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Abstract — In this study, the electrochemical characteristics of porous silicon/carbon composite anode were investi-
gated to improve the cycle stability and rate performance in lithium ion batteries. In this study, the effect of TEOS and
NHj; concentration, mixing speed and temperature on particle size of nano silica was investigated using Stéber method. Nano
porous Si/C composites were prepared by the fabrication processes including the synthesis of nano SiO,, magnesiothermic
reduction of nano SiO, to obtain nano porous Si by HCl etching, and carbonization of phenolic resin. Also the electrochemical
performances of nano porous Si/C composites as the anode were performed by constant current charge/discharge test, cyclic vol-
tammetry and impedance tests in the electrolyte of LiPF dissolved inorganic solvents (EC:DMC:EMC=1:1:1vo0l%). It is
found that the coin cell using nano porous Si/C composite has the capacity of 2,006 mAh/g and the capacity retention ratio was

55.4% after 40 cycle.
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Fig. 1. Schematic diagram of the preparation process of nP-Si/C.
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Fig. 2. Effects of (a) mixing speed, (b) temperature and (c) mole ratio of NH;/TEOS on particle size.
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Table 1. Specific surface area and average pore size of SiO, nanoparticle

SiO, Specific surface area Average pore size
100 nm 21.7 m%g 252 nm
300 nm 10.7 m%/g 11.5 nm
500 nm 6.6 m%/g 9.3 nm
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Fig. 3. SEM image of SiO, nanoparticles (a) NH;/TEOS=1/3, (b) NH3/TEOS=1/1 and (c) NH;/TEOS=4/1.

Korean Chem. Eng. Res., Vol. 54, No. 4, August, 2016



462 o5 - o=

CBNU
> Date 25 Mar 2015

Mag= 300K X hm Signal ens hoto No. = 2760 ULTRA PLUS

Fig. 4. SEM image of (a) porous Si, (b) nP-Si/C composite.

5 Nano Porous Si
A
: 1
7]
5 A o
e
=
nP-SilC
| A
10 20 30 40 50 60 70 80

2 Theta (degree)
Fig. 5. XRD patterns of porous Si and nP-Si/C composite.

A E*Mar HeR & 21s gRlste] thad Aol 4
HASS ERIBISICE thad Aele/kkA dlofE] o A= 20=20~30°]]
A eksHAl A3 935 Bl T3] e A E S-S &
QIgk < gl o, Aeje] 8 93 Bgh-sdakA =g o '
2 FHOZ Q8| )= glo] AduiF o2 Hold Hups LERYIITH1S).

2] 27} Phenolic resin®] H]-&S 1:4 wt% =2 310 #| %23 tha/d
A2/ SR Bk SRS AR Y18 TGA 244 &
§lom olof tjgt A¥}E Fig. 62 YERISITE 371 9171 shellA
28 ZL 2 50/mine 2 71EshEA] Bl TS 5-1000 °C7HA]
=73 A7}, 300~600 °C F-olA FA| WPt 343] Lofuksol
Tt ol A they AElEekh IES] vl dF
o] th2k 63.3%U S Ko, 3] A] A 71E Phenolic resin®] H]
E_—E_J_I:;]auo Lq] x—]x-l ] 5 o g o) 2= 011:]— 1:1:5—]. 900 °C o]
el &2 ol Z7}ol~ Zlo] A EGlE= o= Holal

| AelFe] 37] T Aok wkgste] Sio7F BAES7] wiEeltt.

3-2. 5 2E|2E 2EE HI|skE S
g Fo| xR o] A5-S Hrlsl] 98l W7)8era BA Moz
TR /\}‘3‘0}04 SAsISIE A= ARl v Ael s/

Korean Chem. Eng. Res., Vol. 54, No. 4, August, 2016

100 -

90 -

80

E 63.3 wt%

70 -

60 -

Weight (%)

50 1

40 -

30 — nP-Si:C=1:4

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Fig. 6. TGA curve of nP-Si/C composite under air atmosphere.

2400 -
2200 - —e— Porous Si

2000 - —a— nP-Si/C(300nm)
1800 -
1600 -
1400 -
1200 -
1000 -

Capacity (mAh/g)

00006000006 000060600040000080ba
0 v‘vvvvvvvv'vvvvv‘ vvvvvv el

T T T T T y

0 5 10 15 20 25 30 35 40
Cycle number

Fig. 7. Cycle performances of nP-Si/C composite from 2nd to 40th cycle.

gk} v Ae2 300 nmE 7H= 7 ARk AT AR
ot A5 Az Ao T S-S nw BA delHE
Fig. 722 WERH 1T Fig. 701 Wbt whel o] thgd Azl g
U Al e 2718% B 27) 7H 882 24
2351, 2006 mA/g, 65, 64%0. % x}o] 7} P52 gl agict. F WA
APOIEHE 4051A) Afo] S7HA| O] SRHRA &S *aﬂldﬁ e
7% sAolF o] 5 W] ool 7kl o, ©hA TS o A9



T e

2400
2200 -
2000 -
1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

Capacity (mAh/g)

Cycle number

Fig. 8. Rate performances of nP-Si/C composite.

0.0010 -
nP-Si/C (300nm)
0.0005 -

\.,1&
0.0000 +

-0.0005 -

Current (mA)

-0.0010

-0.0015 -

-0.0020 -

00 02 04 06 08 10 12 14 16
Potential (V)

Fig. 9. Cyclic voltammograms of nP-Si/C composite.

BFRAE0] 554%, 40 cycle oM = 710 mAh/gS] =2 S35
HJ 739 Chen [9] G-°ll 238l e nie} 2
2 A H 2 Q) Fx7F FUF ) wlEel
o] VERA) ekekttar A7Zbe e}, gk NuLi
a7 upel o) gk FElw Al SEAE 1Y)
A7t o] ligolo] whe BAkele sl g4l A
o]F EA)S Uehli= A o7 woln F b A Whaeh= Hu)

R
2 32

wn
s
<
c
o

= 9
T
O+
=) oN'
ol:o lo

1o
:?1:,4'
}m

800
- - .
700 1 e Porous Si before cycling
m  Porous Si after 1 cycle
600 y i
*®

E 500 - °
S 400 - o
K ®
[
’; 300 ..0

200 - o’

1907 /‘-d

0 -

Zreal(Ohm)

Fig. 10. Nyquist plots of porous Si and nP-Si/C composite.

0 100 200 300 400 500 600 700 800 900 1000

Aeohe AR T AeERks ARl 47158 54 463

= SEAATO M52 FHE AT
H*d/\lf%r: Z o7 A7,

thad AelEmka Y ES theket Cratedll A2 £ 54 9
Alo|EF EAJ L dolr 1} &4 EA] AL AAEHI T Fig. 89|
191 HFg} o] C-rate™= 0.1C, 0.5C, 0.8C, 1CE W3A|Z &
£ BEES U] gl vl 0.1CF A 38T 0.1CeA]
1246 mAh/g, 0.5C°1 4] 823 mAh/g, 0.8Col A1 593 mAh/g, 1CollA]
377 mAh/g®] &5 YERN T tHA] 0.1ColIA] 1259 mAh/ge] &
S 1ol om, 7} Coratedl| A 2] &2 90% o402 QHY3HA f
92 i]—(ﬂg].oa];]. o]h Zhang [7] ___oﬂ g]gH E_J—LE] u].g]_ 71—0] 1:]-
04 ﬁﬂEH«] )Jg]_._l,} E]—/K:ﬂi]_i ol&}k :[L;]L_x% o].x%é ] g]go]
SA 7 2 T 0 2 Q18] RSt Corateo & 2352 £-0] 90%

& ERE Ao A7t

300 nm 7§ AE7HE ATAE sto] g vhad HeEmka
F149] =8 M} A7 A1E oS Fig. 90l ERISITE APH =
0~1.5 VZ 3} 2™ Scan ratet= 1 mV/sZ 1174351 5 cycle <)
E73& 438131 Fig. 99] A WA Alo]| &5 Au|HH o
0.5~0.75 VoIl A12Fh= Bl 9 odellr YeER = I3 3 Al 5
W Al A 42 4 =o] WE-E-51e] SEI (solid electrolyte interface)
ko] PAE HEhE= FT0]H, 204 Alo]EFEl = F/39 SEFs©
o3| #lE2 gl I =A dojut 3 art ARRE Beltt. o=
2 cycle 0% ThaAd AElE/ta M9 E HTel SEIF0] g
FdE o o= Alo]F Aol T A PSS mAE= HoE
Holth 03V o] Yehs ¥ A glEo]2o] A2 AlE
of whe} Yojuh= eik-e(Li Siyell thet Axtolc), 1831 037V,
0.55 VollA YEl= T =20l A] Hdukgol o3l T4 (Li,Siye ©]
T A2y gl o] g gEngo] dojdths 2 gldd &
011;]_ 16]

T el 9 vhad el Eeka A didE d7slekE
E4& FA3P] flato] Aldst s 574 A& Fig. 100 W
ER AT, Fig. 109141 K.l whgl 2ol vha3A] Aej&y) tha/d 4
gk I ES] AlolF A H5 A Ag 7k 247} 367, 295
ohm® & SE gl om o= Al d ¥} &4, Falut 53] A
YeER I Qi oA e 2e) vhad deeea F8E] 1E
o]F T AgHgke 7+7} 247 ohm, 50 ohm %S YERAICE A& A3}
thad A e FdEe] thad Ael2el vl /e AdE

RSRER A I P RS e R

r.

_O,.l\,‘lolﬂ_,o

400

350 4 ¢ nP-Si/C-before cycling
m  nP-Si/C-after 1 cycle *

300 -
250 ®

200 - °

-Zreal(Ohm)

150 - ®

100 - P

goe00® o0, o
" K
0 e
- T T T T T

0 50 100 150 200 250 300 350 400 450 500
Zreal(Ohm)

Korean Chem. Eng. Res., Vol. 54, No. 4, August, 2016



go= Qlsf SEI 5°] 473 =3l
3|

- Ay ffsb‘(}ﬁoi Lio]- &3} Ax}o] o] =L Q&s}l
Q7] well Aol AAE vk Azt

4. 4

rhu

a17] 9J8te] wuk £ ¢} A7E Wik % 9 NH,/TEOSS] Bl &5
ZA310] 100~500 nme] 2715 7HA& 78 Aej7kE Aggoz

AZsISth. 7171 300 nmz Aloj® Ae7hE vl d $s
o} otz el AeEE A)lFska, Au]Ee EAL A 7]7)
9l5lo] BhAFEIS Ea A o7 ArAjo] dkake thEA Alg)
FER A S ES Qi)

2 A7 HEeIRIA ] e AeEe] S84dE A
]
=l

2AEH WS i Az 78 Hegte] 3715 FE-SEMS &

3] EQlet Ay} Wik 9} NHy/TEOS BI&0] T71-5, mike

E7F 2adrE 8 Aggke] dA=7171 500 nmE AN S El

sielar, Aglzhe] 2717 S7eSE v Eud Y Va2 Aa

S BT} 300 nm 2718 7HA= 78 ATt RS Az o

_TO’/H }\13]_,“/5]./\ SIA] %‘4 x{ﬂg]_c‘l—x% E}dﬁ /\]—uily_tt] ]%%}:
[e]

o

2,006 mAh/g, 40AF0] S 3 HEF 554%EH= 73 542
AT} I3 AuE A PAES B AT =35 A} ohnAl A
g o) val v Ale]mkal] A o] 7HAselEt] o= 7]
M7} 3w o] Li o] Axe] o]o] A&stA sto] Ak
27t 7RIS whinell vERt Aol

7@ A

3

e 20159 % SRS gd A dA] e wuld ]
A Y W ATANAETHEAEL] 2015 “0] 3R] & BFAA SR
AF3F AFD A A 0 2 F8E gl o m, o]of A= UL,

References

1. Jeon, B. J,, Kang, S. W. and Lee, J. K., “Electrochemical Char-
acteristics of Silicon Coated Graphite Prepared by Gas Suspension
Spray Method for Anode Material of Lithium Secondary Batter-
ies} Korean J. Chem. Eng., 23(5), 854-859 (2006).

2. Park, J. Y. and Lee, J. D., “Electrochemical Characteristics of
Silicon/Carbon Composites with CNT for Anode Material, Korean
Chem. Eng. Res., 54(1), 16-21(2016).

. Ma, C,, Ma, C,, Wang, J., Wang, H., Shi, J., Song, Y., Guo, Q. and
Liu, L., “Exfoliated Graphite as a Flexible and Conductive Support
for Si-based Li-ion Battery Anodes} Carbon, 72, 38-46(2014).

4. Ko, H. S., Choi, J. E. and Lee, J. D., “Electrochemical Charac-

W

Korean Chem. Eng. Res., Vol. 54, No. 4, August, 2016

10.

11.

12.

13.

14.

15.

16.

. Zheng, Y., Yang, J., Wang, J. and NuLi, Y.,

teristics of Lithium Ion Battery Anode Materials of Graphite/SiO,.’
Appl. Chem. Eng., 25(6), 592-597(2014).

“Nano-porous Si/C
Composites for Anode Material of Lithium-ion Batteries]’ Elec-
trochimica Acta 52, 5863-5867(2007).

. Lv, P,, Zhao, H., Gao, C., Zhang, T. and Liu, X., “Highly Efficient

and Scalable Synthesis of SiO,/C Composite with Core-shell Nano-
structure as High-performance Anode Material for Lithium ion
Batteries) Electrochimica Acta, 152, 345-351(2015).

. Zhou, R,, Fan, R., Tian, Z., Zhou, Y., Guo, H., Kou, L. and Zhang,

D., “Preparation and Characterization of Core Shell Structure Si/C
Composite with Multiple Carbon Phases as Anode Materials for
Lithium ion Batteries.’ Journal of Alloys and Compounds, 658,
91-97(2016).

. Yuan, Q., Zhao, F., Zhao, Y., Liang, Z. and Yan, D., “Evaluation

and Performance Improvement of Si/SiOx/C Based Composite
as Anode Material for Lithium ion Batteries, Electrochimica Acta,
115, 16-21(2014).

. Ma, X,, Liu, M., Gan, L., Tripathi, P. K., Zhao, Y., Zhu, D., Xu,

Z. and Chen, L., “Novel Mesoporous Si@C Microspheres as Anodes
for Lithium-ion Batteries) Phys. Chem. Chem. Phys., 16, 4135-
4142(2014).

Stober, W., Fink, A. and Bohn, E., “Controlled Growth of Mon-
odisperse Silica Spheres in the Micron Size Range] Journal of
Colloid and Interface Science, 26, 62-69(1968).

Green, D. L., Jayasundara, S., Lam, Y. F. and Harris, M. T., “Chem-
ical Reaction Kinetics Leading to the First Stober Silica Nanopar-
ticles - NMR and SAXS Investigation, Journal of Non-Crystalline
Solids, 315, 166-179(2003).

Sada, E., Kumazawa, H. and Koresawa, E., “Reaction Kinetics
and Size Control in the Formation of Monosized Silica Spheres
by Controlled Hydrolysis of Tetraethyl Orthosilicate in Etha-
nol}’ The Chemical Engineering Journal, 44(3), 133-139(2003).
Hwa, Y., Kim, W. S., Yu, B. C., Kim, J. H., Hong, S. H. and Sohn, H.
J., “Facile Synthesis of Si Nanoparticles Using Magnesium Silicide
Reduction and Its Carbon Composite as a High-performance
Anode for Li ion Batteries, Journal of Power Sources, 252, 144-
149(2014).

Tao, H. C., Fan, L. Z. and Qu, X., “Facile Synthesis of Ordered
Porous Si@C Nanorods as Anode Materials for Li-ion Batter-
ies,; Electrochimica Acta, 71 194-200(2012).

Zhang, Y., Jiang, Y., Li, Y., Li, B., Li, Z. and Niu, C., “Prepara-
tion of Nanographite Sheets Supported Si Nanoparticles by in
Situ Reduction of Fumed SiO, with Magnesium for Lithium ion
Battery, Journal of Power Sources, 281, 425-431(2015).

Wu, X., Wang, Z., Chen, L. and Huang, X., “Ag-enhanced SEI
Formation on Si Particles for Lithium Batteries, Electrochem.
Commun., 5, 935-939(2003).



