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e e 3 A2 T % (Supercapacitor)?

An electrical energy storage which stores energy through the electrostatic
or charge transfer processes at the interface between electrode and solution.

The capacitance is very large compared to conventional electrolytic capacitors.
( on the order of several farads per gram)

[ & F

€ Electrochemical capacitor
€ Ultracapacitor
€ Capattery

v¢ Electric double layer capacitor (EDLC) % Supercapacitors— #& »
B ¥ 3k 2 erSupercapacitor % 2t %8
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Characteristic
i BAR
W)
#FEBR >>10000 500-10000
(W/kg)
wE PR 10-6~103s S ~min
LR PR 106~10-3s S ~min
%1 T 2 (%) ~100 92~98
Cycled ¢ Infinite >500000
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Supercapacitors bridge between batteries and conventional capacitors

Energy — the capacity to do work (#F 5 4 )
Power — how fast the energy is delivered (&% # )

107
Supercapacitors are able to attain
greater energy densities while still
maintaining the high power density
of conventional capacitors.

106

108

104

Supercapacitors are a potentially
versatile solution to a variety of
emerging energy applications
based on their ability to achieve a
wide range of energy and power

1 density.
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Power Density (W/kg)

100

FUEL CELLS

10

Energy Density (Wh/kg)

Regone plot of energy storage systems*
*Halper, M.S., & Ellenbogen, J.C., MITRE Nanosystems Group, March 2006
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Supercapacitor

A\ 4 v

EDLC Eleirce Dou_ble > Hybrld_ < Pseudocapacitors
Layer Capacitors Supercapacitors
1
Activated .| Composite ,| Conducting
Carbons Hybrids Polymers
»Carbon Aerogels ,|  Asymmetric _
Hybrids » Metal Oxides
Carbon
Nanotubes ,| Battery-type
Hybrids
»  Graphene
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d: thickness of dielectric d: thickness of electric double layer
(<0.5nm)
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1
\

Positive electrode Negative electrode
acfivated carbon -~ ~Anion . acfivated carbon
®| 0 oo
PO ® [© -
B[O b [© U
b © ElectrolyteEB © J
PO b O ~{
B[O b © ®
s D b © Charge Discharge|
E \ Electrode/.v . _
\ Pl EDLCs store charge electrostatically at

electrode/electrolyte interface as charge

\E‘Charged Separa'[IOn

*Conway, B. E., Birss, V. & Wojtowicz, J.

There is no charge transfer between electrode
Journal of Power Sources 66, 1-14 (1997)

and electrolyte.
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Cd|: 10'50 }lF/CmZ

AT FETIHE30puF/em?
% 1000m2/geng 444 »

C =30 *10°F/cm?* 1000 m?/g
=30 * 10° F/(10*m?) * 10°m?/g
=300 F/g
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lon permeable separator 1A 7 %ﬁ] Hw ? 5 & o
Y o : :
Current Collector L fﬁ;ﬁ' é‘ - :B‘q} *B e ?-‘ ‘fﬁg‘f‘?
&%*F;‘jt' %2 ':‘:J' ’
AREHTARLD LT RS
Carb , -
wihon cecroytetim B TEE F Bihd T3 R Ma A

1/C_,, = 1/C, + 1/C,
C,=C,
C(:eII =" C

g Electrolyte lons

Bimplified electic circuit
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Different types of porosity in a porous solid
O-open pores

C-closed pores

t-transport pores

b-blind pores.
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425 IUPACH 3 2 e 1 2F

MNew cnncf#lt for the pore FLFZo ) 0 T IV”
e o A BOrUS e it (micropore) 3+ <2 nm
basis of actual TEM 0,7 FE L. % 3¢ (mesopore) : 3t /& 2~50 nm
observations. o ta?-:um- % 3¢ (macropore) : 3‘/Z=>50 nm
5 B % lon
o .
/ radius
zob-mmic ore 1 i nm
s — _ (o)
L Li* 0.06
* P Li(PC),* 0.37

(solvated)
I* e
a —_— _ 9 i Na* 0.102
9 9 K* 0.138

Et,N* 0.371
Et,MeN* | 0.357

EMI* 0.340

Bt '}l'v'j?&.?‘k’}f.'i PRI fARGPI N2 &4 cr 0.181
SIVEHRY 23V Ea .g % <2nmenmicropore Eags SO,* 0.230
Mlcropore&v:v-*p BERGM RIEAERIIT IR TR o BF 0.229
clo; 0.237

PF: 0.254
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TfFR AR T 2R nfER | kR (K3 ni i
#AR(EE)| 3 | LFIR (F/g)
(mPa.s) | (S/cm) (V)
kiR R <3 101~10° | 1.0~1.2 300~400
stk A R <6 103~102| 2.5~2.7 140~160
(5 1873 &)
IR >30 104~103| 3.0~3.5 80~100
HTIRT 0 b DR fEgn 4 BERET A
TR SER B RS b S
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ki 2GR Gl E1: BRTEE | HBLIFTR
(m2/g) (Fl9) (V)
% 454 | 1900-3500 KB 300~400 1.0
i R e Y 140~160 25~2.7
gz kg | 400-1300 Kig i 80~180 1.0
2oKR R 20~80 25
75 : 2630 ) kB i 120~260 1.0
o 2ok i 80~120 25~2.7
400~1500
(P = F % iE)
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Electrostatic [ Supercapacitors } Redox
C: 10-50 pF/cm? C: 300-500 pF/cm?
N 4
[ EC Double Layer Pseudocapacitors ]
Capacitor ) L

l

Non-Faradaic
(no transfer of charge)

Pseudocapacitance
Charge transfer through surface
Faradaic, redox reactions

Electrode

o—fus

Electrolyte | Electrode Electrolyte

PDEDD
OCOOOO
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M,(OH), + 5H* + e & M, 5(OH),.;
MU F T -RBRTIRR
&R

O Hydrous RuO, : 650 ~ 1200 F/g
(AP morev R GET 2 E2 8585 HHE)

® MnO, : 100 ~ 720F/g
® CoOy : ~ 290F/g
® NiO, : ~ 250F/g
® \/,0. : ~ 350F/g
® [ron Oxides . ~ 200F/g
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P3RS Bt L2 g DIUE L B nndd %) 3 B D
i P ehFE 3 T 4t A3 3 phaR (T2 e it (delocalized) @8 o 3 4 FHFF 0 A

AV E LI N ] Q,ﬂ;(; o N pHER)NACRLTE I (B R iR
NFER)  FRIFETFLTI LI 18I BHF a4 2HTH-

. H ABRE  BEERHF BRE
H f;::i};;O-;fT Ny
L0720 B ¥ &%

M Bond interactions
p orbital

wex | | [ L L L T T 1 1 |
N N Y 10" 104 102 10° 10® 10% 104 102 10°
&

& #a 2
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‘ L33 AR ET 3 £ F fp-doping/p-dedoping

Polymar .
Backbone B p'd0p|ng o ~ ~
@-g __P-DOPING _ SRS (CP) + XA p-dedoping ’(CP) (A )x + X€
®o
S P-DEDOPING p-dopable % Z 1 #L

plate Conducting @& Cations Plate Conducting }

Polymer © Anions Polymer

Film Film n

Current e e® Current / \ / \ / \
Collector Neutral Sclution Collactor P-Doped  Solution / \ H ,( P a\

T n

H

Polyaniline (Pani)  Polypyrrole (Ppy) Polythiophene (Pth)

‘ B33 CTHE T 3 4 3 #n-doping/n-dedoping
(CP) +xe™ + XC* <«—xd%Ind__, (CP)™(C*),

e n-dedoping
. et
N-DEDOPING
n-dopable t % 13}
Current Current
Collector Neutral Solution Collector N—Dopgd Solution
Plata Conducting @ Catlons Plate Conducling
Polymer 3 Anlons Polymer

Film Film / \
Poly-3-(4-fluorophenyl)thiophene (PFPT)
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R EL R TEE
(S/cm) (F/g)
Polyaniline 0.1~5 210~360
Polypyrrole 10~50 140~480

Polythiophenezg 300~500 100~240
(¢ 32PEDOT -
PMeT - PFPT %)

>:<FI~PI ——ﬁ’% e 'ﬂ”"ﬁ gﬁ/{kj BT B S B
(%zrﬁ%if%‘} FREPEFE)FE L ’g\«‘f' B ARG B URAETRE
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600 -—m—— o
g ~ RUD,/AC
' & Irg yMng ;0 “'\. RuDz ESD)
L MPFPT -, = RUO,
CNT L Y PARCNT -~  PEDT i . } MO, [ RuD,/CE
400 N V. 'pan  NIORUOz——

1400 - Next-Generation
Materials for

1200 - H RUO,/PAPPA
o Supercapacitor e
L

- Lit t 2002~2004 !

E 1000 (Literatures ) = Ti/RUOCo,0,
E ® RuO.isol-gel)
.*g 800 + ® MnO, ® - RuD,(ED)
g & RuD,isol-gel)
o MPC Cgz, CAG NRC S RUDLIAC
]
Q
.‘E
QL
o
w

y ® DAAQ-~ 3% 1 \ .
W PAMT -~ Ny I6®-PANIAC y @--==-NO & RUQ/CNT
|.l —_— PEDT__ LY r l‘-______ M -.:: """ RUszHC
200 - _fo -U~ o O no e RUD,ICXG
e | PITHi., % » Mno, { g AUO/AC] g8 °
® [ 1 Ak, u T
N PPY/AC > ® o /AC{ oo —RUO,MPC
ol PEDT/AC “dP---------8n0, s Fe,0,
Carbons Polymers Metal Oxides RuO:2
. PFPT: pohy flucnophe mdthiop hene) CXGE: carbo |
:.31:2 rrjﬁ-p-\:mn:!us clarbD"l P3MT: p ol 3-metiyithiophe ns) CB: c:.ltﬂ"l ;l::::oge
§CETDON S8 I0GE P Thi: poy(iscmianaphtnens) ) ) _
MRC: nitrogen-nich carbon P An; polyaniline ED: electrochemical deposiion

ESD: elednostatc spray depostion

7ok &k K. Naoi, “Advanced Capacitors World Summit 2006”
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¢ Carbon : Low energy density.

¢ Metal oxides : High energy density,
but the price of material (such as RuO,)is high.
Cell voltage is limited in aqueous electrolyte.

¢+ Conducting polymers : High energy density,
but the stability is still not good.
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Advantages

© Long cycle life, > 100000 cycles; some systems up to 10°
© Good power density :

0

Disadvantage ey ﬁ T

@ Limited energy density

.
=

Supercapacitor can be combined
with rechargeable battery
for hybrid application!

Energy whikg

Supercapacitor => High power e R
Battery => High energy Power Wikg
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£ TEERNEC
T
AP |
' Ideal
Py Capacitors Advanced Jdeal
= _ "
(- Cap % .
8 Capacitor :
3 (eplacemanl Asymmetric Electrddes Hybrid Device
% Battery _
- cgmplement = ery Hybrid Systein I B T
Battery : =
replacement Advanced
= Batteries
3 Li-ion
Low Energy Density High
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3 -
R © BE . Activated carb
- B . ACtllvated carpnon
. 8 EtN* o
Symmetric 8. * " . E
© - % o - . ACllvated caroon
EDLC E el @ % g

Asymmetric Hybrid

\ Asymmetric Hybrid
(Amatucci et al., 2001) __

+
@ @

® :

® o L +: Activated carbon
@ O

S -1 Li,Ti504,

@ ®

BT R A EE b HAEY AP 3 AR
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@'ic Li-ion Capacitor (LIC

Positive Negative Positive Hegauve
NEt," }' -o
2 == o
O . Discharge 7’: <
o ¥ s~ 5
P o
/ e . ' . Q—-Guphmc
== ¢
High Surface BF, BF, s j_--' o
Area Carbon . .
Positive electrode: Activated carbon Positive electrode: Activated carbon
Negative electrode: Activated carbon Negative electrode: Li-doped graphitic carbon
Max. working voltage: 2 5~2.7V Max. working voltage:3.8~4.0V
Cc Cc cr
Overall device capacitance C Overall device capacitance C
1/C=1/C+1/C, 1/C=1/C-+1/Cq
C:CCIZ BUt CB >>CC , C ~CC

Higher working voltage V (Asymmetric design)

E=1/2C\/2 === > Higher energy
Higher Capacitance C (High capacitance carbon)
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Symmetric EDLC (+:7& 188, - 175 148d)

BARF B

adsorption XA _
J.-': ﬁ: (C)surface+ XA~ < - > (C)Surface (A )X e
desorption
adsorption X s
é‘ ﬁ: (C)surface+ XC+ + Xe< > (C)surface (C )X
desorption
g

Asymmetric Hybrid Capacitor
Nanogate Capacitor (+: % &, -:75 1H8%)

intercalation

hy" % C+XxA < _ _ >AC+xe”
deintercalation
""""':"'Edsﬁrp'tuo'n""_'x""
é ﬁ (C)surface+XC + /( )surface (C )
desorption
Li-ion Capacitor (+:72 18k, - 72 &)
adsorption

: (C) surface + XA_ <

desorption

deintercalation

> (C)surface+x (A_)x +Xe

=+ | bY #E
veg AL ’I#'M o8 1

5 ————————— ___-_?’ff;""’i__“_?;'s

fe=m — _gbaliage |
54 Nanogate or Yoshio il 7
ST Guphtens o)
;e il
23 Actveedcabon  °>"
g
5 : 43V
82 <
up Ty
Li-ion capacitor
Graphite carbon
0. : i L , ; ; T J
0 10 20 30 40 50
Specific capamh_.r /mAhg*
Ref: ECS, S, Interface Spring 2008

P % Asymmetric capacitori® =¥ - S MR T &
2 SEC L S RIS SR LN
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Small

Middle

Large

Portable electronics
Cell phone, Electric book, etc

Backup power (Tv, video)

Digital equipments
Digital camera, video

Toys and RC Toys

Medical small equip.
Thermometer,

Electric tools
Electric driver, saw

Office appliances
Copy, Printer, Scanner

Medical (Power chair/bed)

Traffic sianal

Electric Appliances
Electric pot, iron, vacuum

Computer
Power source for notebook

Automotive

HEW, Fuel cell Vehicle,
Car electronics

Transportation
Fower bike, Ship, Submarine

UPD (Elevator, power plant)

Railway
Bullet train, Voltage leveling

Space program
Rocket, Space shuttle
Space station, Satelite

- Solar and Wind power back-up -
- Fuel cell back-up -
- Battery substitute -

7ok % K. Naoi, “Advanced Capacitors World Summit 2006”
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[ Photo flash | | Golfear

| Cell-phone
AMR Automotive
l:filontsum'er 2-Way
ectronics Pagers
Digital

Actuators
Scanners
Power Quality

Switching Power Supply

UPS

[ et
Wind
Turl)r}ne

Solar cell
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$Te——

Nwvall-a
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B TR

UPS T % B

\J

*3UPSXE

Y
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Without EDLC Without EDLC
Loss
Electric
:IT::I; gepnmt ration I Converter 2
source Example of input wave
The fixed output is not obtained
The example of a load current wave
_#__'_\F‘ - Example of output wave
Equival
w EDLC charge addition N
______ . With EDLC Discharge current
| | ince the peak _—
| | current drops,
: I the power supply
can be reduced
Power | e The example of power supply current wave type Charge curren
supply Electric , —
Discharge current generation 1 r onverter=——— EDLC current wave type
SOurce
21 EDLC
1 7 | Example of output wave
Example of EDLC current wave

'“a peak currentz. #E‘"i:?.] ek T5rd| T hpRd
CRLE kA R £ T REGHR A TR
% s Elnad & 4 & (2011)

ﬂ
-\
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Without ene regeneration

Power

| | Unrecovered, the
: ’r/ energy potential is
supply |

lost
|
|

Energy cannot be Current wave form example
recovered and is

Efficiency goes up

With energy regeneration

Charge
(regeneration)
current

Current wave form example

Power
supply

|

J

EDLC ) Discharge curren
Regeneration

™r

Charge
(regeneration)
current

EDLC current wave type

TR E2ZPC » ;)5‘6")376.]:'%?," Z_ & ddf 4
Kim:Elnaz 54 % (2011)
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| Engine start-up assist
<@lssm Discharging

Motor

fde P i

o= ENgine —puog— Driving ==
starf-up

1
_| Energy generation recovery at braking |
Decelerating
Charging *
Motor / Dischargin
Electricity generation unit ‘h Acoelerglin%

Engine

isier caéacitor

N
oy
& >
o
il
3
-
H\

74 % i NEC-TOKIN % T
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MAZDA T i- -ELOOP | % ¥
EdfPEp RTEFR2T
FEETLIp g 4
R S

d
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Mazda Double Layer Capacitors Module

Mazda i-ELOOP” iy & £ 24 % 5t
F’“ ﬁaﬁéq’f E A B2
<58 fpitit B e
:Ja&% 109g %2 b 5 AN

Accelerator OFF

EEED
Energy
regeneration
Varlable
valtage
Engitue: alternatar
@ (12v=~25v)

Accelerator ON

Variable

valtage
alternator
{12v~25V)

™ Engine

Battery
Charge 1113
““’ [ LLLL ‘ Power

u .
= HEEE Electric components
DC/DC converter -
{25W—=12V) Engine Components
Vehicle Systems:
Air-conditioning
Audia
Head-lights, ef¢
Capacitar
{EDLC)
Battery
EanEg ‘ Power ; '
L |
= BEER Elahic companents
DC/DLC converter .
(25v—12V) Engine Components
Vehicle Systems:
Air-conditioning
Audio
Head-lights, etc
Capacitar
{EDLC)
(EDLC:Electric Double Layer Capacitor)

% ik :MAZDA
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-

MEIDEN

Voltage Compensation Post for Electric Railway

Compensation
S“.hSEIﬁﬂ'II p{]st

\ ; Feeding line L

BT
[ | [ |
Acceleration E
5|2 igxkd LT F
Substation post Substation w KD B

Regeneration|

‘ ombardier train
73k % % Meidensha Co.
“Advanced Capacitors World Summit 2006
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o IEsmmEs B4 R AEPTREN 2 B R

(a) 2 (b) Non-critical
Nor;;car:ical ~(1)— loads
oy 3 b8
TR PET ! TR -~ —
—— Inv. - ”-" -
© 'g: 3#% iplﬂ’_ Inversor MMI —i 2 W
CRETT ATRAZBIHEEL -

TRRBTERZPIR

i W r . y
Y ) 1¥ lk\”nfpwww Illlrl" L'u"-in r.l'ﬁ. .'-ﬂ-.‘»'r-' ! : i

“& ;. ; i 'v% l"'."'."."'lllr _ — _.II |
b / ' [(\2§ v l Wind Power _ Output for Grid
s 8 -

Solar Power Curtput for Grid
e — Solinr Poranier + HAS

Powar
Powar

Yo

&
R
o § L 4

o
=]

12 Z4Time

Powar

g e
E

| — | e g | "
20Time Ll 12 20Timea

AR EEET
=h * ',;ﬁ J %$ A5 B Electric power demand
“.} M R} FEI ' F ® Peak shaving

® Load leveling

@"a" 4 %ﬂ Energy supply

Load curve

©® 3 “’6 I wh 4 Power generation
¥ Jé ﬁ gﬁ‘lﬁ Energy s&o?ge
oL HER RF L FAF

Energy supply

ﬂr‘}
Jreks

g
u_‘!‘d"“' e 12 15 18 21

21 0 3 ©
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Supercapacitor ‘

) —

Inverter Battery

FIh 4+ x| 2 F T REF R
LA RTETRREGLES
REGHHT S R TH -

% /& Nikkei Electronics ,2008.
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