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Specific Capacitance Characteristics of Electric Double Layer Capacitors with Phenol
Based Activated Carbon Fiber Electrodes and Aqueous Electrolytes
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2 oF HFHA FAVANS(ACF: activated carbon fiber)E £34 AF o2 o] 47 @705 % A E(electric double layer capacitor)®] T4l
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Abstract: The specific capacitance characteristics of the electric double layer capacitors(ELDC) which were made of phenol based activated carbon
fiber(ACF) electrodes. Also the effect of aqueous electrolytes on the cell performance has been investigated with respect to different specific surface
areas of electrodes and different kinds of aqueous electrolytes. It has been shown that larger surface area and pore size, higher conductivity of
electrodes, and higher ion mobility of electrolytes have better specific capacitances. It has been found that heat treatment at 1200 T and CO;
post-activation at 900 C of the electrode are effective to improve the specific capacitance over 145F/g and 165F/g, respectively. The EDLC showed
high efficiency and long cycle life over 30000 cycles.
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AAAE WA AZSALRD AL, AZHE A7) qUAFY & density)&, $HATAES EMFe A==A @9 I A
WX o|FAAE 7l & AR AlAde] 2He] ¢ AE7E @9 A B¢ FFE F JE uAF Ada s
28 Aoy, a2, A7) UAE A L BLIE AR E(power density)& Aot dHsid, 214%F ANAEHY o
ol O]]sz] day(5E)d 2ddAE Bdgud AAAE} $45 UAZEE JAF gz Ciae 4 /10 ¢, s8LxE
3 A5 AL olx, ANAEHI e ] AF b Sl A9 1008 747k FEOR FFHATBL o, FAA A g
4§} FdnAo] gl cgdgmol H7iUZd o2st= Hiuae 7HRL WA A Eolule AHAIEY AIARZA Feo
= g ne w2n 71989 o)lese $EIH WIZ) A EGE g2 HEEFHo] 23 ATEITL AojE 4w/
]st}t 740101A1 24 &5} W2z 24§80 wgdndg ARl4518 vxeod Asta4(67), A=Y TREAZA)RI] 59
xon % a2 A}%T‘%‘ﬂ w¢ 7] dEeloi1]. high-tech 2418 283t FEAZ FH714¢ A4stmzy 7}
] -';T_g— 19909t 2BE wdoz BAG AAA 7| oAl € Aotk
%9 rggq olgdd AANNEY FBL A oux AP 538 Fddel 483 RE8 A/AFIHEV, electric vehicle)
58S gAY Y8 QF AL 12E Ssty gon o o gtellet E7 289 Fstx2d(load leveling) 7159 2n8%

AHXNE 7L AHEE Aeoln, 4¥ 9 W7 H(internal combustion
engine)°] AFE 3dtolBE= HI|AFIHHEV, hybrid electric
t F A (e-mail: kihy@kier.rekr) vehicle)oll = Wtelel & thAlste] 2n 8% A Eto] Fd A

814



Table 1. Some Properties of CHI00 Series Used as Polarized Electrodes

A=A ggA

A% AT% 284 BALL ARSE W10152 AdAES MSHEY 54 815

BET Surface Area Average Pore Size Mesopore Area Pore Volume Benzene Adsorption Iodine Adsorption
ACFs 2 2
(m*/g) (A) (m*/g) (cc/g) (wt %) (mg/g)
CH900-10 1000 18 32 0.22 22 950
CH900-15 1500 24 40 050 45 1550
CH900-20 2000 32 42 0.75 65 2000
Pressing NaOH, 75N-KOHS AH&3t5iew, KOH-NaOH-LiOH(total 7.5
(1000 psi) Nel 2@As2¢ o4ste BUNE ANAA 39 AF
o) Aolg ZABAL
NE8L cell Y A capacitor®t Bl2eA AZs7) $5+9
Figure 13 Zo] A&3Act. £34 AIFo2 A4HE ACFE
25x25 cm2 Adsto Ao FHT AFAzI|AA 1247
— T A3 PAskd ACF AZhdl Y= VTS AAG ¥,

Ni foil(3x3 cm)
*- ACF(2.5x2.5 cm)
= Separator(3.5x3.5 cm)
- ACF

Ni foil

Epoxy Resin
\w - Arcyl plate

Figure 1. A schematic drawing of tested cell structure.

o2 qFdn. EF, ALHA A A 9o 200090 =
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‘CAPATTERY 2= o9 AlFo] A7 ol9e] o Rof
Mz 285 Bgd oz 7|geg & JA FAGHI0L

B a7 e F/U89 48 214F ANANEE 44 - AF

7] A% 712AER 43R, AAAA 224F AGAE £
F4 AFLR o)EHI UE 2AFAA HF AU SHsAel
& M EUAY FAHHAMF(ACF: activated carbon fiber) &
AFog o] g3 &) Alcell)l Wt A A5APS 95
AeH, AR HERHY F44 A FF0] BE S
A& H(specific capacitance) 54€ ZAbetdrt.
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2.1. ACF %Xz

EDLCY £34 A= @242 A48 ACFE YE9 Kuraray
Chem. Co.o] #&A ACF, CHY0 series(CH00-10, 15, 20) A}
|3Aem, Table 19 AHS-® €244, CHIO series®] HE
4 Ak (Kureha chem. Co. A3)& YU}

ACF FA42d o8 2439 W3lE goluy] 9Jstd F71x)
PFEe2 FAYE Pageh A AAE HERZ0) 2000 mYgd
CH900-20% Ar £1715+9) 1200 ToAAM EAe Z, cell testS 3
SR, T WAL CHIO series FollA HEHA 718 we
CH300-10(1000 m%/g)& CO» ¥$1713e] 900 TolA 2z 20, 40,

B 38438 T, cell testS Hatyr)

FAY F, ZAAEY JEENS 2Abely] Yste] BET AX
(Micrometric ASAP 2010)& o] £3to] H]EHA AFT LA HZE7H
X ¢ 5A89 1, FE-SEM(Hitachi S-900)& o]&3l ACF
o B9 Y45 A

2.2 MY cell Xzt
2 Aol AHd £84 HAadEE 30 wt %9 HS04, 75N-

Asde] ko] ACF FAY 287} HEESE zH3to Abg3Ath
FAAAZE F4 18 ym9] Ni-foil(3X3 cm)& AHgatgon), &g
"H(separator)2 35%35 ecm =719 propylene %2 ¥(SciMat Co.,
g AMEAA L, FAAzY vFE BAE] Yt AAAR
o o 2A Sk AsAY &I FLE wHEs] o
acryl plate(5x5 cm)9] ElFE ol & $X(epoxy resin)E HIES
O Z5EE AE33 1000 psid] gEoz gFee] o FA] F
A7t 448 ZA F cell testE FFFAT

2.3. Cell test

A% 2 ez A AFE celd FHASHE 2}
3t7] 918ked W= AbinAbe) Capacitor Cycle Test System(MSP-
2043)% o843t 625 mA(l mA/em)E 08 VA A3 3
625 mA(l mA/em?)e] AHE AAF AL Fste YHAE
Al HAgRistE #FAT FAA Y FXNALL 01 VE 89
I, ZALFY AL AAF WA WAz e wE wrAaHgt
o] W2 RE olefe oz M&Egd
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Figure 291 KOH-2% A& A3t 625 mAZ 08 V7}
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o2 A WA cycled] F4A FAAZ 2189 Ni-foile] EHo)
KOH 93 2tgiujte] MAH7| fEoz Husolxzn ¢
(11l KOH$ #& Zd7eg dAsfdz Agsn Ni-foils I
AZ AL A% dehde 4oz g4 9on Haze
KCl# e F49¢ A8sAY £ A% 1% carbon
sheet 5& JHAAZ ALE ASdE o9 e #odol TAFR
e Aoz ¥8A Yot a8y Ni-foilel ZHe AHsls]ate] &
AEd Asfole RalAge] ol HEd FHom =gss)
E gui11].

Figure 3% CHY00 series®] H|EAHT} P AFTH] 93 ¥
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Figure 2. Constant current charge-discharge curves from the
first cycle to 5th cycle (electrode: CHI00-20, electrode area: 6.25
e, electrolyte: KOH-mix, charge/discharge current: 6.25 mA),
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Figure 3. Specific capacitance vs. specific surface area vs.
average pore size of CH900 series (electrode area: 625 cnt,
electrolyte: KOH-mix, charge/discharge current: 6.25 mA).
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Figure 4. FE-SEM photographs of ACFs: (a) CH900-20, (b)
CH900-15, (c) CH900-20, (d) CH900-20/1200.
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Figure 5. Pore size distributions of CHI00 series.
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Figure 6. Specific capacitance for various aqueous electrolytes
(electrode: CHI00-20, electrode area: 6.25 cm’, charge/discharge
current: 6.2 mA).

& AZR ATl Aok E HALHE 2HA I} 34 o]
9 Ve HE 6~76 A AZol7] W& 15 A ALY
micropored] & &F L] shest, dutqoR Ao 4
£%E& Yehliv A710l%59 34 F7(inner Helmholtz plane$t
outer Helmholtz plane ¥3H+= 84 dAsdy A% 13 A A=
Z AVlelgFo] AU aHFoR FAHHE 26 A oY A
Fol Has Aoz 4ejA vH41718). dLo] fr1ANEAY A
S A ol2Eo] $44 HYE o9 aAnt mEE
A7101F%Y FAe oS 74 S84 AdAY B¢ A
Ae 20 A olste] mAZE AP L3 sdsh 7] Lo
o2 Wb =W 20 A o3t ulAZdE F3kE o] 259
Agdol oy & &%Fo] F45 Asse Aoz T LeA
ArH19.20L 2wt MFo]l UF 2A HW o] 250 &FHy #
9 288 FaFel A Ha 2ALRE wElM AsteA
"ot mekA 30~50 A AEY MFol AFHoE BxHe &
ACF7} 49 AF42A2 o8 A7AE5 98] Ruga iy,
17-201.

Fa3e GHRAE AF0R AMHE %$o)E micropore ©]9)
ol external pore® HIEHAE A3 Fostt & AT A}
43 A% 22L& A/ SHEAACRHE Bdn 713 2 2
oldo]l AFe IAFRTY TR FYF ACFY ALE RE
Asgel AREHA Y AFHo AT, Fge A=
macropore’t 14 A4 ¥ ¥ mesopore(or transitional pore)7} &
/3|3l micropore= mesoporeE %3 syl wEo] external
pore £4¢] Fa3lth. ACFY A$E external pore EA4L 78
A ot "Hrohe Fde] gnH21-23].

st ARG L 2 A%E Figure 691 YR
ANARES 714 E H o] 28 383 HS00 748 2 v
HAE%e ez, 2 9y AsA NaOHeF KOH: 2
=94 KOHZE o 2 H&d83e /e dsdde &
AT o)L Table 29 YEPA AAY K o] &o] A7AE
2 o2 o]F Z(ion mobility)7} Na' ©]& ®r} & wind 437

Hy e

Table 2. Ionic Mobilities and Limiting Equivalent Ionic
Conductances Used as Electrolytes

Tonic mobility Ao
(ws™VY | (SemPequiv?)

. .| Ionic mobility Ao
Cation Anion (s |(Semequiv?)

3630%10® 3498 OH | 36.30x10°® 1983

762x10°¢ 735 S0 | 3630x107 80.0

Na | 5.19x10® 50.1
Li' | 401x10°® 86

A¢ limiting equivalent ionic conductances

Table 3. Conductances of Electrolytic Solutions Dependence on
Various Mixing Ratio of Electrolytes

Mixing ratio - Conductance | Resistance

@) | ool | o | T | @em
085 0.05 01 7035 142.10
085 — 0.15 10.230 99.53
0.80 01 01 7005 141.90
0.75 0.25 — 10.12 98.83
0.75 0.20 0.05 6.956 143.30
0.75 015 01 7.085 141.20
0.70 0.2 01 11.360 8307
065 0.25 01 7010 142.70
0.65 0.2 015 6.920 14450
0.60 02 02 6.915 144.40
0.55 02 0.25 6.830 14645

o] guE L K o]0] 33 ALZ 36 A¢l Na' o]2uth o 7]
o KOH7F NaOHE.Y A7]ol%% A e Asfdz o A
ke Ae & F Atk HS0 A$E AAAY Ni-foil e %
HA717] W&o Alzte] Angtel mat EH o] FAF Aslst
9ol Aotk A HSOE HARAR AHEE ASE Ao B
54 e FAA AEA ITFY carbon sheet® AHg-3ob &
Aol

A 244 f7149 A$e A $718u0E EFe AL
ke Aol gutdoz ddA gou B e} Zo] o7 AR
& Pt AL AeE FEAAY HSEAE Pelste A3
ArE0l AY Stk gy B d79 AHed 2% @sE KOH,
NaOH, LiOH¢] &3ule] g A HA/AEEE Z4351d
Table 3ol Yetidch Zbzhe] &3 Aed g AAEEs} 1
mol/L7t H =% 33 KOH7} F4%E0] IE2 ste] Asole =
AF A7 ANAREE S o9 EgHE F B 4
ol A ARE-g ZAJH|(KOH:NaOH:LiOH = 7:2:1)9} 2& &3
ENA AVATRET} 7MY L AVARES YA 23 A
Ado] T2 LA ATE Hole AL & AVAERY F3
H o250 aggregation H& AL U5 AHAL £y 2o
EM aggregationo] AAHO F3H o] 2Eo] AF ABd) 4
A RAYJsed 2L F= Aoz AgdHn
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Figure 7. Self-discharge characteristics of electric double layer
capacitors with CH900 series used as polarized electrodes
(electrode area: 6.25 cmz, electrolyte: KOH-mix, charge current:
6.25 mA).
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Figure 8. Heat-treatment effect at 1200 C for 1 hr on specific
capacitance (electrode area: 6.25 cmz, electrolyte: KOH-mix,
charge/discharge current: 6.25 mA).
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st Zlo] Faddgl Aoz EAHG13]

Figure 79 CHO900 Al2j=¢] 27144 54 Yehldeh 09 V
A FAE] 045 VAR 27] FAAG0] dtez gAg g7t
A9 A7 E EAsYY 2449 ERFHo] ARSLE FL2
A71%A A4S YT CHI0-102 045 V7HA] 16001,
CH900-15%= 4200k 717 =v, CHI00-209 A%+ 045
V olgt2e A1l o zsgte] Asleix Fet) o]AL H
FdFol AL AYFE BYuAT FAGFALR); 20 dE

ThE, A108 A6 3, 199
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Figure 9. Pore size distributions of CH900-20 and CH900-20/1200.

o), cell Z@A9] 1000 psid) ¢z HEsid, 2L 7|AF 3¢
S 9 Ho) gk g n A BAEA Ha o[z #e
oo WEA gEg 9oA FAHAARI ol LAY fELR
AZEh webA cell ZFA WEARES F0)7] A3 4N FA
A4S 1ol & Aoz Asdh Y GHYHLE celle] R
Ay A7hEA 549 FHL2RE 42E0] 5T Aotk

3.4. ACF Zxfz|o ot &1}

B34 4302 /1 £2 A4S Jehidd CHIN-20S Ar
E20718ke] 1200 TolA 1417F B¢ X2 F cell testS 3 2
# Aelde] v EFAEFFo] ToF/gdlA HEF 145F/go. g H|EA
&3] 28 A& A F7M A& & F AH(Figure 8).

dAg AT vEHAS SAHHNE AH, A HY vFEH
°] 2000 m/glA GA Fo v EAH] 1680 mY/gZ W EHA
o] 320 m¥/g A% ZAFSL ¢ F AN £F, dH7 AFY
¥HYA W3S FE-SEMo 2 ulz##d A3 (Figure 4(d), €
Aol os] FA3] AFTH] FA2}IUSE FIT F UNUZ,
Figure 99 A&7 £3& Jebd RAAYH Ao 93 vExHF
o] Z+A3tHA AFAH EE7} micropore 222 O]FHSL ¢l
& 4 gtk EXd &) v EEHH AFe AN} FLAPS
o= BT HEHEFH0 28 AR FUHE AL AF2AY B
AEAA HEAATL AFTE ol AFHAEY HEZAEF 2
AdFE HAE b F23% IAHfactor)7t S AT B A
TFAA BIA AZo7 AMEF 4B Kuraray chem. Co.d #H¥E
A ACF, CHY00 series® 300~1200 ColH dAzsie A7Ax
T} ESR £4& 3 Kuriyamall4]e] Bt 9atd dxjg A
o ANAEEE HEHFo] 1000 m¥/gl CHI00-100] 10Sn/cm
Ao AVAEREE 7HY v EHF 0] 2000 mYgel CHI00-209)
AZIAEEE 30 Sn/em AEE HEHAO ARAFE AVAEE
A F7keH, dAYE & A$= 1000 TAAE daAF B
Aol Zsht 1200 T ool EAFYE AHE ANAEET}
2A F7ked, FLANE 244 e AR ANARES 2
= Ao FAHAY. wety EAo] o) wEBRHI AF 2
717t ARSI E E7sta HESAEFe] 28 AE FAHE AL
ACFY A7|HAEES F7kd 7108 ez AgHs, ACF7L 7
HAEH £34 AFo2 ALE w), v EHAF AT 27 o
oz AV|ARLs} wWl$- T2 EXolzte AMLE ¢ 4 Itk
oj9} ZE AMELE E Az Fo] TAY EEg N1 AFH A
Fo g o £%93A velkt 249 B2y Z9E AFRAE
AbgEte SIS AZsool s Yty oz ALLEE PVDF,
PTFES$} 1000 C o]dollA €423l gaz AFHHA FAd
AFA 9EE AE & Jv ZEAES HA9sq 371 AFA
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Table 4. The Changes of Some Properties of CH900-10 by CO: Activation at 900 C

Activation Time Burn-off BET Surface Area Mesopore Area Average Pore Size Pore Volume
(min) (wt %) (m’/g) (m%/g) (A) (cc/e)
0 — 1000 32 180 022
20 71 1168 255 199 051
40 296 1219 268 20.3 0.54
60 61.0 1460 331 21.0 062
180 180
160 160 4
@ = CH900-10/CO,
i 1404 E 140 -
- =4
o 1]
< >
= =
o ]
&= 1204 = 1204
& &
R (-3
« ]
O 100 O 100
) ]
s &
>3 >}
@ @
c% 80 (2. 80
CH900 series
60 - 60
R S S e e AT T s s e ¢ T T 7T v T v T T U T T
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Figure 10. Specific capacitance variations for activation time in

CO; activation of CHI00-10 at 900 C (electrode area: 6.25 cmt’,
electrolyte: KOH-mix, charge/discharge current: 6.25 mA).

AolM, BUI BHTL ETS o83l FAAZE F Tz
A cell test@ A}, 1000 T olAolA dAst] BAZ A3
AFAE AHEY HEe 9AF Fo) ACFS 2o HZHUFL
Aovt FHERA Y AVALEs FAF) Z7bsh, v E2A 4o
PVDF =& PTFE ZEAE AH43 A $RT J3 58 o4 v &
AEFe] Frlete AL ¢ F o AF A AREs} vlFEY
A AT 27 o)Fe2 FReTHE AL ¢ F AATHA)
CHI00 Alglz FolA 714 wigdAs AEHo Ax 743 A
< HE5A4%E Hol= CHY0-10S CO; £$171319] 900 Tl
T893 5o cell testS AT A v)$ B2 AAS I £
AT Table 491 FEA3e] AF s EX4x9 WaE,
Figure 109 $&843} Alzto] W& w2d g Wals Jehygl
o 843 Algte] Z1EEE M A_ Yol FARA Zokee A
S ¢ F ded, oA Table 49 Uetd AHE T840 9
3 HEEA, MFE L 20 A o449 mesopored] 93 B FHA
50 S/t HEAEF Sl dARE JdPLL & £ 9
. 6% $92¢ AL Figure 119 Jebd AXF CHYOO A 8=
o HEHH Frt] 9% wFALFe Zvirtl CHY0-109)
CO; F843gd o v EAAY F7lo] WE nEA4Fe =7}
7h S Atk AL ¢ & o 1400 mYe(CHY00-109] CO, &
43)3 1500 m¥/g(CHY0-15)0.2 H|$3 HEHAAL 7px)=

N it 2

Specific Surface Area(mzlg)

Figure 11. Specific capacitance variations for CH300 series and
CH900-10 ACF with CO, activations (electrode area: 625 cm’,
electrolyte: KOH-mix, charge/discharge current: 6.25 mA).
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3.5. Cycle life Test
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Figure 12. Pore size distributions of CH900-10 dependence on
COz activation times at 900 TC.
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Figure 13. Cycle life time test of specific capacitance for

CH900-20 and CH900-20/1200 ACF electrodes (electrode area:
625 cm’, electrolyte: KOH-mix, charge/discharge current: 625 mA).
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