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ABSTRACT

Electrochemical capacitors, also called supercapacitors or ultracapacitors,
store energy using either ion adsorption (electrochemical double layer ca-
pacitors) or fast surface redox reactions or faradaic reactions (pseudo-ca-
pacitors/redox-capacitors). They can complement or replace batteriesin elec-
trical energy storage and harvesting applications, when high power deliv-
ery or uptake is needed. A notable improvement in performance has been
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achieved through recent advances in understanding charge storage mecha-
nisms and the development of advanced nanostructured materials. This
review article focuses on the recent advancement of supercapacitors as

energy storage device.

INTRODUCTION

The sustainabl e production of renewable energy
such assolar and wind energy dependson anumber of
natural conditionssuch asduration of theday or night,
velocity and direction of wind. However, supply of such
renewableenergiesarenon-continous. Therefore, high
performanceenergy storagedevicesareessentia to sore
thisgenerated energiesand to stabilize the connected
electricity grid. Current research and devel opment on
el ectrochemical power sourcesaremainly focused on
fud cdlls, batteriesand e ectrochemica capacitors(EC)
and are directed towards obtaining high specific en-
ergy, high specific power, long cyclelife, etc., a rela
tively low cost!* 2. Thesupercapacitors, a'so known as
ultracapacitor or electrochemica capacitor, differsfrom
aregular capacitor in that it has avery high capaci-
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tance. A capacitor stores energy by means of astatic
charge. Applying avoltagedifference onthe positive
and negative plates chargesthe capacitor. Farad (F) is
theunit of capacitance, which correspondsto the stor-
age of onecoulomb (C) of eectric chargeby applying
1volt of voltage. Capacitorscan beclassified into three
typesand themost basic isthe el ectrostatic capacitor
with adry separator. Thiscapacitor hasavery low ca
pacitancein the order of afew pico-farad (pF) tolow
micro-farad (uF) and can be used to filter signals and
tuneradiofrequencies. Thenext typeisthed ectrolytic
capacitor having capacitancein the order of high mi-
cro-farad (uF) and can be used for power filtering, buft-
ering as well as coupling. The third type is the
supercapacitors or electrochemical capacitors or
ultracapacitors. It hasvery capacitancein the order of
farad (F). The supercapacitor isideal for energy stor-
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TABLE 1: Comparison of propertiesof someener gy storage
devices

Property C‘;g‘ézgng?a' EDLC Battery
Energy density
(thg'l) 0.1 3 100
Power density 7
(Wkg?l) 10 3000 100
Time of charge (9) 10°-10° 0.3-30 > 1000
Time of discharge 3.6 1000-
© 10°-10 0.3-30 10,000
Cyclability 10% 10° 1000
Typical lifetime 30 30 5
(years)
Efficiency (%) >95 85-98 70-85
1000
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Figurel: Atypical Ragoneplot.

age which undergoesfregquent charge-dischargecycles
at high current and short duration. Dueto their high
specific power, supercapacitors have multiple gpplica
tionsincluding automobiles, hybrid eectricvehiclesand
variouselectric vehicles(for accel eration and for recu-
peration of brakeenergy)®4. Whileabatteryisahigh
energy andlow power device, extensively usedin con-
ventiona applications, thesupercapacitor actsasalow
energy and high power deviceandisideal for usein
high power pulse requirements® €. Unlike abattery,
supercapacitorspossessahigh power density and longer
cycle-life. Theyfill the gap between batteriesand con-
ventional dielectric capacitors as can beobservedin
Ragone plot™ 3, which isthe plot of power density
aganst energy density. They aso cover awiderange of
specific energy density from 0.05to 15 Whkg! and a
specific power density from 10to 106 Wkg®. Figure
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1 showsatypical Ragoneplot, whichindicatesthat the
upercgpacitorsliebetween conventiond capacitorsand
batteries in terms of both energy density and power
density. TABLE lillustratesthe propertiesof different
energy storage devices. Thevery large capacitance of
thesedevicesarisesfrom thedoublelayer charging pro-
cesses at the el ectrodelel ectrolyteinterfaces. Alterna
tively, afast reversiblefaradaic reaction occurring at or
near the electrode surface can also contribute to the
overall capacitance, which is known as
pseudocapacitance. In addition to these, anew type of
EC known as hybrid ultracapacitor has been devel-
oped recently, which can provide energy densities of
batteries and power densities of capacitors. Hybrid
ultracapacitors congtitute arechargeabl e battery-elec-
trode and an el ectrical-doubl e layer el ectrode. In lit-
erature, threedifferent kinds of supercapacitorsbased
on carbon—carbon!”#, transition meta oxides® % and
conducting polymers*+*3 have beenreported. Thisre-
view articlefocusesontheprinciple, classification and
performanceof supercapacitorswith therecent research
progress on various electrode materials for

supercapacitor gpplications.

HISTORORICAL BACKGROUND OF
SUPERCAPACITORWITHITS
DEVELOPMENT

Thefirst patent based on the concept of EC was
filed by Becker in 195714, They used high specific
surface area (SSA) carbon coated on ametal current
collector in a sulphuric acid solution. In 1971,
NEC(Japan) devel oped agqueous el ectrol yte capaci-
torsunder the energy company SOHIO’s license for
power saving unitsinelectronics*. In1978, thistech-
nology as ““supercapacitors” was marketed for com-
puter memory backup. Thisapplication can be con-
sidered as the starting point for the use of electro-
chemical capacitorsin commercia device. It wasnot
until the 1990sthat the advancement in material sci-
ence and manufacturing methodsled to theimprove-
ment of performance and reduction of cost for ECs.
New applicationsin mobile electronics, transporta-
tion, renewable energy production, memory back-up
systems, industrial power/energy management and
aerospace systems bolstered further research and
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TABLE 2: Comparison between the super capacitor and a
typical Li-ion battery

. . Lithium-ion

Function Super capacitor battery
Chargetime 1-10 seconds 10-60 minutes
Cyclelife 10° 500
Cdll voltage 23t02.75V 3.6t03.7V
Specific energy i
(Whkg?) 5 100-200
Specific power (Wkg")  Up to 10,000 1000 to 3000
Cost per Wh $20 $2
Servicelife (in
vehidle) 10 to 15 years 5to 10 years

development. A more recent application of
supercapacitorsinAirbusA380 planeshasshown the
safer and reliable performance of supercapacitorsfor
large scaleimplementation. Most of thecommercialy
available supercapacitor products have aspecific en-
ergy density lessthan 10 Whkg?, whichis3to 15
times|lower than batteries (150 Whkg* for lithiumion
batteries). Sincetheintroduction of lithium (Li) ion
batteries in 1990 by Sony, great efforts have been
taken to improve its performance and reduce its
cost!®®l, Because Li ion batteries suffer from some-
what slow power ddlivery or uptake, faster and higher
power energy storage devicesarerequired in various
applications. TABLE 2illustrates the comparison be-
tween the supercapacitor and atypica Li-ion battery.
Thislimitation of Li-ion battery led to the devel op-
ment of power devicessuch assupercapacitors, which
can befully charged or discharged in seconds. Asa
consequence, supercapacitors can provide animpor-
tant rolein complementing or replacing batteriesin
theenergy storagefield, such asuninterruptible power
suppliesandload-levelling. There hasbeen great ded
of research effort on increasing theenergy performance
of supercapacitorsto be closeto or even beyond that
of batteries. A recent report by the US Department of
Energy assigns equal importanceto supercapacitors
and batteriesfor future energy storage devices.

PRINCIPLE AND PERFORMANCE OF
SUPERCAPACITORS

A supercapacitor soresenergy using either ion ad-
sorption (electrica doublelayer capacitors, EDLCs)

or by fast and reversible faradaic reactions
(pseudocapacitors). Thesetwo mechanisms can func-
tion simultaneously, depending on the nature of elec-
trodematerid.

Mechanism of double-layer capacitance

EDL Csare€ ectrochemica capacitorswhich can
storethe charge e ectrostatically using reversible ad-
sorption of ions of the e ectrolyte onto active materias
that are e ectrochemically stable and have high acces-
sible specific surface area. Charge separation occurs
dueto the polarization at the el ectrodelelectrolyte in-
terface, producing adoublelayer, whose capacitance
Cisdescribed as

€.8,A €&,

C orC/A=

@)

Wheree istheéectrolytedielectric constant, € is
thedie ectric constant of thevacuum, disthe effective
thickness of the doublelayer (distance of charge sepa-
ration), andA isthe surfaceareaof theelectrode. This
mode of doublelayer capacitor for dectrodeelectrolyte
interfacewasintroduced by Helmholtzin 1853. Figure
2 showsthe

C =Ace/d

Figureé : Schematic diagram showingHemholtz doublelayer
model at theelectrodelelectrolyte interface.

Helmholtz double layer model at the
electrodeelectrolyte interface. This capacitance model
was later modified by Gouy and Chapman, and Stern
and Geary, who suggested the presence of adiffuse
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layer intheelectrolyte dueto theaccumul ation of ions
closetotheéectrode surface*®l. Thedoublelayer ca-
pacitanceval ueisbetween 5to 30 uF cm? depending
onthedectrolyte used. Higher capacitanceva uescan
be obtainedin aqueousdkalineor acidic solution com-
pared to organic el ectrol ytic solutions. Organic elec-
trolytic solutionsarewiddy used for obtainingamuch
higher operation voltage. The maximum energy stored
and power delivered for asingle cell supercapacitor
aregivenby egns(2) and (3), respectively.

E=%CTV2 2
V2
PR, 3

WhereV isthecdll voltageinvolts, C_isthetotal
capacitance of thecell infarads, R isthe equivalent
seriesresistance (ESR). Hence, ahigh performance
supercapacitor must s multaneoudy satisfy therequire-
ments of large capacitance value, high operating cell
voltageand minimum ESR. Itisobviousthat thedeve -
opment of both e ectrodematerial and € ectrolyte solu-
tionareessentia to optimizetheoveral performanceof
the supercapacitor. Figure 3 showstheschematic dia-
gram of atwo cell supercapacitor device made of po-
rous el ectrode along with the el ectrical doublelayer
structure based at apositively charged electrode sur-
face. Thereisnofaradaic (redox) reactiona theEDLC
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Figure3: Schematic diagram of atwo cell supercapacitor
device made of porouselectrodealong with the electrical
doublelayer structurebased at a positively charged elec-
trodesurface.
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electrodes due to el ectrostatic charge storage mecha
nism. A supercapacitor el ectrode must be considered
asablocking e ectrodefrom an el ectrochemical point
of view. Themgor differencefrom batteriesisthat there
isnolimitation by the e ectrochemicd kineticsthrough
apolarizationresstance (low ESR vaues). Inaddition
tothis, the surface storage mechanismdlowsvery fast
energy uptakeand delivery and better power perfor-
mance. Theabsence of faradai c reaction eliminatesthe
swellingintheactivemateria sduring charge/discharge
cycles. Since, C o A, increasing the specific surface
area (SSA) of the electrode material used in
supercapacitors can providelarge capacitance val ues.
For examples, porous activated carbon hasmuch large
SSA (1000-2000 m2g*) which can store 100-1000
times more charge (10-1000 F g*) than the conven-
tiond capacitor.

High surfaceareaactivematerials

Themain factor to obtain high capacitance vaue
by charging thedoublelayer isinusing high SSA block-
ing and e ectronically conducting dectrodes. Graphitic
carbon satisfiesdl therequirementsfor supercapacitor
applicationssuch ashigh conductivity, electrochemica
stability and open porosity. Activated, templated and
carbide derived carbons, carbon fabrics, fibres,
nanotubes and nanohorns have been tested for EDLC
applications. Activated carbons (ACs) are the most
widely used electrode materialsduetotheir high SSA,
low cost and easy processability!'”*9, ACsarederived
from carbon-rich organic precursors by carbonization
(heat treatment) in an inert atomospherefollowed by
selective oxidation in carbon dioxide (CO,), water
vapour or potassium hydroxide (KOH) toincreasethe
SSA and porevolume. Natural materias, such asco-
conut shells, wood, pitch, coal or synthetic materials
like polymerscan be used as precursors. However, AC
based supercapacitors havelimited energy storageca
pacity (typically below 200 F g-1) and lower cdll volt-
agein agueousé ectrolyte dueto thelimitation of po-
tentia window as aconsequence of water decomposi-
tion. Thebest carbon electrodes have surfacesashigh
as 3000 m? per gram of material. The electrode ca-
pacitanceincreaseslinearly with thecarbon surfacearea
and may reach a capacitance of 250 F g . They are
usually prepared from high surface areacarbon pow-
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TABLE 3: A comparison of variouscar bon electrode materialsfor supercapacitors

Specific capacitance

Carbon based Specific surface Density(g Electrical Cost (Fgh
material area(m®g?) cm) conductivity (Scm™) Aqueous  Organic
electrolyte Electrolyte

Fullerene 1100-1400 1.72 10%-1048 Medium - -

CNTs 120-500 0.6 10*-10°" High 50-100 <60

Graphene 2630 >1 10° High 100200  80-110

Graphite 10 2.26 10 % Low

Activated 1000-3500 0.4-0.7 0.1-1 Low <200 <100

carbon

Iarem]ated porous 500-3000 0.5-1 0.3-10 High  120-350  60-140

ﬁgté‘gated carbon 1000-3000 0.3-0.8 510 Medium 120370  80-200

Carbon aerogels 400-1000 0.5-0.7 1-10 Low 100-125 <80

dersor fibers. Activated carbons such asactivated car-
bon powder (ACP), activated carbon fiber cloth (ACF-
cloth), and synthetic carbon aerogel have beeninvesti-
gated for EDLC applications. Figure4 showsthetypi-
cd cyclicvoltammogram of atwo-electrode EDLC cell
based on AC powders coated onauminiumfoil aong
with the picture of acommercial EDLC. Thetypical
rectangular shape cyclic voltammogram isacharacter-
istic of apuredoublelayer capacitance mechanismfor
charge storage accordingto eq (4).
| =CxdV/dt 4
Wherel isthecharging current, (dV/dt) isthe po-
tential scanrateand Cisthedoublelayer capacitance.

150

Capackamca (Fq )

] as ] 1.5 2 25 1
Gl wltage V)

Figure4: Atypical cyclic voltammogram of atwo-electrode
EDL C cell based on AC powder scoated on aluminium foil
along with the picture of a commercial EDL C. Assembled
super capacitor deviceweighing 500 g and rated for 2,600 F.
(Photo courtesy of Batscap, GroupeBollor é, France.)

TABLE 3 summarizes some propertiesand character-
istics of various carbon electrode materials for
supercapacitors. Graphene based materias, including
zero-dimensiond fullerenes, onedimensiona carbon
nanotubes(CNTs), two dimensiond grapheneandthree
dimensional graphiteare of particular interest dueto
their exceptiona e ectrical and mechanical properties
and unique structures®!, Graphene, atwo dimensional
flat monolayer of sp? hybridized carbon bondedina
hexagond |atticeisthe mother of al thegraphitic car-
bon?- 24, Figure 5 showsthetwo dimensional honey-
comb structureof carbon atomsin grapheneaongwith
the high-resol ution transmi ssion e ectron microscopic
(TEM) image. Recent researches on e ectrode materi-
als have been mainly focused on the carbon
nanostructureslike carbon nanotubes (CNTs). CNTs
with excellent electrica conductivity and high surface

Figure5: Thetwo dimensional honeycomb structureof car-
bon atomsin graphenealongwith thehigh-resolution trans-
mission electron microscopic (TEM) image.
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areas have been fabricated for supercapacitors since
late 90°s(2%24, However, CNT-based supercapacitors
have not met the expected performance dueto the ob-
served contact resi stance between the el ectrode and
current collector?> 28 and also due to the high cost.
Hence, many studies have been carried out to improve
the performance of CNT-based supercapacitors by
growing CNTsdirectly on bulk metal sto removethe
contact resistance?”. Recently, graphene based el ec-
trode material hasbeen used for supercapacitor appli-
cationg?! and two graphene supercapacitor applica-
tion studies had been reported with the specific capaci -
tanceof 117 F g*in agueousH,SO,* and 135 F g*
in aqueous el ectrolyte® based on a multilayered
graphenematerid. In contrast to the conventiona high
surfacematerids, theeffective surface areaof graphene
based materialsas capacitor el ectrode materia sdoes
not depend on the distribution of pores at the solid
state®*, which is different from the current
supercapacitorsfabricated with activated carbonsand
carbon nanotube. Obvioudy, theeffective surfacearea
of graphenemateria sshould depend highly on thelay-
ers Therefore, thesingleor few layered grapheneshould
be expected to exhibit higher effectivesurfaceareaand
thusbetter supercapacitor performance.

Redox-based electr ochemical capacitors

Some ECsusefast, reversibleredox reactionsbe-
tween the el ectrol yte and some el ectro-active species
at thesurface of activematerials. The most commonly
known activematerid saretrangtion meta oxidessuch
asruthenium oxide (RUO,)®Y, iridium oxide (IrQ,),
manganesedioxide(MnO,)*>%, Fe,O, aswell aselec-
trically conducting polymersg® ! and surfacefunctiond
groups on carboni®®, Different from the EDLCs,
pseudocapacitance arisesfor thermodynamic reasons
between the extent of charge acceptance (Aqg) and the
change of potential (AV). Thederivative C = d(Aq)/
d(AV) correspondsto acapacitancereferred to asthe
pseudo-capacitance. Whilethe pseudocapacitance can
be higher than EDL capacitance, it suffersfrom the
drawbacks of low power density and lack of stability
during cycling. RuO, iswidely studied becauseitiscon-
ductive and hasthree distinct oxidation states acces-
sblewithin 1.2 V. The pesudocapacitive behaviour of
RuO, inacidic solutions hasbeenknown inthe past 30

s Review

yearg!. It can be described as afast reversible elec-
trontransfer together with an dectro-adsorption of pro-
tonsonthesurface of RUO, particlesasshownineq (5)
where Ru oxidation statescan changefrom (11) to (1V).

RUO, + XH* + x& <>Ru0,_, (OH), (5)
Where 0 < x < 2. The continuous change of x dur-
ing proton insertion or de-insertion occursover awin-
dow of ~ 1.2 V and leads to a capacitive behaviour
withion adsorption following Frumkin typeisotherm.
Although, specific capacitance of morethan 600 F g-1
has been reported, but the high cost and I-V voltage
window limitstheapplications of RuO, based agueous
el ectrochemical capacitorsfor large scalecommercia
use. Lessexpensive oxides of iron, vanadium, nickel
and cobat have been tested in aqueous el ectrol ytes®?,
but nonehasbeeninvestigated asmuchasMnO,. MnO,
isoneof themost studied materialsasalow cost ater-
nativeto RuO,. Thechargestorage mechanismisbased
on surface adsorption of electrolyte cations C*
(K*,Na" ) as well as proton incorporation accord-
ing to the reaction shown by eq (6).
MnO,+xC* +yH" +(x+y)e &MnOOC H,6  (6)
Many kind of conducting polymers (polyaniline,
polypyrrole, polythiopheneand their derivatives) have
been tested as pseudo-capacitive materialsin EC.,
Polyaniline (PANI) isone of the most important or-
ganic conducting polymers. Itsunique advantagesin-
clude easy preparation in aqueous medium, good envi-
ronmental stability inair,improved electronic proper-
ties, dectrochromic effects, good d ectrochemistry, and
moderately high conductivity inthedopedform. All these
have madeit an exceptionally versatilemateria with
application insuch areas as batteries, e ectronics, non-
linear optics, sensors. Inadditionto this, PANI isaso
one of the attractive electrode materials used in
supercapacitors due to the advantageous properties
including low cost compared to noblemeta oxidesand
high doping-dedoping rateduring charge-discharge pro-
cess. However, conducing polymerssuch asPANI have
lower cycliclifethan carbon-based e ectrodesdueto
the poor stability of theredox sitesinthe polymer for
many repested redox processes. Although, porouscar-
bon materidslikeactivated carbon and PANI arewiddy
used as€el ectrode material sin supercapacitors, theuse
of theseindividuad materialsin supercapacitorsislim-
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ited duetheir drawbacks. However, if the advantages
of porous carbon materialsare combined with PANI,
theresulting compositeswill provide synergistic per-
formanceasdectrode materids. Therefore, itisneces-
sary tofabricate afeasi ble composited ectrode by com-
bining PANI with activated carbon for applicationsin
supercapacitors.

Hybrid super capacitors

Hybrid systemscan be dternativeto conventional
pseudocapacitors or EDL Cs by combination of abat-
tery likeelectrode (energy source) with acapacitor like
electrode (power source) inthe samecell. An appro-
priate el ectrode combination can even enhancethecdll
voltage withimprovement in both power and energy
densities. The hybrid concept originated fromtheLi-
ion battery field, when Amatucci’s group combined a
nanostructured lithium titanate anode (Li,Ti.O,,) with
an activated carbon positivee ectrodein 1999, They
designeda2.8V systemfor thefirst timewith specific
energy density exceeding 10 Whkg?. Thetitanate e ec-
trode can provide high power capacity and no solid
interphase formation. Following thispioneering work,
many studieshave been carried out on various combi-
nations of alithium-insertion electrode with acapaci-
tive carbon e ectrode. Fuji Heavy Industry devel oped
theLi-ion capacitor using apre-lithiated high SSA car-
bon anode together with an AC cathode“® 4. Cur-
rently, two different approaches have been carried out
to fabricate hybrid ultracapacitors: (i) pseudo-capaci-
tive metal oxideswith acapacitive carbon electrode,
and (i) Li-insertion e ectrodewith acapacitive carbon
electrode. Various combinations of positive and nega
tivedectrodeshavebeentestedinthepast. But, inmost
of the cases, the pseudo-capacitiveelectrodeled to an
increaseinthe energy density at the cost of cyclahility.
Thisiscertainly themajor drawback of hybrid devices.
A combination of acarbon electrodewith aPbO, bat-
tery likeelectrode using H,SO, solution canwork at
2.1V offering alow-cost devicefor cost-senditive ap-
plicationg*. TABLE 4 summarizesthevarioushybrid
ultracapacitorg*®. The possibleapplicationsof hybrid
ultracgpacitorsareinrura lighting, energy storage, en-
ergy management, energy efficiency and power con-
verson. By combining thechemisgtriesof ultracgpacitors
and lithium-ion batteries, acompany called loxus has

created ahybrid energy-storage devicethat could re-
charge power toolsin minutesand might never needto
be replaced. The hybrid energy-storage device con-
sistsof an etched aluminum film coated on one side
with carbondurry, whichissmilar tothedectrodefound
inan ultracapacitor. The other e ectrode, on the other
side of thefilm, iscoated not with carbon but with a
lithium-ionmaterid, providing moreenergy-storage ca
pacity. Thefilmiswoundinto acylinder to makethe
finished device. Figure®6. illustratesthe picture of the
battery-ultracapacitor hybrid deviceintroduced by com-
pany loxus.

TABLE 4: A comparison of varioushybrid ultracapacitors

. Spcific  Specific
Typeof hybrid Voltage Speplﬁc energy  power
X capacitance : _
ultracapacitor (V) ) density  density
TG (Whkg") (Wkg™)
PbSO - 2.25-
AC 10 15.7 8.9
PhSO,/PbO,-
AC 2.3-10 39.5
Ni(OH),- 1606 139 40
carbon
NiO-carbon 13 38 - -
Ni(OH),-CNT  1.6-0 311 25.8 2.8
NiO-AC 1.6-0 734 26.1
Carbon-Fe;0, 1.2-0 37.9
LiaT1sOx- 2.8-16 138 38
carbon
MnO,-carbon  2.0-0 21 10.0 16.0

2.y
Figure6: Pictureof theHybrid battery-ultracapacitor de-
vice. (Photo courtesy | oxus)

2 AN —AnLOIGIE

APPLICATIONSOFELECTROCHEMICAL
CAPACITORS

Small size supercapacitors are widely used as
mai ntenance free power sourcesfor IC memoriesand
microcomputers. Among newly proposed applications
for largesize supercepacitorsareloadlevellingin e ec-
tricand hybrid vehicles, telecommunication and power
quality and reliability requirement in uninterruptible
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power supply (UPS) installations. In general,
supercapacitors can beclassified into two application
domains.

Thefirst one correspondsto the high power ap-
plications, where the batteries have no representative
access. The EDLCs, thanksto their high power ca-
pability, will allow new opportunitiesfor power elec-
tronics. All applicationswhere short time power peaks
are required can be provided by these capacitors.
Typical exampleswhereabig currentisrequired dur-
ing ashort time are the fast energy management in
hybrid vehiclesor the starting of heavy diesdl engines.
The second one correspondsto thelow power appli-
cations, wherethe batteries could be more suitable
but are at the origin of maintenance problemsor of
insufficient lifetime performance. The supercapacitors,
evenif they aremuch bigger, bring enough advantages
to substitute the batteries. In thisfield, the UPS as
well assecurity install ations are the most representa-
tiveexamples.

SUMMARY AND OUTLOOK

Thisreview articleillustratesan updated version of
the recent development on the supercapacitors.
Supercapacitorsmay be used wherever high power de-
livery or éectrical energy storageisrequired. There-
fore, numerousapplicationsincluding automaobiles, hy-
brid éectric vehiclesand variouselectricvehiclesare
possible. Theuse of supercapacitorsalowsacomple-
mentation of normal batteries. In combinationwith bat-
teri esthe supercapacitorsimprovethemaximuminstan-
taneousoutput power aswell asthebattery lifetime. In
order to increase the vol tage across a supercapacitor
device, aseries connection isneeded. Futuregenera-
tionsof ECsare expected to come closeto the current
Li-ionbatteriesin energy dendity withmaintaining their
power dengity.
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