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JEFE(Li metal)e E2 B oUx] L, e FFE AT HY= Add) fud 5T
EAR zpgitole A 5olA| T, S Al WAshks A A4 Wl=ate] E(dendrite)2 U3
oA 2 ek Adel AV ANUTH B AFelMe W (Nano Fiber) Fefe] =
Q1 vapor grown carbon fiber (VGCF)9} 2(Ag)e] SFA7F ZHE 2 /fEsgon,
g o] BEFE =9 Arslkst 540 vAe JFS ATsIATE VGCF Agel A
YA 3= Flsl] flate] BH AEEX oS 2w, VGCFY w38 xgd Bk
Z}zb FH|ste] Ag-VGCF #2194 vl H7Fsi8itt. Bare #2]7te] 744, 271 &9 2
ZEFS HHo] deglolER HYol v VGCF 819 2 Ag-VGCF Ea2t =% g
Hol| FRE AxA IAYZ Wi 8] A= AsS B3tk 5 Ag-VGCF £
VGCF #2157 tiH] oS 7443t 349 A& s 2ok 2 23 Ag-VGCF 3%
Bare & 2/% ¥ VGCF 29 thH] e d7138hd 545 HATh
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Abstract : Lithium metal has garnered attention as a promising anode active material thanks
to its high specific capacity, energy density, and the lowest reduction potential. However, the
formation of dendrites, dendritic crystals that arise during the charge and discharge process, has
posed safety and lifetime stability challenges. To resolve this, our study has introduced a novel
separator design. This separator features a composite coating of vapor-grown carbon fiber, a
conductive material in nanofibers, and silver. We have meticulously studied the impact of this
innovative separator on the electrochemical properties of the lithium metal anode, unveiling
promising results. To confirm the synergistic effect of VGCF and Ag, a separator with no sur-
face treatment and a separator with only VGCF coated on one side were prepared and com-
pared with the Ag-VGCF-separator. In the case of the bare separator, the Li metal surface is
covered with dendrites during the initial charge and discharge process. In contrast, both the
VGCF-separator and the Ag-VGCF-separator show Li precipitation inside the conductive coat-
ing layer coated on the separator surface. Additionally, the Ag-VGCF-separator showed a more
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uniform precipitate shape than the VGCF-separator. As a result, the Ag-VGCF-separators show
improved electrochemical properties compared to the bare separators and the VGCF-separators.

Keywords : Limetal batteries, Li dendrite, Vapor grown carbon fiber, Silver, Surface-coated separators
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F=3 552 EEZ(active material), =AY

(conductive material), ¥} (binder)2} 32| (current
collector)2 ©]Fof# om, FA Al HAxE HE,
W Al A7ZE AR A7]|AE AAdskE o

(3860 mAh g, @& HF HAF H9(-3.04 V vs.
SHE), & % U2 3|, dA] 83t i)
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(safety)S BrRsl=d =4 7]ojditiy deiA ek
o FEoo] w8 A 9 Rt of
vz}, 2lF 259 ZH sl 7198 & Q=
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2.4 H

2.1 =2

¥ EEA(LiMn,0,, LMO, Iljin materials,
Republic of Korea), =% #(Super-P Li, Imerys,
Switzerland), 2Z&Z} H}QITI(PVdF, KF-1300, M,=
350,000, Kureha, Japan)E N-methyl-2-pyrrolidone
(NMP, Sigma Aldrich Co, Ltd, Anhydrous, 99.5%,
USA)ell E4tA A dFuE JAACGEA =15 um,
Sam-A Aluminium, Republic of Korea)oll =& 3}o]
Az = LMO2] 29%S 10.34 mgem,
AEE 23 gom 2 AJEICh 52 2E F&(L
metal, 7 =100 um, Honjo metal Co., Japan)<
A8l Ethylene Carbonate (EC): Ethyl Methyl
Carbonate (EMC) 3:7 vol%°l &3l® 1.15 M
LiPFs (lithium hexafluorophosphate, Enchem Co.

Ltd, Republic of Korea)s A As|A=ZH FUst

22 3AE 249 H=

B4 f-(vapor grown carbon fiber, VGCF,
VGCF®-H, Showa Denko K.K., Japan)?} 2(silver,
Ag, AgNP, APS, Alfa Aesar, United States, 20-
40nm, 99.9%)°] EFA7F ZEE v 29
(A = 20 um, Microporous PE membrane,
PE V20CFD, Toray Battery Separator Film Co.,
Ltd., Japan)ell VGCF % AgNPE FH3le] ARRER]
tHAg-VGCF £2]2h). VGCFSF Agd] AUA a3=
g1et7] flste] BH M=HA] 4 2] H(bare 2]
=), VGCF & 519 2j2je Z2]9H(VGCF #2]2hs
7}z FEHlEte] Ag-VGCF #2]9t3) vl g7Fesict.
VGCF #2822 Ag-VGCF #2]9 A= 23 24
<82 = NMPE S &2 kI <l Polyacrylic acid
(PAA)S} BEAEH 2 28 IFE §*H(Total solid
content, TSC)7} 12.5%7} ==& THINKY mixer
(THINKY Corporation, AR-100, Japan)S 53 &5
slom, Azd &#2lE bare 2|9 ™ol doctor
bladeE AME-3t] @ FAEIITHVGCF 222 &
#g] =4 = VGCF: PAA (85.7: 14.3), Ag-VGCF
2ot £ejg] 24 = AgNP: VGCF: PAA (28.6:
57.1: 14.3)]. 28 &82l= PE &2 ZHE F,
50°C x71¢] g EolA oAz AxHATH Ax
F 2o FRFLS 15 pmrt HEE AR om,
Thomson BladesE &3l 27 18mme] € Bgo=
Aexo] 50°C] g 2EA 124]7ke] F7F Az
S AR & gi7] 24| of22o = o]FoXl Glove

boxZ =AX
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9] 4= E4 (hydrophilicity)s BelslzA}, &
o AZol el 10 pLE Hojed -, A
7] (Phoenix 300 Touch, SEO, Republic of
Korea)2 ©]-&3lo] Eajutxl Ao o] fF= HE7)
< A 2w ZEEe] e 2 S
371 9a el ZWS Scanning Electron
microscopy (FE-SEM, S-4800, Hitachi, Japan)2 A}
g3t] Bk E8h Li metalol 52 VGCF
9 Ag-VGCFe| FHE F<stLA}t pre-cycle §
metal®] TH HESE SEMES B3 EAsisorH, 4
A 9 WAE L3 Al polymer bagdll EE o] £

fl=bAsg

12 I

i, fo

N

H]

=7
=

I HT

24 ®|skEte §H "ot

A7|slerd B4 HrkE 98] AxE e AE
2 of23 Auje] 7] 270 =R o]Fofx]l JEH vt
Z(glove box)9llA] CR2032 typed] <l stz A
(LMO/Li meta)Z AZEATHLMO 273 =12 mm,
ZE 7% A4 =15mm, 29 27 =18 mm). A
Az A, FYEHY ZEFo| HF FE50E FeleF
St Cell ¥ ©]%F 12A17+25°C) A3 &,
3.0-43V o] At HHlelM 271 S8 (pre-cycleys
A=A 27 FHE-E /10 (0.116 mA cm el
X AT (constant current, CC)E X3 == formation
step 1 cycle?t C/5 (0.232 mA cm2)olA FAFAA
QH(CC/constant voltage, CV)2.2 4 9 HAFZE
WA E  stabilization step 3 cycle2 TAE oM,
27 FHHe B9 B A = ¥ 54
impedance H7}7} o]FoARY. 4 54 H7l= 3.0-
43V el A EolA 1C (1.16 mAcm>)E 3
AFAAYG REg 34 &, 44/ Reg 593 A
Fi B9 HAS JYsIA). ES, ac. impedance
= 1-50mHz8] F3b @ elelM d71skst 444
(VSP, Bio-Logic SAS, France)E A&-3lo =TS
ot d718184 YA B7k= LSV (linear sweep
voltammetry, VSP-300, Bio-Logic, Claix, France)E
&3l Jsidon, Akst A9 S8 g celle 4
73 12mme] Li metal?} 7 16 mme] ZH|QlE X~
28 Atolof] FEut MEe] AYWo] metalS IS
ko] AZE H, 0V HH 6V vs. LiLiT A HE
W 1mV s 52 SAEAT e A9 S8
3t cell> A7 12mme] Li metal?} &7 15 mm
9] graphite Atelel]l E2]9 MEFe] F®HO| Li metal
= sl st A=k H, OCVHFH 0V vs. Li/Li*
A M9 W 0.5 mV s’ FE2 G



A73}8k8)|A), A 274, A 35, 2024 91

3. 80 { EE

SEM%! EDSE o|&el ZY Eeute] A" ¥
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B89 cH(Fig. 1, 2). VGCF E2]u2t ®HeA]
VGCF &9 4AZ3 d(fibril) 450 &
A 32 oA FRE A I
FATHFig. 1(a, b)). ol 2= ZEZ9] H]

dot 5o, rfr
(N
l' rg_{

¢

o

e

HAS ST RN, A5 FHdAMe] AR 4=

ToL ol BXE YA wEo] Lig
stripping Al°ll dendrite$} dead Lithiume] A3
Ask= GRS 7HS Y2 Fig 2, dE=
Ag-VGCF #2]7 oM VGCF #2]2 %
Ao} BU3 PA4S BS VERIT) 3 Fig. 2(b
e)°l Ag I3 E F3l Ag’t VGCF Alelo] §4 Q=

1=

Fig. 2. SEM images at (a) 1K, (b) SK magnification and EDS mapping images of Ag-VGCF Surface showing the

distribution of (b, e) Ag and (c, f) C.
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a) b) )

Fig. 3. Contact angle images showing the electrolyte hygroscopicity of (a) bare, (b) VGCEF, and (c) Ag-VGCF.
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Fig. 4. (a) Oxidation and (b) reduction profile curves of linear sweep voltammetry.

e Flskitt 7h EPolEd £A)e] A4 B S0 <l
EEE A5 S0l AYsE B WEe]  S4L TR e deljste] FEAdol T4 2%t
E gyoz o3 uEel RE e Wiy} WAy 7] ESZ Alm€h VGCF A¥F 2L Ag-

st

E  VGCF IBZFOE s W HEZS Jepllon,

¥  VGCF #2% ¥ Ag-VGCF #9he] #Ego]

714¢l ZHbd 2ol solid electrolyte interphase  Bare H22 tiH] =4 FAEJSS Yu]it) o=
1

(SEI) layers Al A71stezor Bejen) 8]  VGCF #2319 % Ag-VGCF E8|9e] 33 oA
95 A3 39 ogHe dejde dFe BF R e gudoew s et Aazes 5
=& AT £ 54 AL F AL B of e ARIEV} Yoyl WEeg AlsEnh?

Uz, ¢t AFde] T2 2EE 359 d=gtol A FAPA S (linear sweep voltammetry, LSV)S
E e & E%S = 5 AUk S, B A ol8slo] Alxd FElute] 718k g A (stability)
32 g 59 (wettabilityy> BlEE5 A5 sl & HUISIATHFig. 4). AFsh wH8-9] A, Bare &2
F FEgS 713 7 AE et FES EEl7 2, VGCFEE, Ag-VGCF #8]% =5 50V vs.
T "ol Agre] A whgo] ¥Wy o|F= 7z LiLi7K Ar|sled ez obgslslon, o]& LiCoO,
5 244 §5 A=E N ¢ Jde Welth. &E A9t S 3.042V) 2 NCM #FE Ay
2 AdoM= Jgste FASA(LiPFg 1.15 M EC: W9 2742 V)z 22 b2 dgez 284 5
EMC = 3: 7 V/V) 10 pLE Hojzmdl A% HFEZE Stk 2AS ovw|dth? 3 ukge] 749, Bare &
< =3I chFig 3). Bare w219 ZHo| "ol oA 0.6 V vs. Li/Lit F-2ollA] #E=EE 3
Asjole] Hg HE=7FS 323290 v, VGCF £2] I (peak)’} VGCF EEwt 2 Ag-VGCF E#wo|

2t 8l Ag-VGCF Z8 e Ha HFzk2 ztzh A °F 08 V vs. LiLi" F2l 28t ol A
8.45°, 8.02°%, HolX ZAZ tir|7le] Bzt 21 J=AAS 7RI ¥ VGCEZF SEI layer 84 =
Ze S geld 4= k. Bare EEHe] E HE o 719jEy] WjECR AlgEn
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a) as b) 100
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Fig. 5. (a) Stabilization 3 charge/discharge profile curves and (b) Nyquist plot for separator samples.

Table 1. Numerical values of impedance data

R, () R (Q)

bare 3.803 27.25
VGCF 5.761 36.75
Ag-VGCF 4.136 19.83

Bare #2%, VGCF &89, 18|32 Ag-VGCFo]
IEFE 1= A(halfcell, W )] A7)3184 A
soll MIX= FEFS Hrietnt Ao HYstE s
pre-cycles F8Y3F$ 3L, stabilization step 39| At
A%5S Fig. 50 YERATH Bare 29, VGCF &
29, 28]2 Ag-VGCFo| 2§55 3k Al (half-cell,
Wiz Ay 106.37 mAh g, 107.43 mAh g7, ¥
3 107.35mAh g'o] fFARE WHEFE HIAN
A Apel& Qlal] 7z AlAEle] W 9] Aol
THEIA S FRIF 5 Uk @3St A 2
+A]: Bare ¥2% > VGCF &9 > Ag-VGCF
2Eh. HIE 2E S5 BEEEA Wsle uE #
2 WstR et AEe Hwe BI/SHAY ac.
impedance 23 Ag-VGCF7} =949 252 3
Z A9l impedance 3717} o E F 7IX & of
H ol 22 3718 HYS Y & Uth(Fig
5(b), Table 1). Mafd9] o] H& S ouw]sl=
I AR, 3% baree} Ag-VGCF 7+ & X}o]
7} YRR E 2R 9k (bare: 3.803 Q, Ag-VGCF:
4.136 Q), VGCF2] 7% baredl] Hlal <F 151% 713
£2 5761 Q22 YT o= Li metal EH
2 33 od 2 Wl HaldS olsshe Li
o] o] AYWH| FARZ <l Ao @7k F7t
2 Q1 o] WS AAKEIT. 22y ElE 218
< 2= Age o9 o]Fg AgsA FoEA o

719 A ¢lsit), AF Ao e A A
g Agg F92 R.8 A= RS AR
VGCE, bare, Ag-VGCF <22 =77} & A%
golgd = AEu(VGCF: 36.75Q, bare: 27.25Q,
19.83 ), °l= VGCF7} glE5% FEH 23]
AREA] Ete] A5 EH VGCF ZH™ Aloldl] ¥
7ro] PP OoZH AR A &S HAAH Y] W
olg} ATk Wl Ag-VGCFe] 7% Twlo] &4
tel ZER 33 v & Hol EAls)

3] St
£ 21F 3 Ag7t Li metal®] FWHoIA Lite] o]
T A T AR

Pre-cycle A5 gF &% 59 ©¥H SEM
image &9S F3 I 23 d=2lolE Ao
5448 B3I tH(Fig. 6). Precycle 79| 2|55
A= S (Fig. 5(a))ell vls pre-cycle ©]% Bare &
ek A28 W (Fig. 6(b)) Li¢l platingo] 9
SHA o] Fofx|A] gFol wjg- F WEgolE Fo] FA
d As T 4 AJATh VGCF ZEoE ARES

E94% AT dH(Fig. 6(c)S #2199 VGCF
FRZFoRNE 71918 33k A 27t Li metal
of HAME A& FRIF slou}, Arprt 2H3HA o) F
AR ol EEFEH VGCF 7 Bo] 2AsITh
o2 9l3le] Li¢l plating T3k YE3HA o] Fo|X]A]
ool ol g BT RS AT & Sk W
H Ag-VGCF #8792 ARS 2§55 d59 dd
(Fig. 6(d)) 32 vh34d Fx7t 2lF w5 &4
3] F&Eo] Lite] gF &% XW o=
plating®d S 23] pre-cycle A3} o] ®He] Eutolrt
dge AS 1T F

Bare w29, VGCF a9, 283 Ag-VGCFo]
=% 2EES S A(halfcell, ¥ 4)9] FHE

4 2 EFF 588 HUIsIok(Fig. 7, 8). Bare w2
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gho] 7%, 59 cycleZA] 271 435104420 mAh g}
Hlsle] 97.13% (101.420 mAh g2l &3 A&
S B o, o]F &7Fo] A Fasle] B
W F712 Yepilen, VGCF #2272 98cycle”HA|

oritads e looum o

2718 %(105.063 mAh g ol Hal 87.07%
(91.475mAhgHel &FS {FA5 bareo] HI3|
166% S7te 49 5715 JERth. wHd, Ag-VGCF
= %7] £3K103.513 mAh gl Hla]l VGCF&H

um

d
100 pm

Fig. 6. SEM images showing cross section of (a) pristine Li metal before pre-cycle and (b) bare Li metal and Li metal with
(¢) VGCF-coated side, (d) Ag-VGCEF side transferred after pre-cycle.
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Fig. 7. 1C cycling performances of separator samples.
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Fig. 8. Coulombic efficiencies of separator samples.
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Y F717HA 96.60% (99.620 mAh g el st
= fAEE vEhllen, §30] 543 a7
117 cycle«] 8 F715 YEo] bareell B3] 198%
F7] Aeel FdEUR. o1 1 1 5
34l X}OlL VGCF2 32k¢l v 739} Ag?l &
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HRAow =¥ VGCFe #F
=49 FH io% Zre] AElE EEgker, ol
oaaq oljc%g] 5% oF718) Li platinge] <t
= 435 Yepith Wi, Ag-VGCFe] 73§
"é—% Zt= AgZ ¢l FEZo| Li metale] &
38 F4e mylon, 33 v 7xot
2% F3Aege AF Ux Ho| B
o] ke Méﬂﬁ}. olel W} Li plating®]
Ag- E bareol] B3] 198% I
/g9l EW— vepiew, 59 F7] VGCF
Z]&(87.07%) ™H] 96.60%l sNTsh=
FAES Jepdo s Agsl 331 oA 1%
metalel] 3 FFE PHES AARKICH
31873 AR &} o] ZHMJ% s8R 9 of
UA Al glol Ag-VGCFe F3-& b Al
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