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Z5: woAAEE A5 Halld A ol HFom AqUAE ARE] el =] xHA N vl
AR A E4S AAske F2 8910tk A5 EF 2 v©h Y dF-(CNFy7F Bo] A= e, F2 A3
A AR A7AREAL F AMElste] gttt B AFlMe AAl wEate] set 2 2-S Fek] Ba
e o] olluAl A% 54 JRAdsile. s ERjon|=(Pns} Eejvideldl EF 22| =(PVDF) EA=S
ATAZ ARSI, Wkt 51 AE 2yt K718k 54
B7¥er A}, 7hlgk PI/PVDFR 48k CNFA=9] HId-&30] 322 F/g(10 mV/s), ol BE7}F 11.6 Wh/
kg(0.5 A/g)= 7HE A &> A5 ] w2 ouA] A% SA4S BTk

Abstract: Supercapacitor stores energy through the interfacial contact of ions between electrodes and electrolytes; thus,
the surface area and porosity of electrode materials are critical to determining the energy performance of the superca-
pacitor. Carbon nanofibers (CNFs) have been widely investigated as supercapacitor electrodes, which are generally syn-
thesized by thermal treatment of electrospun precursor polymer nanofibers. In this study, the energy storage performance
of CNFs was improved by modifying the chemical structures of precursor polymers. A blend of aromatic polyimide (PI)
and polyvinylidene fluoride (PVDF) was chosen as a precursor and it was crosslinked before thermal treatment to
improve the surface properties. Electrochemical properties were measured by assembling coin cells, and CNF electrodes
derived from crosslinked PI/PVDF exhibited a specific capacitance of 322 F/g (10 mV/s) and energy density of 11.6 Wh/
kg (0.5 A/g), which showed significantly higher energy storage properties than those of non-crosslinked one.
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FAAAAE = 2 oHA] A delol wEt A7) olsF
7| ATE] (electric double layer capacitor, EDLC), Tr=71=A|
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o]o] wh} Fxo] o]FojR|=H]|, 2 ST, B X
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FHANAEE A5 EF2 Bo] A7HIL = iy
%=’d-f(carbon nanofibers, CNF= IA| F 7[X] WHo = 3t
Aol 71sdH|, A7 K electrospinning) 3t FEA} LR
2 Exg8te vt== W 88 57 52 (chemical
vapor deposition, CVD)2.2 3% = Utk =1 & A7
A = R-E ol8she A, A7 (precurson)® ARE-E =
alAke] o 54 Wt CNFe| 54 x24do] 7Fssitt.
ATA)| yEARE Zejolad2UE (polyacrylonitrile, PAN)
o] o] ARE L e, FRAEE TE7] 4 A7EA
H 548 o]&dt Tkt BES 4oA olvx] A 54
°] & CNF A=52 & & 3tk oS &9, PAN tiH] &
eHg/go] HolAle AwAt Z& i 22ES e F
dA et s|AEdEo] EEsl HwWA CNF EHe 7%
< HA YA A 540 MAEE S I Atk
SAELE ETgELH(polylactic acid, PLA), Z2|#E =
ElZE#|°]E) {poly(methyl methacrylate), PMMA} 5°] $)
C}¥12 gk PANS 719k 2 & 353 (copolymer) B8 &
HA A ONFol A7Al= B sl ok o2 gl
sl EAo|u FteE] (comonomer)’t F71FEol wEF PANS]
=& 284S Ballet 7ol EoeAle EdE Tkl
A A AT

PAN o] ¢]ell &= Wl Ee]o|m| =(polyimide, PI) B3+ &
QFgdo] ste] CNF AHA1Z2 A=Al ATk L FollA
X 4.4'-(hexafluoroisopropylidene)diphthalic anhydride(6FDA)
AL PI= FI7t & Z2F 2 (fluorine)- 2 Cl3] =& #}
53 (free volumeyS 7FA|ZL o] & Q8] EAg] & &=
4S5 7= CNFE = < dtial B EQoh Ere
AFA yEARE D7 Zgl=o|u|tlE (polybenzimidazole,
PBIe|Y Z=]r)de]dl &7 Q20| = (polyvinylidene fluoride,
PVDF)¢} Edl9 (blending)dte] =2 olUA] A4 545 B
°]= CNFE A& = lgol Barg vf Qrp'sr

ZA7PARE YR8 ©sf 3 52 Fof] 19 A2t
=2 S 7= CNFE 42 & it o 549, 7l
(crosslinkingy= A} 25 W8l 245 =24
= WEAR] WY F SRR olF ol&ste] H7Al LAt
TZE MAE 4 Joh® ol¥l(amine) AIES 7FaA
(crosslinker)E ©]-&3to] Pl UeAl-f-5 W 71ashd oln)
T I A7 EegAde] i HoA= obr] = (amide)
7h Eof dAjg] Sl welEe] FHd =2 S 38T
T 5ol B HA ¥ & 39 A E 7P gel A
f3l= WS FASH(activation)=, F4J3H CNFE 212004
TR s} 7 A1 E =Yl SR sHA R v
S Eolv AR, &3t MARE 571, dEYot
(ammonia), ©]2F}EH > (carbon dioxide), ZdiH, 7] Fol A
|2 7 AUTES o]} o] thFet AA| iAo 28,
CNFe] A48 #4 =Y 55 Fate] CNFo| W24
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CNFe| N=. W= Zejov| =% ARE 6FDA-durene
6FDA®} 2,3,5,6-tetramethyl-1,3-phenyldiamine(durene-diamine)
£ o]&3lo] vHE Egobd K(polyamic acid)S ©| v =3}
(imidization)a}o] 335 th> el ARESE 6FDA, durene-
diamine, anhydrous dimethyl acetamide, triethylamine, ethylene
diamine(EDA)= Tokyo Chemical Industry®ll A1 93385 aL,
acetic anhydride®= Sigma-Aldricho]l 4] <3} t}. PVDF
(My=180000)= Sigma-Aldricholl ] T &F3ATh.

Ay Al 7P =& oA 5Ade B2l HIS<] 6FDA-
durene:PVDF(9:1)E  1-methyl-2-pyrrolidinone(NMP, Tokyo
Chemical Industry Co.)°ll =51 16 wt%2] &8-S 0|31 th>
Z7AE A]2<5](ESR100, eS-robot®, NanoNC, Seoul, Korea)
2 °ol&3ste] 9-15 kV Mt oA A aEA BR=
AR Algslaint. 7hrs flte] Azt e dfE
204 EDA 5717F gHtEle] = HAIAIOIE (desiceator) W
of ZAANA FH 7hE At 7l AZRS F A s)st
7] flste] 27188k £4E 7kIE A 3 51t 7k
AZL A Zo] 7P 98 58S B, 7l AR 3Re R
A8

¥9 7123k PI/PVDF U465 228 A 7] Z(FX-05,
Daihan Scientific Co., Wonju, Korea)ol|4] &-7] Zol 350 °C
o A 2417+ oFg 8tety, FE Y 7] Z(FT-860.3, Daihan
ScientificyE ©]-&3Fc] A2~ stoll 800 °CollA 30 &<t &
skate] CNFE At

CNFe| S 24, 7l A2l & 53 318t 729 H3l=
ERI317] $1819d attenuated total reflectance Fourier transform
infrared(ATR-FTIR, 4100, Jasco, Easton, MD, USA)E =74
SFTh. A7l andate] e ER1S 918 thermogravi-
metric analysis(TGA, DTA-60, DSC-60, Shimadzu, Tokyo,
Japan)Z ©|&-31 =8, 10 °C/ming] =2 800 °C7HA] =
At w3t A Y] W2 scanning electron
microscopy(SEM)Z 13} 37, A1&-2 SU8220(Hitachi,
Tokyo, Japan)g ©]&3t] Fo2 g3t & 4313} &
S} & B4 pMAAS ER1Is] flalA] et 3 (Raman
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spectroscopy, Renishaw, UK)S- ©]-8-5}5t}.

9t CNF A=< ¥ 542 Quantachrome(Autosorb-
iQ & Quadrasorb SI, Quantachrome, Boynton Beach, FL,
USAPlIA A4 533 345 Fall 218Hith. Brunaver-
Emmett-Teller(BET) WA 28 AME-5le] A4 F3F 5242
ZHE v xHA S ALSIAL, density functional theory(DFT)
HE ARgste 7] A7) £2E ALt

CNF XM=9| MI|sley S @It oA e A=
o2l 54& H7str] flsl WBCS3000S(Wonatech,
Seoul, Korea)s ©]-8-314] cyclic voltammetry(CV)2} galvano-
static S 5438 W7keIith ©l& I8l CR2032 EFY
9] 3221 A(coin cell, MTI Corporation, Richmond, CA,
USAYS =93t =dl, #AZs CNFE 9] A §lo] bt
2 02 AREETE ZAd 2HE &l A2 HE
(GE Healthcare Life, Marlborough, MA, USA)E &&|2to.2
6 M2] =2F8}HE(KOH, Sigma-Aldrich)S As) 2= ARg-&}
At

17 %1-8-%(specific capacitance, C,,, F/gr> CV 225 o]
83t C=(4/m)(I/v) 2 ARSI o], m FH=F]
A (), = WA AR/, ve 270 SE(V)E Yvlgit.
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Figure 1. Fourier transform infrared spectra of (a) PI/PVDF; (b)
crosslinked; (c) crosslinked and stabilized PI/PVDF.

Galvanostatic =% A& 1.0-0 Vo] A HNA 0.5-6
Alg B AF BER STt o5 o]&ate] oA 2
S (Whikgye E=IitV2m 2 28 Y=(kW/kgy= P=E/t; =
ARFeRATh o] W = W ARAE, e B A,
V= Ak HA(V)E rigitt. 7188} e
(electrochemical impedance spectra, EIS)< PEC-L01(Peccek,
Japan)E °©]&-3te] s WSl 100 kHz/0.1 Hz, 13 0.01
V 27194 S48
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Qlst stst Fxo| #st. 7]WAket PI/PVDF Y
EDA 57|12 o|&3&lo] W 71w e 3l ol w
2 3}3}z] W3S ATR-FTIR 2348 S 53] #2389
Figure 1(a)°ollA & = % 7hl A& 3] g2 E3l=9
AE olm=e] C=0 (1725 ecm™)=} HItHH (1785 cm™),
C-N(1356 cm™) A3 2EF A o] &It PVDF] 2%
o1&l7] ojE Yot olE 10%2] He gk mjEel Ao
AHET Figure 1(b)e] 7h A S 3 A9, 287 7+
ol =7} EDA®] orle] oJaf ofn| =7} HHA], ofn|=
o] C=0 AF(1680 cm™)} C-N A3H(1525 cm™)2] ~EF|
o] Yehdt}. FE3H 6FDAS] C-F 231255 cm™) 71l

o W2 Wt S-S & Atk 712 EDAE AR
slo] AFox] ZTjoln =g Ttast ArAE flet fAlet
7%34_%_ E%}\q_.20,24,25

sk Pgsl & 38t o] WskE ERI18lAL Figure 1(c)
o YERATE SHEYSIRE Qlste] om|=e] C-N Ag -} o}
=9 C=0 A% FA9 =rt thh SoESSS IR
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Figure 2. Thermogravimetric analysis of (a) PI/PVDF; (b) cross-
linked PI/PVDF.
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2 4EA AT JUH oz Aol =2 WS PIgt
BAE=sle] & 6 28 259 400 °C ZA oA &) 71 Al
A AL Felst = Qrh26Y 550 °C 2ol PIU¢] o]
H)=9] 7} (carbonyl) 717} #31=7] Al&Fste] PIo] 3l
7} BZE AT EDAE |83t 387 7hal A7 o=
o]¢} -2 As2 F Ao|7t §le A eE HATh HEgh 800
°co] =ES u 7l A S A %S PI/PVDF7} 45%,
7tagk P/PVDFZ} 47%2 AFSE s Bt 7159 A
oA 6FDA-durene?+S- 7Fasle] Exjg]el 749w 7kl
A 2 AlFe} fARE EAE 9 S UER Y, 7w
T A AFAZHA ARRo] Thsslithe RS ERIE
AA >

CI3A CNFel g4 B A7Pialeh vhieidfrel erslst
el 1 823 (morphology)S SEME 55191 Figure
39} 7o) gel33iT). PI/PVDF(9:1) EAEE NMP o 7t
€ 16 wt% &8-S A7|"AFeE A3} Figure 3(a)et 22o] ¢F
910 nm 27| #L3 i 725 7RIS ERIE 2
Atk EDAY ¥W 7kwE 3% Z13)8 PI/PVDF Y=Adf+
Figure 3(b)ollA] 0] 3+ 27d0] 895 nm=E 7kl 2]
wal F 7o) 7t 244she Bt ©38 Sl 7k A
3 73%- 780 nm, 7} X2]S T - 640 nme] Ht
Hol, dAjglel] ofgt 27 o| tha Taslgl ot o
gk Eallv &4 glo] vl f R & ARES g1
ATt AFA EAE BSA A B 2AlE s
, 2ol M B3}al7] A 300-400 °C2] 57 FollM oFd
AS AX=H o] I Foll AL A E7kaE
SEHA a12-0] Bl 27 elEA & A F
T=x7} "ot SEM 2= Sl g3l gl <s) A
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Figure 3. Surface morphology of (a) as-spun PI/PVDF; (b) as-spun
crosslinked PI/PVDF; (c) carbonized PI/PVDF; (d) carbonized
crosslinked-PI/PVDF nanofibers.
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Figure 4. Raman spectra of (a) CNFs derived from PI/PVDF; (b)
CNFs derived from crosslinked PI/PVDF.
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CHSA CNFe| Eta OJMZEN™ 7=, ©3}3 PI/PVDF 1
SRS B4 nAlAd T2Re g E3S o]83]
Figure 43} 7¥o] gRIstt. 7l A& 3 A3 3A] &
7 25 1350 cm! F-2ol|A DHIEE, 1600 cm™! -2l A]
G-U=2 Yehth D-l=E T3 e (disordered
carbon)=, GHIEE &9 7%2] Bkix(graphitic carbon)’| &
AHS Ve oebs, 38 AYS St T AE R
T ATHoR v 22 HIgS 3 S ol
=] HAHIS] Lyl E S8 A3, 7hsh] &2 AlEo)
1.7, 7¥agk AlZo] 222 7twste] ©siA|7l CNF7F 7489
o] Hlgo| T ESkt}. o9 22 A= 6FDA-durenett
o= st 7kgk CNFIM % Akl VRt I/l
Zrol &8lek Pl U7} 1.5, 7hste] ©3815h Pl vbieAd
F7F 172 7hgh o] 7Y §Ae] Blgo] Eoh=dl,
ol 7k I3l AEA}F ARE 7] A o] A=A A
73 ©ie] A YIS PRl o F AlEH

CHSY CNF 3o M SM. 33t ONFe AFo=
A F83F 54991 v AR vde SAs6IAL, L A3
£ Table 1°] YJepiQITE 71k PI/PVDFS GAg]ale]
Sk CNF7F ¥ A0 1697 mYgl 2 71 A5 A &
g st ONF tiH] =2 38 Rtk F 71% H3(total
pore volume, TPV) B3 0.732 cm’/Z 7hl A& B3l =

Ky oox

Table 1. Surface Properties of CNFs Derived from Non-
treated and Crosslinked PI/PVDF

SSA“ TPVb Vmicm Vmeso
(m’/g) (em’/g) (em’/g) (em’/g)
PI/PVDF 1559 0.684 0.565 0.119
Crosslinked
PI/PVDF 1696 0.732 0.597 0.135

“SSA: specific surface area. “TPV: total pore volume, Vp: micro-
pore (2 nm) volume, V., meso-pore (2-50 nm) volume.
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718°] 0.135 em’/g= F 7139 18%7} 2 nm ©1’e] 7% Z S TS ERIE AT

< 7RIS ERIFE T AT CIBd CNF T3 U™ S4. Figure 7 Tt CNF
CFSM CNF M39| CV. &A%k b4 CNF A=9] A Z=2] galvanostatic W3 I ZE HoFET Q) 7t A

718}5He EAS Hrel] 938k 6 Me] KOHE Hsld = 2]E 3 CNF A=o] 71 W3 A7k B, 21 A3 05

stal gslst P/PVDF Wedr H5E o] A2 §lo] & Alg AFLEA 7k A S 3 A9 oA D7) 11.6
zZ T30 alo] 9 AL =Ytk Figure 5= A%t

b
CNF 23¢] 270 £5 10-100 mV/soﬂHgl CV 232 1o O e b
31 glh, 7ke 25 oP) ke R BT A5k 3el 912} £ a
Q= A2 Fele] A@Hal EDLC«] CV 2Rz mee 1 §
AFT AT, 27 HEr} Z71Eel met e olest A $ oo
5 R 2 7S (pore)e] 45 2Hgo] AFEo] e A s
2 ke BT Tk Aol 12 o A SHL £ a0
gelgh Az, 7kl & ©@3hA7 =0 10 mV/is 2704 S
332 FIgo & 7k g o1 92 215283 Fig) tlv] 93] = § 201
S vgHEF FhS VERNRITE 6FDA-durenetO 2 7l * 0 i . i . i
2 8 7] AT 10 mV/s g,azjq]/q @] Ao] 205 0 1000 2000 3000 4000 5000
F/g, 7] 37} 301 F/go& 7kl Aol we vgde gf Cycle number
o] =712 Folg 4= YT} Figure 6. Cyclic performance at 100 mV/s of (a) CNFs derived
Alo]Z olA BlolS 9lale] MAAL T 48 =H5) from PI/PVDF; (b) CNFs derived from crosslinked PI/PVDF.
o] Figure 6 YERSITE F A5 25 50005] Ato]EolA] @) —0.5Alg
o2 o) FAEE wILD, kg A7) Bsle Al v -
= g
95%%= Y w2 FA1E&S UERHSITE A2 ONF d=50] 7 0.8 —3A/g
s ——4A/g
>
@) 5 400, —10mVis = il —5Ag
el ——25mVis oo ——5Ao
P —50mV/s =
§ 200 ——75mVIis % 0.4
% 100 w100 mV/s o
§ 04 0.2 4
o -100 4
£ o0l (Y0P S 18 W VR VS —
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2 300 .
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-400 v r r r v v
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Voltage (V) (b) 1.0 g Al
— 2 Alg
(b) __ 400, —10mVis B8 ::ﬁig
& 300 - & —5A/g
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Voltage (V) Figure 7. Galvanostatic discharge curves of (a) CNFs derived from
Figure 5. Cyclic voltammograms of (a) CNFs derived from PI/ PI/PVDF; (b) CNFs derived from crosslinked PI/PVDF with dif-
PVDF; (b) CNFs derived from crosslinked PI/PVDF. ferent current densities.
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Figure 8. Electrochemical impedance spectra of (a) CNFs derived
from PI/PVDF; (b) CNFs derived from crosslinked PI/PVDF.
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