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Abstract : As the demand for lithium-ion batteries with high capacity and high energy density has rapidly increased, silicon anodes
(theoretical capacity = 3,570 mA h g™') have garnered attention as potential replacements for conventional graphite anodes (theoretical
capacity = 372 mA h g™'). However, silicon anodes suffer from severe volume expansion (~360%) during lithiation, low ionic
conductivity (107 ~ 107" cm® S™"), and low electrical conductivity (10~ S cm™), resulting in poor cycling and rate performance.
To address these issues, this study synthesized core@shell-structured silicon@carbon nanoparticles (Si@C NPs) via a one-pot
spray pyrolysis process using Pluronic-F127. Pluronic-F127 in the spray solution contributes to the synthesis of nanoparticles by
preventing the formation of silicon nanoparticle/dextrin agglomerates and by undergoing pyrolysis simultaneously. Additionally,
dextrin derived amorphous carbon was coated on the surface of the silicon nanoparticles to act as an electron transport pathway
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within the anodes and enhance the electrical contact between the silicon nanoparticles. The Si@C NPs exhibited a discharge
capacity of 1,912 mA h g" after 50 cycles at 1.0 A g' and high rate capabilities (discharge capacity of 1,493 mA h g™ at 3.0 A
g™"). The silicon@carbon composite nanoparticle synthesis strategy based on the spray pyrolysis process presented in this study is
expected to offer a new direction for improving the performance of silicon anode materials.
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A& u] 7 (field-emission scanning electron microscope, FE-
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emission transmission electron microscope, FE-TEM, JEM-
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Scheme 1. Formation mechanism of core@shell-structured silicon@carbon nanoparticles (Si@C NPs).
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Figure 1. Morphologies, SAED, XRD patterns, and TGA curve of
Si@C NPs: (a, b) FE-SEM, (c, d) TEM images, (¢) HR-
TEM image, (f) SAED, (g) XRD pattern, and (h) TGA
curve.
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Table 1. Elemental analysis results of Si@C NPs and Si/C MSs

Sample Carbon (wt%) Nitrogen (wt%)
Si@C NPs 33 0.9
Si/C MSs 1.9 0.7

Si@C NPs9] Feeta 4 E23lehd E4 A4S 35t
Figure 1°] YEFHA. Figure 1(a)¥] A ¥i& FE-SEM o]T]
Ao A A& i JAM} dextrin F8] 49 7 =
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Figure 2. (a) XPS survey spectrum, and (b, ¢) core-level XPS spectra of Si@C NPs: (b) Si 2p and (¢) C 1s.
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Figure 3. Morphologies, SAED, XRD patterns, and TGA curve of
Si/C MSs: (a, b) FE-SEM, (c, d) TEM images, (¢) HR-
TEM image, (f) SAED, (g) XRD pattern, and (h) TGA
curve.
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ZAIE Figure 391 YEFHA. Figure 3(a)2t (b)9] FE-SEM
ojmAE Foll Bt 2 pm AFS Z= 139 oA IAF
A& Q151901 Figure 3(c)2} (d)2] TEM ©]u] A &S S5
HAE g4 fEgA Y AEE Yl Y7 5348 o34
upo]Az Aulo] P/dS SR Figure 3(e)°ll UEHH 1L
A= TEM o]H] A= Si@C NPs9] Z3k(Figure 1(e))2F 74
SHAl A9 (111) ZA W siFots 031 nm AR} M-S
Hoj9loH, Figure 3(H9} (g)2] SAED ¥ XRD &2 4]
F AR Gt (111), (220), 311) ZAHA| fFst=
gegt 34 g 9 535 YEf At Si/C MSs] TG 2
I, 2.7 wt%2] B4 sEZA Ahof Fgshe FA AT
Z= o™ EA A¥}(Table 1)9] T4 (1.9 wt%) 2 A4 g
(0.7 wt%)<] &t A9 X5t ¥, Si@C NPsQ] &
e B2 =X Pluronic-F1272] &) 5 mjeko] Zk
A0 RAE Qg AFto|ct Ah F-EF 524 7|9k H]
BHZA B A3} Si/C MSsQ] BIEHZ LS 37 m’ g ' 07 &4
=] th(Figure 4(a)). T3+ Si/C MSs2] 7]% 7] B3 TS
AEE GA Aol € Si/C MSs FRAIZE F=0ll didste Hl
Z YA g 713 225 Yelon, vz g 27t &
FJEE AAFEH(Figure 4(b)).
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Figure 4. (a) N, adsorption-desorption isotherms, and (b) BJH
desorption pore-size distribution of Si/C MSs.
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obtained at different current densities.

S(Si + Li — Li,Si — Li,Si,) @ 934 &4 & Y 2

L2 AFQJolA 71913k} 28-30]. Anodic A7E<F WEEH 0.40
9055 v 1A 4 #AaSoRRE ZF g, 244
4 Li,Si,olA B84 LiSi ¥ LiSiolA B84 AeEo=
o] AFAE ¥hgof Fgtri{28-30]. °]F ATREE 0.13/0.01
4 0.40/0.55 VollA Ztzt v A2 e Fa 2 2
Sk W0 tigt cathodic 2 anodic T 50| TEEHTH2S-
30]. Cv HZ3z A3t 2444 AYE Yl YA =8} EE
< &S YA AE 9 EHEY 9RE AJol7} Whgsto] 27] 5
Ato]Zo] AA HAAH R JWAE] cv HA9 Frrt ST}
oh= TESHITH31-33]. ¢V 4 A& HSsH7] A8l 0.1
A g9 AFUZIA Si@C NPs, Si/C MSs ¥ Bare Si9] %
7] 2t ®/5 A 20k (initial Galvano discharge/charge
profile)2 ¥°] Figure 5(b)°]l YEFH ATt A3 &2 &
a/2da3} vl sidst= WA/SA plateau’t CV 5419
03 XY 5Le AGelA BEEU AE =91, Si@C
NPs, Si/C MSs U Bare Siol agsl= A A 2ot
oF 0.02 VZ7HA] 7}uHE HAE B9 o, Folo] LiSi, 4 34
9 Bg4d ga SO R0 glF o2 Aol sidet= 4al
S8 AY plateau 7 VERAQITE 3 S A =0t
U 0.3 ~ 0.55 VZHA] LisSi,olA H78d Ae|ZoR9] A
3t} 2 o] 2ol tigh A plateau 77+ LERH AT
Si@C NPs, Si/C MSs ¥ Bare Si%] 7] Hd/54d &3F2 24

F29 Si@C the B2 4 L I ol AX) SF4 48 22

(3]

7} 3,522/2,720, 3,348/2,542 E 3,020/2,489 mA h g'o|H, %
7] &% A-E(initial Coulombic efficiency; ICE)y2 27+ 77.2,
75.9 9 82.4%= A= QIth Bare Si B4:2] BAZ Q3|
71 =2 ICES YERHI Si@C NPs2 B2 w4 glef
(3.3 wt%)°] Si/C MSs2] (1.9 wt%)E Tt H20| = &5kl
SI/C MSsEth =2 ICEE Ut E3, Si@C NPse| &
71 WA &3] Si/C MSs, 9 Bare Si®} v w3lo] 71 &7 o
ZEglon, ol AZlE Yl Y& Y HFE ©A IYF
of ot EAT M7A HE FAY YF ol 4ol F&
Ul 3719 P&+ Fejol A 7]R1gtt. Figure 5(c)AE= Si@
C NPs, Si/C MSs ¥ Bare Si 2=9] Alo]&d tAA H71 2
= YRy Itk Si@C NPs, Si/C MSs 9 Bare Si 29| &
H 52 1.0 A g9 AFLE stoflA] RAFEGIOH, 1.0 A
g olAo] B4 H7F A 0.1 Z 0.5 A gl F A2 &
43t S sttt WEE vkel o], Si@C NPs =2
50 AbolE ¥ 1,912 mA h g9 7+ W 87F& Kol B,
Si/C MSs ¥ Bare Si &= 22} 1,771 2 1,800 mA h g9
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