1

fE, I 7b fias. Si-HPURI Si-H/C (PR ERE T
GEHRNEK 2, BENL Si-H/C-15 FECT Si-H B EA &
TRET 50%Lh F, XRFONBM IR A EEAL, K
(195 NBUERERT & IS PR TR (1 R PR, R S 4
K—wh oy, MELLEBEREA RO . EN
B EMRIN, Si-H/C EAMEH 500 KEITEHR
PERE RILE B FRERIES, fERES Si-H/C-15
INF L B B KA - B Si-H/C-15 (8 VO EE &
N 1 387.8 mA‘h/g, 200 RTEFRJGHLEE AN
1 163.1 mA-h/g. HEIRFFEA 83.8%; 500 K1F
WG AEEN 1 065.6 mA-h/g. BEMITFERN
76.8%. 5 Si-H 1] 200 VK75 B AR5 38%AH LD,
FEh Si-H/C-15 [ 200 R B ERFFRIER T
45.8%. Si-H/C i A e PR KR FE 3 = o 1% 2 RN
1) Si-H/C 5 R 45 44 7T LLTE A PR ik 7 v 2% A £ W A1
BB R YR 5 2) B ELE Si 9K s S| T
RAFRIREMER, 7RG PR 72 B8 2% fif N 351
Si-H MIARFUZIK X 2 A MR G iR, AR
Pl R A R M e

L SCERAH R TAEM LLEE LR 3, AR TAER&
TR, AR AR B AR R e,
PERES T TR ARG A2, B IR Coulombic
RoRA oy B, W AR ERM BRI R, ATAE
BT RLBE % CRAIE R FH 26 110 [7) B 3R A3 B e (1 9
WrERe, AR HMKF .

7E0.1. 0.2, 0.5. 1.0 A/g f12.0 A/g IR
FER, W& TRES Si-H/C-15 1E AAR B 7 st 1 dk
IfF R MEGE, W 7c FiR. BEE BT EM 0.1 Alg
BAnE 2.0 Alg, FEH SI/C-15 K78 HL HL 2 B W EFR
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&2 Si-H/C 0 Si-H BB L FTEIFMERERTEE
Table 2 Comparison results of electrochemical cycle performance of Si-H/Cand Si-H
Sampl Discharge capacity in first cycle/ Charge capacity in first cycle/ First Coulombic Charge capacity/ Capacity retention rate/%
ample
P (mA-h-g™) (mAh-g™) efficiency/% (mA-h-g™")(Cycle) (Cycle)

Si-H™! 33219 2855.4 85.9 1197.6 (200) 41.9 (200)
Si-H/C-5 21652 1807.9 83.5 910.6 (500) 50.4 (500)
Si-H/C-10 1865.5 1 580.1 84.7 950.5 (500) 60.2 (500)
Si-H/C-15 1615.7 1387.8 85.9 1 065.6 (500) 76.8 (500)
Si-H/C-20 13443 1139.9 84.8 840.6 (500) 74.4 (500)

3 ATEACEFH SI/IC E &M EREXTELEE R
Table 3 Comparison on performances of Si/C composites between previous reports and this work
Anode Charge capacity in first First Coulombic Number of cycle (Capacity after Current Retention Ref
eference
material cycle/(mA-h-g™) efficiency/% cycle/(mA-h-g™)) density/(A-g™) rate/%

Si/C 1413.0 79.4 700 (670.0) 2.00 91.7 [7]

Si/C 1200.0 1 000 (1 160.0) 2.10 96.0 [14]

Si/C 1387.8 85.9 500(1 065.6) 2.00 76.8 This work

200/(1 163.1) 2.00 83.8
100/(1 218.7) 2.00 87.8

Si@C 548.0 60.0 103/(397.0) 0.40 75.0 [15]

Si/C 1252.6 68.0 100/(830.0) 0.40 66.2 [16]

Si/C 1302.5 70.9 200/(1 257.0) 0.84 87.5 [6]

Si/C 2108.0 200/(1 113.0) 0.10 52.8 [17]

Si/C 901.0 200/(657.0) 1.00 73.7 [11]

Si@void@C 3.000.0 500/(1 040.0) 2.00 34.7 [18]

2.5 : 3.0
. Si-H/C-15 t
| Si-H/C-20 Si-H/C-10 T e e w--zu.t 100
Si-H/C-5 e - o
2.0 Si-H 24 s Si-H

= 2 o Si-H/C-5 180 8

= < oy

= 150 g 1.8 4 Si-H/C-10 £

= = . —460 5

£ H T v Si-H/C-15 E

E 10 X 12k Si-H/C-20 -

g 212 20 E

15 15} °

° r 8, =

~ < Q

05| © 06 dag ©

0.0 1 | L I 0.0 L | L | L | L | L 0

0 1 000 2 000 3000 4 000 5000 0 100 200 300 400 500
Specific capacity/(mA-h-g™") Cycle number
() Initial charge/discharge curves of Si-H/C (b) Cycle performance of Si-H/C
100 04 . 100
assUaUUTRRTSUTIRUIUNGT | ‘
~ | otnwsntfs . : RCPEICPE2W,, , & ..
bog| =" 20> 02l 30 —Si-H/C-3
< 01 A/ wSi-H/C-15 178 % R, =, =—wSi-H/IC-10
< o E o Si-H 5< Si-H/C-20
E?’ ° 10.2 A/g 60!..%5 0.0 60+ hd l_‘/‘—,.
SOT eeed, 0105 A/ 160=5 OO G 5 e 1S
i 0000¢ rg | 0000 o S + = T * n
= | peeesl ARy 28 sh 0, ; & e .
L] I | [ ! L
2.0 '"':““gqb.l A/gH023-02 080V 20y 40 LA '
8 J.--:lllll:.. ! ! mEEEm % LA .-'. Si-H
=1k | I L L L 1202 -0.4}) 20t
6 : : i E i © / . 1L} Ll
ol |! |: ! U 1 L0 —0.6L I 1 1 0 L L L
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Cycle number Potential (vs. Li/Li' YV ZIQ
(c) Rate performance of silicon (d) Cyclic voltammetry curves of Si-H/C-15 (e) Electrochemical impedance spectra
Si-H® and Si-H/C-15 of Si-H" and Si-H/C-15

R. is electrolyte resistance; CPEL1 is solid electrolyte interface (SEI) capacitance; CPE2 is electric double layer capacitance; Ry is SEI membrane impedance; R

is charge transfer impedance; W is diffusion impedance.

Bl 7 Si-HPAISi-H/C [ fk kA
Figure 7 Electrochemical properties of Si-H”)and Si-H/C
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2 BBl 1 478.6 mA-h/g FREEIFEIAG 21 BIK
1 109.8 mA-h/g. MHMEEKRIZE] 0.1 Alg B, 7
L LE R B A] LUK E B 1 389.1 mA-h/g, N 2 FEl1E
LA R 93.9%. fEAHEZM T, Si-H BURELE
EM 0.1 A/g B 2 921.6 mA-h/g T3] 2.0 A/g I}
(¥ 1633.6 mAh/g. LEARIIMKE RN 92.5%, X
L BIAE A Si-H/C-15 L Si-H 7EfE 3 B H 17
A= apUIE P

FEit Si-H/C-15 BIfE R 2 th 4 an & 7d s .
1E 1.2V F1 0.8 V PR W23 B8 R34 SR, X IEAE 5
BRI R, X R IR R A3 A B MR T
KR SEL G XK. 7E 0.1 V T H L)L SR g
X TR HRAR R FE . 72 0.28 V AT 0.49 V [ 2 4
AT N AR B R . BEE R IR A3 T, AL
WA B AR FEAN A, WSRO TEIR R FE
1E022 VEARIT 1 ARSI FE K Hb R g%,
B G A B 0, O T O PR R A T IR AT K
FEFE L Si-H/C-15 HUARMDEHE G I 1ot 2 o a2 i b
BOE .

Si-H/C B E RO 5 A8 S B B an & 7e
B, A8 BHATL U 2 2 v A0 DRI Hp 8 X ) 2 (5 A
AIX IR A, HANEERDNNE 4 s, H
o R, NHEITHIRE, Re Ny SEI JERAIL, Re HLAT
HREBHST, Wo NP HBHST, CPE1 5 SEI %%, CPE2
N E R S Si-H /N, Ry
BRI REHY, Si-H/C ) Ha AR5 Fe BELRT e i
FERS H PSS /N T AH R A Si-H HBH o X 28 BT RER R
(A SRR, Si-H/IC MR SR T Si
PR SEL JisE FHAT Rl ik & = 3G sy, 31X A2 A
NGBS E S MBI R TR, S8
SEI BHA KB/ o

*4 Si-H/C LA ZREHE
Table 4 Fitting Nyquist values of Si-H/C

Sample RJ/Q R/Q R./Q

Si-H! 2.9 3.6 53.9

Si-H/C-5 2.2 3.1 428

Si-H/C-10 1.9 2.7 38.1

Si-H/C-15 1.7 2.4 33.3

Si-H/C-20 1.6 22 34.8
3 &%

i EPTiR, DARARBIB AT AL IR 17 0 0 R
Bl WE BRI, SRAMRRAS . B I & T

%, BRI T HARBRE AR iR ERN
30 nm A PPKE R AELE, /23 BB 1
EGKE b, MR E A MR BRI, )2
JBREL19 7 nm, Bk UATCE RS MM, IRtUEIE S
LR TR ALK, 5 Si-H ALY
WA G EN 15%E B R R, FE®
Si-H/C-15 B XTI A &2 54 1 387.8 mA-h/g
A1 615.7 mA-h/g, 157X Coulombic ZH A F] 85.9%.
AMBELREFE T Si-H B IRFE A, 15 f
FRHRFEEFRT, 5 Si-H [ 200 XA EIRFFZ 38%H
E, FESL Si-H/C-15 1 200 R ERFFRIES T
45.8%. FEfb Si-H/C-15 1) 500 RPEH G LA A
1065.6 mA-h/g. HERFFERN 76.8%.
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