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Abstract

Currently, lithium secondary batteries have been used as medium- or large-sized energy sources such as electric vehicles and
energy storage system (ESS) due to their high energy and eco-friendly characteristics. Currently commercialized lithium secon-
dary batteries do not fully meet the demands for high energy density and safety. Many studies on solid electrolytes are being
conducted to satisfy these requirements. In order to commercialize a solid electrolyte, it is important to supplement the low
ion conductivity and high interface resistance with an electrode compared to the organic liquid electrolyte. Therefore, in this
study, oligo(3,4-ethylenedioxythiophene (EDOT)) is added to poly(vinyl alcohol) (PVA), which is a polymer matrix with ion
conductivity and sticky characteristics, to decrease the interfacial resistance with the same type of polythiophene (PTh)-based
electrode. In addition, the addition of porous silicon dioxide (SiO,) filler improves lithium salt dissociation ability and in-
creases ionic conductivity. And the electrochemical stability of the solid electrolyte, which has been lowered due to additives,
is improved by introducing a cross-linked structure using boric acid (BA).
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2 A3} F2AN 8 90T stol e ol LAEES 7}
@u]»c o] glo] o] a@ak Zo] 8 HAlelck. o]e] ¥ A

NAE FAIE 2 Qo] BlE o diE 9 olEell =9t poly(vinyl
alcohol) (PVA)S WA vEY AR T3]3k, PVA WlEZ Aol o=,

BT E8jo] kst AEA EAR! poly(3,4-ethylenedioxy-
thiophene) (PEDOT)¥} 559 T2 o]Fo]% oligo(3,4-ethylene-
dioxythiophene)s ={Jste] d=3} 14 A2 A Ags £A
o} T 57 filler?! SiO, 2 375l PVAS 284S
F 9 dl”E S7IA 1A dajde] o]ledse
3} boric acid (BA)E ©]-&3}°] PVA WEZ A
s} @B ooz 9l wrobal A7| s45HA 9F
2 A dE Axsta 7188k EAE Bk

o 7
= 1
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2.1. =
Oligo(3,4-ethylenedioxythiophene) (oligo(EDOT))> 23 3Hdste]
AHE3EATE poly(vinyl alcohol) (PVA)E ¢k EAleko] 22,0003}
125,000 g/molQ! T 3}=(Korea)d] A& ARESI o, Asf|del
7}t SiO, filler= Sigma Aldrich (China)®] 10~20 nm particle sizeS
7HAAA] porousgt 217} non-porous¥t + FEN ] nanopowderE AHE-
Sttt ZFw Al = AFE-SE boric acid (BA): Sigma Aldrich (India)2)]
&AM HE 2 Sol9] Ato]=rt A Fol-9] o5
o] Zrasta AA9] whgol HFARl 2lF dol29 olsds Y
I

T Sigma Aldrich (Japan)®] lithium trifluoromethane sulfonate
(LiCF380:) 5 AH&-3I3iTH6].
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2.2. Oligo(3,4-ethylenedioxythiophene) &M
WA oligo(EDOT)S T3] 93t &% FwE sk
Glacial acetic acid 100 mLE- zinc powder 5 goll Yol 5 1 h &<t
A skl A wREsEIT) A E-S fine porosity glass friter ©]-8-3]] &
AL ether® Al et 7 80 °C ZF 2204 4 h FF 7AF38}T acti-
vated zinc powderE BSTE ©]©] NiBr-2,2’-bipyridine (NiBr,-Bipy)
W)= A12817] 918 NiBr3H,0 2.7 g (10 mmol)©] 5]
+ 50 ml ethanol®l 1.55 g (10 mmol)2] 2,2’ -blpyrldme (bipy)E #
7}°b_ 12 h 2%t WESAIZCE AdE 9] A ES o] 38kl etha-
nolZ A|&st F 70 °C ¥ oA 7133k NiBr,-Bipy complex
FulE AUk olF {37t 7t F92 oligo(EDOT)S /93t
7] 91380 activated zinc (0.67 g; 10.3 mmol)2} 6.6 ml] dimethylaceta-
mide (DMA)E © 21719149 NiBry-bipy (0.063 g; 0.166 mmol),
triphenylphosphine (0.52 g; 2 mmol) “12]3l 2,5-dibromo-3,4-ethyl-
enedioxythiophene (1 g; 3.3 mmol)¥} &8It} E3-E-8 95 °CollA]
4 h B2t WHSLAL sulfuric acid (5%) 200 mlo] F-olZFt} AAE A4

=

complex =

= L
—

A ABAE-S o173 H distilled water, ether, methanol 2 ©J2] W A%
3lo] pHE A 07 ghEo] Fu}. 0]% 70 °C WFEolM 18 h &

b Azxste] AEebd v E A9

2.3. Oligo(EDOT)/crosslinked PVA/SiO, composite 7|2t 114
HMol|E ®=H

Oligo(EDOT)/crosslinked PVA/SiO, composite 7|5t 31| 3|2 2]

Azl kA #E Ao Hu) sk o]LAEEE 3 OLI%V] 24
PVAES 502 ARgSle] aA dalde Algsilth PVA 5 A

A-S A=) 28 DMSO 10 mLE vialol]l ¥aL PVAE Z} vialoll
0.5, 0.6, 0.7, 0.8, 0.9 g o= H 5 h F2F wHkslo] PVAS gal|A17)
t}h o]% 7} vialell 2lF A& 10, 20, 30, 40, 50 wi%E YolF ¥ th
Al 12 h FF wHketo] Z3h-g-als Axsqirt Axd SN
stainless steel (SS) A= $1ll solution castingdl®] 60 °C] FF &
oA 12 h FF Azt A AaEAs Il

©]< oligo(EDOT)#} PVA Q] 22} 2A00], Si0,9] vhad7} &
&, BAS] &gl whE o] V] sk 3l S Al

2rakick |A, 43 oligo(EDOT)H PVA L] ZAJH]E 1.9, 3.7, 5:5,
73 9:12 =27 &} vialell Eol= H, £uel DMSOE 37}sled
60 °ColAl 5 h F<t wyksle] §8llst ths, BlF A< ¥al 60 °CollA]
12 h &3t Rkete] 3 f-HS A x33ich o] wf PVAE 22,0003
125,000 g/mole] wAHS Zh= F FHE ARSINCH, oligo
(EDOT) A Axst 2 F Fxbgo] 7B & 3 22 Ag A9
sto] &3t A5 AT AlZsk £33 89S stainless steel (SS)
2]l solution castingdl*] 60 °C2] FF QoA 12 h AZ3}Io] 114
A AL Azsk ek

AEEE

Ol AEE7} =4 U oligo(EDOT) T} PVAL] Exjety}l 2An| S
A E8&te] porousdt SiO; filler®} non-porousdt SiO; filler: 2+2; 7}

STk Wang¥} Kim® 7ol AM[7], Si0,2] $o] 5~10 w7} =
HoJE particle5°] 538k AT o AXA =L Sio,oF LEAF
ER X k] Ao FolEo] o] A EET} Woll= ARyt vk
7] W&ol H7sh= Sio, fillere] TS 5, 10, 15 wit% 2 dto] £3t

LM MES A2 o0, AFe E3 G-ME- stainless steel (SS) $
o] solution casting3}*] 60 °C<] F &2 oll4 12 h 7zt 1A

AHae Az

QoA ol £AEET} ) hE Si0,] ThE fRoh P
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stal BAE #7kste] 7k 328 Zbe Al Adaide Agsisich
BAS] 3ol 7 wi%d ] Fobxl HAEZ Qs thE Ed o] £3o]
Ex] ool BAY S0, 2, 4, 6 wi%Z dtod E3F oS A2
o A3 53 2N stainless steel (SS) Yol solution casting}]
60 °C2] 73 2EollA 12 h 71331 oligo(EDOT)/crosslinked PVA/SiO,
composite 7|RF 1A A& Ax3H3AT

2.4. PEDOT:PSS/SE/PEDOT:PSS symmetric cell XX

=9 EE2 2= Poly(3,4-ethylenedioxythiophene) (PEDOT):poly
(styrene sulfonate) (PSS) (Sigma Aldrich, Germany)E A28} 0.,
A A% 2SS s =HAZ = carbon blacks AMESIATL A
Aol digt =43 2dAe] AFHE Folr] 3 wRlt=
poly(vinylidene fluoride) (PVAF)E AME-3F3th 81l N-methyl-2-
pyrrolidone (NMP)E AREsIith &84, =44, viRigE 22t
8:1:19] FANM|E YolF 5| 4] NMPS} 7 izt Ap-& ARg-s}
o] E3sto] EHElE Ax3th o) HAARI ¢FrE =Y $
o] film applicatorg ©]&35F°] 100 um 719 & FE|Z =¥xstaL
60 °C 328X 12 h &<t Ax3t] ARSIl A= Afole] A
Z8t 1A AadE Agsto] A F2E 2 symmetric cell&

A3

2.5. &8

Oligo(EDOT) 2] @4doj -2 #Heldl7] 9)&l| FT-IR spectrum (FTIR-
4100, JASCO Co., Japan)= 579313121, gel permeation chromatog-
raphy (Waters Corporation, USA)Z $d 3t oligo(EDOT) 2] EAF=
ikt A a2 electrochemical impedance spectroscopy
(EIS):= Reference 600 (Gamry instruments, USA)S AR8-3l] =3}~
15 0.1~0.1 MHzZ W3}A7]m] AlZeh 34 dafd o] o] i ews
Tk Alzket A AeA e [7)8lshA 91993 symmetric cell
o] A7|&ketd 54 H7R= IVIUM-n-STAT (IVIUM Technologies,
Netherlands)s AH8-3l 57g313lt}. 74 Aol x7]s18H4] k47d
2 linear sweep voltammetry (LSV)E o]-gsfo] AP 0~4.5 V, scan
ratet= 50 mV/sec® 3to] B7Fstglet A= 1A Aajd 1 A A
T2 EISE Fdll S48l or, 9 9= 0.01~0.1 MHzZ 35}
k. Cyclic voltammetry (CV)x= -3.0~3.0 V] At 9follA] 50 mv/s<]
L2 sl S48

3. 4u 3 nE

3.1. Oligo(EDOT) &

Oligo(EDOT) 9] 3 o475 21517 938 FT-IR 2P EHS 575
3l.om, 1 A3E Figure 10 YERATE WA 1492 cm’, 1443 cm,
1362 cm™ ol A thiophene C=C A% 3|5, 888 cm' 9} 751 cm'of|A]
C-S A% 35 8k B 690 cm” o4 thiophene?] C-S-C de-
formationS EHQ1slgict 183 1047 cm! oA oxyethylene ringfﬂ
C-0 A% ¥3E, 2921 cm!o43= oxyethylene ring®] CH, A% 3=
5 Ikt B3k w1 2,5-dibromo-3,4-ethylenedioxythiophene
2] C-Br A5 3|77} 800 cmoflA] Alebd A& ER1go 24 oligo
(EDOT)°] a3 oz FHNSS ERlsisith

=3 o] Eapkel| whet EAt AR £-54 A[o]2 PVA wiEE]
2:0] o] Al FFE vA ZoR odate] oligo(EDOT)9] 3
A AREE G Al 7HA BEAEEE S E gAdsklew, GPC
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Figure 1. FT-IR spectrum of oligo(EDOT).
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molecular weight(g/mol)
Figure 2. GPC spectra of oligo(3,4-ethylenedioxythiophene).
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3.2. Oligo(EDOT)/crosslinked PVA/SiO, composite 7|8+ 11|
MoliEe| ol 2MEE

Oligo(EDOT)/PVA/SiO, composite 7]RF 113 a2 9] o] A%
= Hrlsrlel 9bM, PVA @507 A3 daao] o] E S
Table 1] YEFATE PVA ©5 Aaid o] Aol wxlsgo] S5
Ol RAELET) B2 ghE BloH, BF @ Tl 50 wi% ol’do]
W o] 1=X] Fakal FEo] debA wlE 9 Ad s
wi%E sto] AES W3ysiieh

a4 A FE @ TS 40 wi%z 13 5 oligo(EDOT)
7 PVAS] A A0S GEsh A5 AlFste] o] HEEE
=743 A= Figure 39 YEFATE Oligo(EDOT)2 PVA 2] /g
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N
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Table 1. Ionic Conductivities of PVA Based Solid Electrolyte

oy
Ry

Lithium salt content Ion conductivity (S/cm)

(Wt%) PVA (22,000 g/mol)  PVA (125,000 g/mol)
10 478 x 10°° 2.94 x 10°°
20 1.94 x 10 532 x 107
30 490 x 10 3.18 x 10
40 7.02 x 10 5.89 x 10
50 - -

w2 OJXHAEEE A REW 9:1Y wl= free standing®] E7FH53FHA S
W, 71 9] Al52] A9l PVAS dgo] T7HEE o] wrt
Z7F8F3it) o= PVAZT oligo(EDOT) Rt} o] &AL L7} 57] wji
ofl PVAS] 3lgo] sojgdss o|LAEET) g FoE Helrh
$HA, oligo(EDOT) ¥ PVAQ] Ak W o] 29| Haks 4
B2 Az}, BEalgo] & oligo(EDOT)S E3HH= A7) #2802
AEEE B3, iR PVAE 92 Bxes I8sh= 2871 o
=2 ol2HL LS tehith
Oligo(EDOT)/PVA L&A} WlEZ A9 porouset SiO; filler®} non-
porous$t SiO, filler] & 247 Gejdt AR E AlZste] o] A%
55 543t A3E Figure 40 YEFITE Figure 4014 & 5 Q0]
oligo(EDOT)3% PVA L] zAH]9} #AIgl0] fillerd] 3ol 10 wi%d
Y7A = o] AL Z7Fs) 15 wins 7S we oA
57t AAshs A Btk ol WangZ Kime] A5 A3 719}
A= AR Si0, YAF Wl EASH: 17 EE A ol
o] dfjglgl ol Fel =g a1, 7haAl AR fillerd] o] S
of wet o] 2HEETt SUkekITE 12y SO, filler] 3ol 15
wi%7} HH dolE dxkze] SEe] Yt AXA =il Sio, e}
TR wE-A 719 Alo] FolEo] o] RHALELET) AT Zlow
Rt} 3, non-porousdt fillers 3715 A-t-oll% 10 wt%Z7HA=
O] XHEET}F TR 15 wi%oll M= Fashes sdst 43S B
Stk & porousdt fillers d7ist A AaHe] o]2HdELET}
non-porous$t fillerg F7Fet ARt o =4 et o= Sio,
filler particle®] W Z0] 245 & o9 3z 9 Al {3t
7] wzolet AzhEct
Figure 5°] boric acid (BA)Z 7}k PVAS o] &3k 114 Aafd o
P o]

o2 EE FAMS HERih o S 1A Hajd F =2

BN
N

1.00%10°
@ Oligo(EDOT)(MW:25,000)/PVA(MW:22,000)
O Oligo(EDOT)(MW:25,000)/PVAMW:125,000)
-{| A Oligo(EDOT)(MW:7,000)/PVA(MW:22,000)
A Oligo(EDOT)(MW-:7,000)/PVA(MW:125,000)
[ ]
A
E 1.00%1044 Q
5 2 a
2 o}
> A
= [}
© A
3 -
k<] O
S A
© 100410
K<
o
@
A
@)
A
1.00*10° - T T T
73 55 37 19

Oligo(EDOT):PVA Proportion

Figure 3. Ionic conductivities according to molecular weight and
composition ratio of oligo(EDOT) and PVA.

2HAEEE Bl porousdt SiO, filler®] o] 10 wt%]H] oligo
(EDOT):PVA 2] ZAu|7} 1:99} 3:7¢1 F E57-2] dafdel BAS &
< Gsle] o] RAEE AolE vlwaEjH itk BAS] 3ol 0, 2, 4,
6 W%z 71l w) o]ATLE fArde AES B, 7
wi%H T B2 kS HIbele vie Ao U wof thE B4
o] &3to] B71s33TE BAS] §80] 0, 2, 4, 6 wt%= 5715l

2 7HIEE 0, 0.5, 1, L5%E A53t3lom, ol BA 3 w4}l #5
717} 370 2o lo] A2 <Fel= Zhuel] oJst vIE A 4A 34
wo] Axr} St Aog RHeltk 3 BASH PVAZE 7FuE|HA 2
A3} Lewis acid-base interactione 3F= PVA2S] A7} E0] &
AT o] LHAEEE] Fhae) FE& vzl Flow Az

Flo o

3.3. PEDOT:PSS/SE/PEDOT:PSS symmetric cell2| H|THA{E
A7 1A QA Abele] =& Ad A HR|2 F, W gl
& oA, o] &% At W AsE doA ARH 0T Alo|F

etz o]2 TRl 9Jeirl= Aot A

@ Oligo(EDOT):PVA (1:9) with SiO2 10wt%
@ Oligo(EDOT) PVA (1:9) @ Oligo(EDOT):PVA (1:9) 5 .|| M Olgo(EDOTIPVA (3:7) with Si0: 10w
5.5 | @ Oligo(EDOT):PVA (3:7) 5| W Oligo(EDOT):PVA (3:7) s
A Oligo(EDOT) PVA (5°5) A Oligo(EDOT)-PVA (5:5)
2 /\—. -3.24 ./0/.\-. a2
- - =
¥ < >
o 4
° .36 ././I\l 5 ¢ .ﬁ. g 36
o o
-4.0- -4.0- -4.0-
4.4 T T T T 44 T T T T -4.4 T T T T
o] 5] 10 15 "] 5 15 0 2 4 6

porous SiO2 content (wt%)

Figure 4. Ionic conductivities as a function of porous SiO, and non-porous SiO, content

for oligo(EDOT)/PVA/SiO, based solid electrolyte.

3stst ® 35 H A 4 =, 2024

non-porous SiO2 content (wt%)

Boric acid content (wt%)

Figure 5. Ionic conductivities of oligo(EDOT)/
crosslinked PVA/SiO, solid electrolyte.
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1500
—— Oligo(EDOT):PVA(1:9)/BA:OWt% e Oligo(EDOT):PVA(3:7)/BA:0Wt%
—— Oligo(EDOT):PVA(1:9)/BA:2wt% - Oligo(EDOT):PVA(3:7)/BA:2wWt%
Oligo(EDOT):PVA(1:9)/BA:4wt% Oligo(EDOT):PVA(3:7)/BA:4wt%
s —— Oligo(EDOT):PVA(1:9)/BA:BWt% - Oligo(EDOT):PVA(3:7)/BA:6Wt%
£ 1000
<
=
S
©
£ 500+
N
0 Sl 1 1 i U - T U 1
0 500 1000 1500 2000 2500 3000

Z'(Real) (ohm)
Figure 6. Nyquist plot of PEDOT:PSS/SE/PEDOT:PSS symmetric cell.

QR 24 Ak, wele] el 2 Tt ek 2 o
% Q1giek. ukele] Mg 3} whglo] Bk Al Aolr} 3
S

PVA 1A Aade] 2307} 3:79 cell?] A o] A Aol =
AJB1ZF 1990 cell et A& gho] W3-& & 4= Utk ol A=l A
H PEDOTH 5E<! oligo(EDOT) 2] &&Fo] iz oz wolx] H=
7} A3 Ato] o] AA A o] A4S Ao gk ch 7FwAQl BA
9] el W xtol= A ERFA SRANE ZhaA| 2] o] F
7VEEE vlAE A Ao SrkeRs A4S Hlth ol PVA
o] Zhwel W A3E F7tR A=y AdelM 2 Aol F7lsk A
o2 Azt

3.4. PEDOT:PSS/SE/PEDOT:PSS symmetric cell2| LSV curve

Oligo(EDOT)/crosslinked PVA/SiO, 1A Aade] A% g olA
9] eHgAdS H713817] S48l linear sweep voltammetry (LSV)E 5733}
Sk LSV 29 d=2 "E 27] ALAEFE HF A7 o
B S WIkE FHA ol digste ARE VISR w4 B

i

O

Holti8]. PEDOT 7Rt A=& 283 Ao Ht A5 AU 2.5V
oy, Jg3tEe] = A ¥ FA S5 A8 A A

A HL= 1.8~3.5 V Aololnk. whebx wA| s 4hslebg o]
3.5 V7R Ar)geR o2 qPgsfiof gith9,10]. Figure 71 oligo
(EDOT)Z} PVA, BA2] E3M]of w2 LSV curved YER
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Figure 7. Linear sweep voltammetry of PEDOT:PSS/SE/PEDOT:PSS
symmetric cell.
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Figure 8. Cyclic voltammetry of PEDOT:PSS/SE/PEDOT:PSS symmetric
cell; (a) Oligo(EDOT):PVA (1:9) and (b) oligo(EDOT):PVA (3:7)
composite based solid electrolyte.
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