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Abstracts To improve the performance of carbon nanofibers as electrode material in electrical double-layer capacitors
(EDLCs), we prepare three types of samples with different pore control by electrospinning. The speciments display different
surface structures, melting behavior, and electrochemical performance according to the process. Carbon nanofibers with two
complex treatment processes show improved performance over the other samples. The mesoporous carbon nanofibers (sample
C), which have the optimal conditions, have a high sepecific surface area of 696 m* g', a high average pore diameter of 6.28
nm, and a high mesopore volume ratio of 87.1%. In addition, the electrochemical properties have a high specific capacitance
of 110.1 F g™" at a current density of 0.1 A g and an excellent cycling stability of 84.8% after 3,000 cycles at a current density
of 0.1 A g”'. Thus, we explain the improved electrochemical performance by the higher reaction area due to an increased surface
area and a faster diffusion path due to the increased volume fraction of the mesopores. Consequently, the mesoporous carbon
nanofibers are demonstrated to be a very promising material for use as electrode materials of high-performance EDLCs.

Key words electrical double layer capacitor, electrospinning, mesoporous structure, carbon nanofiber.
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A Atolof] o] Fdte AstE FA ot ANUAE A%
g T Uth A7 ol5F AdAEHE T2 B 7 A
=5 AR, 1 FRE= EX ¥ (activated carbon), L
2] ¥ (graphene), BrAxt}=FH (carbon nanotubes), ~Z2]3L
erA /] f-(carbon nanofibers) &3 7+& TRk Bta
AZ7F WA Q7= Aok 2 FellA ' Y]
fre =2 HEHE, B2 FIH, 9 sehe 2 =
24 5L 7 Yk 28y A7) olFF ATA
B A S Sl o S7H HEHA T 7
FAlo17F gttt thA] EEbAE ghA 7|k &Afe] M
FHALS =2 v 7] £7FE dv SHoAA S8t
kst 7189 4L S £ F e o
oA Fosith?) web AR gavedf
HEHA S7Fe 91k 399 AR Ao 28a 7]
o] PSS 8l A o 8 318F A3 (international
union of pure and applied chemistry, IUPAC)ol|A &
ogk |z =7]19] 7]¥(mesopore, 2 nm~50 nm)> FA
e TRt Wle) A7t AAEL kS dEEHe
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|3to] A Z3HATE 10 wi% polyacrylonitrile(PAN, M,,=
150,000 g mol™', Aldrich)ll poly(vinylpyrrolidone)(PVP,
M,,= 130,000 g mol ™', Aldrich)$} 2Fslold Y= 2HZnO
nanopowder, <50 nm)E 2tz 0.5 wt%<} 15 wi%s 7t
3led N ,N-dimethylformamide(DMF, 99.8 %, Aldrich) &
wjoll WRE7)E o]gate] 24A17F FF BaAIAHTE 1 &
53 83lE 89S 1omL FAPIY &1 F 23
gauge Hh=S AT FAVIE FAP] Hazel dget
I AW Wold FAP] vkest I Alo]E 15 cm 7
2|2 w43k FA] HZo IS EE 0.03mLh
2 AdA 393, DC power supply & ©]&3F 13kV
o] JASHE 7t e, xot Fee 2 ~25°C
2 ~20 %= FASATE A7ARRE FRE e fe
100 mLe] 7ol B2 & 229 AH7E o83}
IAZE Fet A& sint. oo yiddfroll e X154
o] PVP AEA} SRl SalHe] wdol 2 7%
S5 Ao Azl xHE 2 "ok AlFo] 2
ERE A 985 o835t 80°ColM oMt EeF A
A 280°ColA 247 F
QF QFYs) AJZ1 F 800 °CellA] 2A17F F?F A4 (Nitrogen,
99.999 %) &9171°1M Eaeto] Savieid{E Alxst
Aok 2 5 g frol WAlE Absteld YAt
£ 9AHHCL, 37.0%, SAMCHUN)S ©]-&3lo] 2-43]
AAsE Gl Wz 7S Fdskith Akt
ofdde] AAE v Baviedfie SRTE ol8dt
o] 33] AlF3 T A% QES o]&3e] 80°CAA 12
AlHERE s dxedink 2ol 38 F PVP AL
Akel qtstoll g H7sHA| e ©@aviedfr, PVP 3L
B4R H71eE ehAavhe A, PVP 282 2 aksloldd
< A A7K AU ARE ZH2E sample A, sample
B % sample CE2 A A3} t)

Azxd AZ2Ee 72 9 e B4 fal AN
FAF AR} A v) 7 (field-emission scanning electron micro-
scopy, FESEM, Hitachi S-4800)3 F3 =} dAnA
(transmission electron microscopy, TEM, JEOL 2100F)
2 olgstel BA2 FYsQTh a8y AR B
=PRSS MERY 2 B /1T AP FBA 9
3to]  Brunauer-Emmet-Teller(BET) % Barrtt-Joyner-
Halenda(BJH) 41 350 °CollA] A4 7k S/€3ks
ol&st FsIATE AH T FHL XA FEEA
(X-ray diffraction, XRD, Rigaku Rint 2500) ©]-8-3}
AL 20=10~90° 3 WA 1° min 9] HEE
S8t A71sket #4915 Agshr] Sl o Y
A Z(surface density: 350 gm™>, Area: 0.3m%) < 7]
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7] ol 7ENEE A% v gaEeadRe] vz 71 Aol &t

T 70 wi%e] Az AF, AFARA 20 wi%e] poly
(vinylidene difluoride)(PVDF), H=A S 2412] 10 wt%
Ketjen black(Mitsubishi Chemical, ECP-600JD)S &}
ol N-methyl-2-pyrrolidinone(NMP, 99.5 %)z} &3+ H
Fw8] LAANA, FRlE vl YR Foll =X H
80°C] E-IA 12417 5t A= AL AxT
59 715ty 54 Wrke o AR (cyclic
voltammatery, CV) % AAF Z/H (galvanostatic
charge/discharge)S &3l SAEATE &8 AY-AFH
0.0-1.0 Ve AHSIoNA 100mVs'e] 2 &z =
AERem, AR/ S/ 42 0.0-1.0 Ve AYH
Aol 0.1-2.0A g o] AFLER F7hE ATt

A0
A=

Fig. 12 th3/d ghav=idfo] Alza4

FA7IAPH]l Et as-spun’d B e] WA

9] AL PVP XEA} 9 Asloldd Y=zl 24 B

xso] UHFig. 1(a)]. A71EAM Wi frE 98kl

b PANZEAE A4 aEAjoln, i) 7t

PVP IEA}e] 74 3154 aEA2A, M2 E3E F
<

PVP A= S/HFE o83 259k Al

7de FTE
A oA FH 22

2o &8l B S WAl
% 2 ¥HS YepdtHFig. 1(b)]."" A

o S AAWA Astord 4R wiAlE
EAUARE A gl oA Abstold Y
= 419.5°C o] 2o fajd F S$HE A
B2 g R o] goldAl T Fig.
1(0)].”? Aglold GA7F UiAlE eavhedfs 94t o

(a) As-spun nanofiberby
electrospining
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PAN Ultra-sonication
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& ZnO nano particle
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Fig. 2= sample A, sample B % sample C2] A H}]
& FAF A= drlA olmlA] [(a)-(c)] B HlE FAF A
A @ng olmAl [(d-(H1E WERIT Fig. 2(a)-(c)ellA
HAX= ZAAE RE Ui UEYA +2&
Fdstar dom zZhzte] e df-o] 272 sample
A2l 739 <F 222.46 nm-232.58 nm, sample B2] 73-$- <F
227.63 nm-231.59 nm, 223 sample C2] 7% <F 216.58
nm-243.63 nm 2 YEPGTH 3 sample A= BHAU:
A Edo] Blwd v g A YERES ™, BEH sample

o] Zg-oll= sample AT Aoz 7z ¥How
e tHFig. 2(d, e)]. ol #7FE PVP ZEA} &
FTE o838 259 AFHE F3l AAR wet 22
71EE°] SHE] A W] JHE Yehd sog
HEh 53], sample C= Atstold Y=dx7t Al A

gol wel oF 20-50nme] W J1go] FHE A L
F ek olefd 1S WY Asjeldl gt ©
k=)

st A Fol &8 L SHE Wz A719 dYAE ¥
ek, At ol WS Fa Alstold QAbrr 4] A
AL w2t vz 7S ] witolth uEb 5
AR Az A B4 B v gAaveAdRo A
THoZ FAHHE AS ATk

Fig. 32 sample A, sample B % sample C2] A u}]
& 53 A @A olv|A] [(a)-(c)] B IHlE T A
2 v olvA] [(d)-(H]E WEFATE Sample A [Fig.
3(a), (d)]e] A% v xHF 71F0] gle B@ave

(c) Porous carbon
nanofiber

(d) Mesoporous carbon
nanofiber

Carbon
nanofiber

Mesopore

»

HCI
etching

Micro-porous carbon Meso-porous carbon
nanofiber by removed ZnO

ZnO

Fig. 1. A schematic illustration of mesoporous CNF prepared using electrospinning, Ultra-sonication in DI-water, carbonization, and HCI

etching.
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Fig. 2. FESEM images of (a, d) Sample A, (b, ) Sample B, and (c, f) Sample C.

(a) (b)

Fig. 3. TEM images of (a, d) Sample A, (b, e) Sample B, and (c, f) Sample C.

Afre] WHE #2 & 4 3, sample B [Fig. 3(b), oA FWol| L AAHAA A7 AL & 5 A
(e)]°] 7% sample A°ll Hla] AX FWH Fol= 7] th sample C [Fig. 3(c), (D]®] 73-5-°l= J‘——i‘?‘l_’ Ui o]
TE°] FAE AE #FT F Utk gaveAdt B g3l SR E Atstold YAE dAt o A4
Ll LH"?— o /‘3/‘45] Azl FA13 7152 H7HE R oA AAERA AR ZeE Hole éﬁ 20~50 nm2)
4 AEAR] PVP7F SRTE 0|83 233 AFEA B2 xR FEe] e Xﬁﬂ"ﬂ AT EE
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Fig. 4. (a) XRD data of the Sample A, Sample B, and Sample C.

G fieid o] vz 7l Ale] a3t

gk sample C9] X-A 3]&E4
ZE ALS tE 34 peak= VFERFA]

1o 7+eFs] UbEr
Cco] BEHAS 27} 347 m’g !, 424m’g’!
2 A&, Fig. 5(@)0lr A58 AA
o] #7]+= sample A%l sample BS] 73
nm, ¢F 2.51 nme| 2 A 7lF 715 AYH
5%, 6%2 W& vz 7|F B8-S Vel
sample C] 7% 6.28 nme| & 3

™, 87.1 %% E& HXx 7]F &&S YETh T3
Fig. 5(b)ollE da F2hezt B9 715 F A w
2 7% HuEE 324 sample A9} sample BS] 73
$- 10nm 7] ol&le] WY oM & 7|Fe] By B
< 7HAAL lem 7 HES Zol= PVPALEAFS] AA
of oJ3] FAE A #HHe| JFoz dAtETh. sample
Ce A% 21.29-5037nm Z7|E Zte wjx 7|29 B
3 £8&°] F43] S7kke A2E Yehied], o= At
slold Yiedzx7t Al A wEr 2 9 e A

Table 1. Summary of specific surface area (Sger), total pore volume, average pore diameter, and pore-size distribution data for Sample

A, Sample B, and Sample C.

P Total pore volume

Average pore Pore size distribution

Samples Sger [m 3 _ .

p ser [m° g7 (p/p=0.990) [cm’ g']  diameter [nm] Viniero (%) Vineso (%)
Sample A 347 0.1892 2.17 95.0 5.0
Sample B 424 0.2666 2.51 94.0 6.0
Sample C 696 1.0881 6.28 12.9 87.1
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Pore diameter (nm)

Fig. 5. (a) Summary of specific surface area (Sggr), average pore diameter, (b) pore-size distribution data for Sample A, Sample B, and

Sample C.



172

~
-}
~

4
—_— - Sample A
N — Sample B
o = Sample C
i | ?
b
W=
O 0f
S
S
=
O ,l
O.IO 0:2 0:4 0:6 0:8 1:0
Potential(V)
(©)
< 10°
fe)) <= Sample A
= 3= Sample B
; . == Sample C
—10%
>
=
n
o 103
o
S ) 8. 102
o 10
o

Energy density (Wh kg'1)

Fig. 6. (a) CV curves at scan rates of 10 mVs'

from 0.1Ag"' t0 20A g
H Hzx 7|Fe] dFgo R Addn) ojg da FAY
95 B4 Ade 94 AFH FA AR @nA 2
3 7 @elg BAe) Assh ANk AL % 5 2
om, Zzke] Az ol WE MERA @ /1T o)
o] zpolE HoJFETh o] g B fe] =& HR
HAY & vz 73 £33 ol & WA H ow
B ol S STMA 7] ol AFAEY &%
g A A odnh

Fig. 6(a)-(d)= sample A, sample B % sample C9]
AANAY A=o2rM H7|ststd 54 #H7F AHE

Rt} Fig. 6(a)= 0.0-1.0 V] A 9elA 10mVs™
o] AF &5 =2 =A3 3 AY-AF TAo|th RE
MZe] 3 AhAR FAHL A7) o]FFS ¢ ]o}#
A FElE v en, ol Hste] =84 3
2ol o8] UA S AAsH= D@ A7) o)== ;q
A E Y] Fefjolth™ B3 sample CY] <=3+ AG-AF
342 sample A ¥ sample B¢} Hlwste] 713 & A

AR 24 9AS Y, 5o

101

n:ng

o= sample C2

' «@= Sample A
(o)) g~ Sample B
w 1201 = Sample C
~— MH—O_O
Q
T P
- 0'0'0—0—0‘0_0_0_0
g 60}
(&)
S 30t
o
(4]

0 1 1 1 1
o 0.0 0.5 1.0 1.5 2.0

Current Density (A g™)

-
0N
o

g’) C

-g=Sample A

== Sample B
w 120 -g=Sample C
brs 90
= y

p 2 p ) 69.70/0
8 ot
(&)
g 30} 69.0%
(1)
0 1 1

o 0 1000 2000 3000

Cycle number (n)

in the potential range 0.0 to 1.0 V. (b) Specific capacitance at a current density range
. (¢) Ragone plots. (d) Cycling stability at a current density of 1.0 A g'

up to 3,000 cycles.

HEAH o= Qlste] Hste] =2l F/23ke] 7]‘%?7} il
o] Z71ghel| wet &8k Ask-dF F4e | =
7¥sk= Zlo]t}. Fig. 6(by= 0.1-2.0 A g'9] % %%JEOW
AlLHE sample A, sample B % sample C2] H]-&FS
Uebdoh 2E AE9 W& ofgf] 23 o] ALt
= At

.
mdV dt’

Cyp

9 AN Cp AT W8, 1= A7k %

me A= &7 = 7.”(g), dvdt's FAL &
YePdAT sample A, sample B 2 sample C<J
S 01Ag"Y ARE=EoM 242 600Fg !, 82.1Fg!
2 1101 Fg'E Yeplth =g AFE A
sample C= MZE FolA 7HE =2 v&FS JERY
=t ol S7H HEHdeR Qs P H71s}et
A EAL VeERdT) 3 dui¥ o g ARdrrt E7}
gl we} 2 AFIUER A A5 Hald Ao

A5 (A)

B8
Dl:

Ry



7] oIS 7NEE 28t

Q81 d Ulo] o] 28t A7 RFo= Qla) v g7
sl Aok SEA R, sample C9 - 2.0A g9 =
AFUZAME 95F g o] =2 HEFE YehH,
Ag! AFLE ] 89.0 %2 43 &% A&
Uehdith, ol &2 HgHz o Q3 vgF F
7tel AR vz 71Fe] IR gt o]9] mE I
AEETE GAEES ZTMIAT] bRl
Fig. 6(cy= AHALEZ(E, Whkg el tiah sk d=(Pp,
Wke e HlgFoz Alltste] Yepd Zxo|t), oz
95 g geEE g2 ZAR S SH 7128
o oy A EZ5E A=A
8

flo by

=]
—_

o

-

E

E
HT
Sample A, sample B 2 sample C= 180 W kg'¢]
gD oA zkzb 8.1 Whkg!, 102 Whkg' 282
124 Whkg'e] UALEE Yeplom, 3600 W kg™
o] ydroME 22t 55 Whke!, 9.2 Whkg!' 28]
I 112Whkg'e] UYL =ZS Yepih
Fig. 6(d)= sample A, sample B % sample C9]
LOAg'e 34 MFL=olA 3,0003]9] F/ 4 H3S
AN a2 ZE vebdth o] MEL 27 &%
55Fg’!, 719Fg' Z&)3 99F g'el HgS Holn,
3,0008] F/Mbd Ag Foll= 27 38Fg !, 53Fg ! 2
23 84F g ' &S Yehdth 53] sample C 9
3,0008] Z=/A A9 Fo|= 84F g'o] &2 H]

O -
=2n

Holm, o] 27| &% tiH] oF 84.8 %] =
A& YeRTh AfF o=z olg|gh 3 H|&-
A EALS AzxE EabeAlfe =S HE
| o5t A7]8}8F - FAe FTMIALL, =2 W]
& g o3 A W o]l FikAZ i
FEEE S7MA T84 o] whgo] 7}

2 o
"2 wad Jo m%?{

o W& IN rE o rlo oo onl
N

N
!
ru

2 Aol AsAEe] 43 Age) S8 91
o BALhe RS 7123 TEAPVP)SH FEAEHE
(Zn0)% ©83 /AP 2 BSAYS Bo) vz

Fol YHE gy Wb R e YIYoE Y
itk 53, wabeAlfel /15 Y51 A3 g
Az AP PVP A 25} ofed e
AL, FRFE o18F 2o AHT Bl o)F
B NS ol gl Wik fe vERY P 9

el frel iz 71 Ao &3 173

>

W2 7188 AL MEES +24 ¢ 35
g FEEtE 7P gk sample CO 735 696
m’g'e H& HEHF, 628nme] HiE 7|F 7] 2
23 87.1 %% w2 Hx 7F £&S 7K o|& 7
A E AFoz Aol Ade A3 0.1Ag'Y =
4 ARFEEANA 1101 Fg e =& v§3S Yehle
), 20A g e WE FMbd AFoME 980F g =
H4F 9§88 HAFITh 53], 1.0Ag '] =
AFHEA 3,0008] F/Md Ae Folle 840F g
o] =2 HEFH 848 %] =2 HEH FAES K
Fo=M et Ar1se 5498 vERh ol#sk A
7188t vlgF 2 ehgA e e =& vEHAe
2 8 A5 AsE Alele] wkE Y99S FTHA =
L BHEHES YeEPY, 2 vz 7y &R A8 o
29 FNEEE FTHA mE ST A A
Gl = 54 AXES Vet ddE wet

Jm

3=
=

P
T

o rlo

Acknowlogement

This study was supported by the Research Program
funded by the SeoulTech(Seoul National University of
Science and Technology).

References

1. H. Ji, X. Zhao, Z. Qiao, J. Jung, Y. Zhu, Y. Ly, L. L.
Zhang, A. H. MacDonald and R. S. Ruoff, Nat.
Nanotechnol., 9, 618 (2014).

2. Y. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, W. Cai,
P. J. Ferreira, A. Pirkle, R. M. Wallace, K. A. Cychosz,
M. Thommes, D. Su, E. A. Stach and R. S. Ruoffl,
Science, 332, 1537 (2011).

3. L. Wei and G. Yushin, Nano Energy, 1, 552 (2012).

4. H.-J. Ahn, J. 1. Sohn, Y.-S. Kim, H-S. Shim, W. B. Kim
and T.-Y. Seong, Electrochem. Commun., 8, 513 (2006).

5. Y-J. Lee, G-H. An and H.-J. Ahn, Korean J. Mater.
Res., 24, 37 (2014).

6. Y.-G. Lee, G-H. An and H.-J. Ahn, Korean J. Mater.
Res., 28, 640 (2018).

7. D.-Y. Sin, G-H. An and H.-J. Ahn, Korean J. Mater.
Res., 25, 0 (2015).

8. J. Duay, S. A. Sherrill, Z. Gui, E. Gillette and S. B. Lee,
ACS Nano, 7, 1200 (2013).

9. Y.-G. Lee, G-H. An and H.-J. Ahn, Korean J. Mater.
Res., 27, 192 (2017).

10. G-H. An and H.-J. Ahn, Carbon, 65, 87 (2013).
11. G-H. An, B-R. Koo and H.-J. Ahn, Phys. Chem. Chem.
Phys., 18, 6587 (2016).



174 Z37] - AlEwe - gmd

12. D.-Y. Lee, G-H. An and H.-J. Ahn, Korean J. Mater. 15. Q. Li, F. Liu, L. Zhang, B. J. Nelsonb, S. Zhang, C. Ma,

Res., 27, 617 (2017). X. Tao, J. Cheng and X. Zhang, J. Power Sources, 207,
13. M. J. B. Martinez, J. A. M. Agullo, D. L. Castello, E. 199 (2012).

Morallon, D. C. Amoros and A. L. Solano, Carbon, 43, 16. B.-H. Kim and K. S. Yang, J. Electroanal. Chem., 714,

2677 (2005). 92 (2014).

14. D.-Y. Sin, I-K. Park and H.-J. Ahn, RSC Adv., 6, 58823  17. G-H. An and H.-J. Ahn, ECS Solid State Lett., 2, M33
(2016). (2013).



