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Abstract

Twelvewell-characterizedactivatedcarbonswith averagemicroporewidthsbetween0.7and2nm,totalsurfaceareasof 378–1270m2 g−1

andspecificcapacitancesC up to 320Fg−1 have beeninvestigated,usingH2SO4 2M aselectrolyte.Someof the carbonshave alsobeen
oxidizedwith (NH4)2S2O8, which leadsto specificoxygencontentsbetween0.4 and7.1�molm−2 of carbonsurfacearea.It appearsthat
C −2

e
f

t
f
c
i

K

1

o
e
e
b
a
i
t
t
b
(

-

Published in Journal of Power Sources 154, issue 1, 314-320, 2006
which should be used for any reference to this work

1

o, thelimiting capacitanceat a currentdensityof 1mA cm of electrodesurface,doesnot dependsignificantlyon theoxygencontent.An
mpiricalequationis proposedto describethe decreaseof C with increasingcurrentdensityd (1–70mA cm−2 of electrodesurface),asa

unctionof theoxygencontent.
As suggestedby differentauthors,Co canbe expressedasa sumof contributions from the externalsurfaceareaSe andthe surfaceof

hemicroporesSmi. A closerinvestigationshows thatCo/Smi increaseswith theporesizeandreachesvaluesashigh as0.250–0.270Fm−2

or supermicropores.It is suggestedthat thevolumeW∗
o of theelectrolytefoundbetweenthesurfacelayersin poreswider than0.7–0.8nm

ontributesto Co. However, this propertyis limited to microporosity, like theenthalpy of immersionof thecarbonsinto benzene.Thelatter
s alsocorrelatedto Co, whichprovidesausefulmeansto identify potentialsupercapacitors.

eywords: Electrochemicalcapacitor;Activatedcarbon;Microporosity;Surfacearea;Surfaceoxygen;Calorimetry

. Introduction

Activatedcarbons[1] areusedmainlyin filtrationtechnol-
gy, but in recentyearsthey have alsofoundapplicationsin
lectricalenergy storage,asdouble-layercapacitors(see,for
xample,reviews [2,3] andRefs.[4–10]). This typeof car-
on is characterizedby a developedmicroporousstructure
ndacorrespondinglylargesurfacearea.A numberof stud-

esbasedondirectandindirectobservations[1,11–15]show
hatthematerialconsistsof interconnectedcavitiesbetween
wistedgraphitic(or aromatic)sheets.Classicaltechniques
asedontheadsorptionof moleculesof variabledimensions
0.4–1.5nm), eitherfrom thevapourphaseor monitoredby
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immersioncalorimetry[16], suggestthattheporewidthscor-
respondto thesedimensions.

Observations in high resolution electron microscopy
[10–12](bright-anddark-fieldtechniques)show thatmicro-
pores are locally slit-shaped,at least for widths L and
extensionsup to 1–1.2nm. Larger micropores,often called
‘supermicropores’have more complicatedand cage-like
structures.The upper limit for microporosity is around
2–2.5nm, wherecapillary condensationbegins anda num-
berof specificpropertiesdisappear(for example,theenergy
of adsorptionof thevapourandtheliquid phases).Depend
ing on theprecursormaterialandtheactivationprocess[1],
themicroporevolumeWo canbeashigh as0.8–1cm3 g−1.
For commercialactivatedcarbons,the surfaceareaof the
microporewalls, Smi, is in the rangeof 700–1000m2 g−1,
but in specialcasesit can reach1200–1400m2 g−1 (this
limit seemsrealistic for activatedcarbons,if one keepsin



mind the fact that graphenesheetshave a maximumsur-
faceareaof 2600m2 g−1 andthatthey usuallycomein pairs
or larger stacks).The total surface areacan be assessed
directly by the selective adsorptionof sparingly soluble
molecules,suchasphenolandcaffeine from aqueoussolu-
tions [17–19]. In this case,adsorptionis limited to a mono-
layer, as opposedto vapour adsorption,where the entire
microporevolume is filled. The latter processis described
by Dubinin’s classicaltheory [1,13,19]. The value of Smi
is also confirmed by the cumulative surface area of the
microporewalls calculatedfrom the pore size distribution
obtainedby varioustechniques[19–21]includingmodelling
of adsorption.

Dependingon their accessiblewidth L, microporescan
accommodatea variable number of layers of adsorbate
betweentheir walls. For a typical molecule,suchaswater,
nitrogenor benzene,microporeswider than0.7–0.8nm will
accommodatebetweentwo and five–six layers, the upper
limit correspondingto supermicropores(L ∼ 2.5nm). The
layerswhicharenot in directcontactwith thesurface(up to
four layers)definea‘core’ with avolumeW∗

o with properties
strictly limited to microporosity. For example,asdiscussed
elsewhere[21], immersioncalorimetrysuggeststhatadsorp-
tion by microporouscarbonscan be formally divided into
threedistinct contributions,namelyfrom the first layersin
themicroporewalls andon theexternalsurfaceS foundin
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sis is on the role of microporosityand thereforea selec-
tion of well-characterizedcarbons[19–21] has beencon-
sidered,with averagepore widths Lo between0.75 and
2nm.

Asafirststep(Section3.1),weoutlineanapproach,which
offersthepossibilityto predictwith reasonableaccuracy Co,
the limiting capacitanceof carbonelectrodesat low den-
sity currents(d ∼ 1 mA cm−2 of electrode).It appearsthat
thevolumeW∗

o alsoplaysanimportantrole,besideSmi and
Se, and it follows that reasonablepredictionscanbe made
for Co with thehelpof thesethreestructuralcharacteristics.
Secondly(Section3.2), anequationis proposedto describe
the variation of C with increasingcurrent density (up to
70mA cm−2 of electrode)andtheoxygencontentof thecar-
bon [O]. Finally (Section3.3), it will beshown that thatan
empirical,but interestingcorrelationexistsbetweenCo and
theenthalpy of immersionof thecarbonsinto inert liquids,
suchasbenzene.This observationcanbeusedto assessthe
suitabilityof anunknown carbonto beusedasacapacitor.

2. Experimental

2.1. Materials

The studyis basedon a broadspectrumof microporous
-
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e
poreslargerthan2nm (meso-andmacropores[22]), aswe
asfrom thevolumeW∗

o . Asshown below, asimilarapproa
canprobablybeappliedto thedescriptionof thecapacitan
Co of microporouscarbons.

Dependingon the developmentof the microporoustex
ture,onemayobtainwith aqueouselectrolytesspecificcapa
itancesC for carbonelectrodesin aqueousmedia in th
rangeof approximately50–300Fg−1 of carbon.Attemp
have beenmadeto correlatethis propertywith the micro
orousandexternalsurfaceareasSmi andSe, as well asSBE
[2,4,5,7–10]. Thelatteris derived from theBET theory[22
but it isoftenunrealistic,asit is themonolayerequivalento
theadsorbatefilling themicropores.

As shown elsewhere [13,21], SBET correspondsto th
totalsurfaceareaSmi + Se only for microporouscarbonswit
averageporewidthsLo around1nm. It follows thatspeci
properties,suchasenthalpiesof immersion,oxygenconten
orcapacitancesC expressedin unitspersquaremetreof BE
surfacearea,canbemisleadingfor carbonswith a largepro
portion of supermicropores.SinceC dependson the actu
surfaceareaof acarbon,it is necessaryto usethecorrectva
uesof Smi andSe. On thebasisof QuandShi’swork [9,10
it appearsthat using theseparametersseparatelyimprove
the situation.However, they arestill not sufficient to allo
reliablepredictionsof thecapacitancesof a rangeof typic
activatedcarbonsat low densitycurrents.

The aim of this paperis to suggestfurther correlatio
betweenstructuralandchemicalcharacteristicsof activate
carbonsandtheircapacitanceC, in view of practicalapplic
tions, suchas the optimizationof capacitors.The emph
carbonsobtainedbysteamactivationaround800◦Cof ligno
cellulosicprecursors(seriesBV, AZ46),of anthracites(CM
andDCG-5) anda carbonblack (XC-72-17).A KOH ac
vatedpetroleumpitch(PX-21)wasalsoincludedin thestud
in view of its highcapacitanceunderthegiven experimen
conditions(322Fg−1 of carbonat low currentdensity).Th
solidshavebeenwell characterizedbyavarietyof techniqu
suchasvapouradsorption[1,13,19], immersioncalorimet
into liquidswith differentmolecularsizes[16,21], thesele
tive adsorptionof phenol from aqueoussolutions[17,1
and, in somecases,by the analysisof the CO2 isother
with the help of modelisothermsobtainedby Monte Car
simulations(CMS, DCG-5 andXC-72-17) [20]. The latt
techniqueassumesslit-shapedmicropores,whichisareaso
ablemodelfor porewidthsup to approximately1.2–1.5nm
Beyond,for thecage-like supermicropores,onemustusea
equivalent width equalto 2000Wo (cm3 g−1)/Smi (m2 g−
[19].

The external (non-porous)surfaceareaSe canbe dete
minedaccuratelyfrom a classicalcomparisonplot basedo
the adsorptionof a vapour, suchasN2 [22,23], C6H6 [24
or CH2Cl2 [25] on the given carbonand on a non-poro
reference(usuallyacarbonblack).Theforegoingtechniqu
leadthereforeto reliablevaluesof themicroporesurfacear
Smi andtheexternalsurfaceSe (thecorrespondingvaluesa
given in Table1).

Theamountandthetypeof oxygenfoundon thesurfa
wasdeterminedby TPD[26,27]and/oratechniquebasedo
�iH(H2O), the enthalpy of immersionof the carbonsint
water [28]. As discussedelsewhere [26], for the oxidize



underinvestigation,

Co (Fg−1) = −k �iH(C6H6) (J g−1)

(k = 1.15± 0.10FJ−1) (12)

A similar correlation(k = 1.2 F J−1) is found for immersion
into theelectrolytesolutionitself (2M H2SO4 aq.),but indi-
vidual deviations exist, due to specificchemicalreactions
of the acid with surfacegroupsandto the relatively strong
physicalinteractionbetweenwaterandthe surfaceoxygen
atoms[19,26,28]. Although no explanationcan be offered
at this stagefor the origin of Eq. (12), it shouldbe pointed
out thattheenthalpy of immersionof a microporouscarbon
into a non-specificliquid, suchasbenzene,alsodependson
thestructuralparametersSmi, Se andW∗

o [21]. At thepresent
stage,Eq.(12)canbeusedto evaluate,onanempiricalbasis,
theperformanceof agivencarbonasacapacitor.

4. Conclusions

Thepresentstudy, basedon well-characterizedactivated
carbonsand investigatedunder specifiedelectrochemical
conditions,is a preliminary report. It examinesthe struc-
turalandchemicalparameterswhichappearto playarole in
their capacitance.The limiting capacitanceCo, correspond-
ing to low currentdensitiesd (e.g.1mA cm−2 of electrode),
dependsessentiallyon the structuralcharacteristicsSmi, Se
and W∗

o , as expressedby Eqs. (7)–(10). The contribution
of the ‘core’ volumeW∗

o to Co (158Fcm−3 on average)is
limited to micropores,sincethesurfaceof mesoandmacro-
poresis effectively an externalsurfacearea.However, this
has to be confirmed by a further study of carbonswith
supermicropores,subjectedto reactivationandof ‘template’
carbonswhich have virtually no microporosity. Under the
presentexperimentalconditions,Co/Stot shouldbe closeto
cext (approximately, 0.13Fm−2).

Fromapracticalpointof view, it appearsat thisstagethat
estimatescanbemadeto optimizetypical microporouscar-
bonswith respectto theircapacitanceCo. Thisapproachcan
be basedon earlier correlationsestablishedby Stoeckli et
al. [33], relatingtheevolution of themicroporevolumeWo,
theaveragemicroporewidth Lo andSmi, following chemical
andphysicalactivationof variousprecursor. In this context,
the‘tailoring’ of micropores,describedrecentlyby Py et al.
[15,34] is highly relevant for thedesignof carbonsuperca-
pacitors.
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R. Gallay, A. Züttel, J. Power Sources124 (2003) 321–329.
[9] D. Qu, H. Shi, J. Power Sources74 (1998) 99–107.

[10] H. Shi, Electrochim.Acta 41 (1996) 1633–1639.
[11] J.R. Fryer, Carbon19 (1981) 431–439.
[12] H. Marsh,D. Crawford, T.M. O’Grady, A. Wennerberg, Carbon20

(1982) 419–426.
[13] F. Stoeckli,Carbon28 (1990) 1–6.
[14] K. Kaneko, C. Ishii, M. Ruike, H. Kuwabara,Carbon 30 (1992)

1075–1088.
[15] X. Py, A. Guillot, B. Cagnon,Carbon42 (2004) 1743–1754.
[16] F. Stoeckli,T.A. Centeno,Carbon35 (1997) 1097–1100.
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30 carbons(activatedmicrobeadsandfibers),SBET is often
largerthanSmi + Se, which is not surprising[21]. Thesedif-
ferentareaswereobtained,respectively, from theanalysisof
the nitrogenisothermwith the BET model, the DFT tech-
niqueandcomparisonplots.Thespecificcapacitanceat low
currentdensities,Co, in Fm−2 of carbonsurfaceareaand
given by theratio

Co (Fm−2) = Co (Fg−1)

SBET (m2 g−1)
(3)

variesbetween0.06 and 0.22Fm−2 for a 5M KOH elec-
trolyte.On theotherhand,for highly activatedcarbonfibers
with BET surfaceareasbetween2700and3200m2 g−1 and
a 1M H2SO4 electrolyte[5], oneobtainsvaluesas low as
0.07–0.11Fm−2. However, theaveragemicroporesizesand
volumessuggestmuchsmallerrealsurfaces.

A closer examination of Shi’s data shows that a bet-
ter correlationis obtainedfor Co if oneuseStot = Smi + Se.
This leadsto anaveragecapacitanceof 0.138± 0.038Fm−2

(standarddeviation for 30 values).For our carbonsand2M
H2SO4 (Table1), Stot leadsto 0.172± 0.038Fm−2. These
valuesaresimilar, but in view of their scatter, they areonly
indicative for thewholespectrumof activatedcarbons.The
recentdataof Gryglewicz et al. [4] for 1M H2SO4 and6M
KOH electrolyteslead, respectively, to 0.127± 0.028 and

se
i

m

at

)

i
d

it
h,
re
ds

t-
nd
d
i-
e

le,
ns
re
e

on
q.
n-
f
-

cellulosic) and known chemicaltreatments.Consequently,
we shall useonly the dataof Table 1, in order to exam-
ine the role of structuraland chemicalpropertieson Co
andC.

First of all, onemay assumethat the contribution from
theexternalsurfacearea,cext, is relatively constantfor clas-
sicalactivatedcarbons,oftenof similarorigin. Moreover, as
shown by immersioncalorimetry[19] andconfirmedby the
modelingof wateradsorptionisotherms[29,30], theoxygen-
containingcomplexes aredistributedover theentiremicro-
poresystem,andnot limited to theexternalsurfaceSe. This
meansalsothattheSewill notbethemaincausefor adecrease
in C with increasingcurrentdensity.

Frakowiak et al. [2] report values between 0.1 and
0.16Fm−2 obtainedwith 6M KOH for mesoporouscar-
bonnanotubesandacarbontemplatewithoutmicroporosity.
This is a plausiblerangefor cext and using, for example,
0.14Fm−2, it appearsthat for the carbonsof Table 1 cmi
variesfrom 0.15Fm−2 (CMS-H2) to 0.26Fm−2 (PX-21).
Thedataof QuandShi [9] show asimilar trend,whichsug-
geststhat cmi may be a function of the averagemicropore
width Lo. Fitting the data of Table 1 to a simple three-
parameterequationleadsto the correlation(R = 0.980,see
Fig. 1)

C (Fg−1) = (0.096+ 0.081L )S + 0.124S (5)
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0.095± 0.024Fm−2. Althoughnoestimateis given by the
authors,thesimplerelationL (nm)= 2000Vmi (cm3 g−1)/Sm
(m2 g−1) [19] suggestsaveragemicroporewidthsof 0.72n
for all carbons,which is surprising.

It was first suggestedby Shi that Co, the capacitance
low currentdensity, resultsfrom separatecontribution from
Smi andSe,

Co (Fg−1) = cmiSmi + cextSext (4

For theaqueousKOH electrolyteusedbyShi,parameterscm
andcext are,respectively, 0.195and0.74Fm−2 for activate
microbeadsand0.145and0.075Fm−2 for activatedfibers(
shouldbenotedthatthevalueof 0.74Fm−2 isunusuallyhig
sincetheexternalsurfaceareaof thetwo typesof carbonsa
similar).Ourown data(Table1), basedon2M H2SO4, lea
to cmi = 0.20 F m−2 andcext = 0.022Fm−2 (R = 0.916).

Theseresults show that Shi’s Eq. (4) provides a be
ter descriptionfor Co, but parameterscmi and cext depe
both on the electrolyte,which is not too surprising,an
other factors.The latter may include experimentalcond
tions, as well as structuraland chemicalpropertiesof th
carbons,as suggestedby different authors.For examp
Gryglewicz et al. [4] suggestthat for activated carbo
with highly developedsurface areasand a low mesopo
fraction, the double-layercapacitancealso dependson th
pore size distribution. It follows that a closerexaminati
of the parametersleadingto a further improvementof E
(4) shouldbe basedon clearly definedexperimentalco
ditions,usingsetsof well-characterizedcarbons,ideally o
thesametype(activatedcarbons),of thesameorigin (ligno
o o mi e

It coverstherange0.7–0.8nm< Lo < 2nm, wherethe low
boundcorrespondstypically to two layersin themicropore
oneoneachwall.For Lo = 0.75nm,cmi = 0.156Fm−2 again
0.258Fm−2 for cage-like supermicroporeswith Lo = 2nm
Beyond, one may expect a rapid decreaseand the surfa
acquiresthepropertiesof anexternalsurface.Onereason
therapiddecreaseof theforcefieldin poresbeyond2nm.Th
is clearlythecasefor adsorption,whereDubinin’stheoryfo
thevolumefilling of micropores(TVFM) is no longerval
beyond2–2.5nm.

Fig. 1. Correlationbetweenthe calculatedandexperimentalcapacitan
Co (Fg−1) at 1mA cm−2 of electrode,usingEqs.(5) (�) and(8) (�).



A possibleexplanationfor the increaseof Co with Lo is
a contribution to cmi from thelayersfoundbetweenthesur-
facelayers.Theirnumbervariesbetween0 and3–4andtheir
contribution is aspecificproperty, possiblylimited to micro-
pores.As discussedelsewhere[21], immersioncalorimetry
suggeststhat liquid adsorptionin microporouscarbonscan
bedividedinto threecontributions,namelyfrom thesurface
areasSmi and Se, and from the volume W∗

o . The latter is
definedasthevolumeof liquid foundbetweenthe layersin
contactwith themicroporewalls,given by

W∗
o = Wo − cSmi (6)

In the caseof benzene,it is found that c correspondsto a
monolayerthicknessof 0.41nm,whichis reasonablefor this
moleculelying flat on a graphiticsurface[21,22]. As sug-
gestedby Eq. (5), Co dependson Lo andthereforeon W∗

o ,
which leadsto

Co (Fg−1) = c1Smi + c2Sext + c3(Wo − c4Smi) (7)

Thedatafor the12carbonsof Table1 leadto thecorrelation
(R = 0.982,seeFig. 1)

Co (Fg−1) = 0.150Smi + 0.134Sext

+158(Wo − 3.5 × 10−4Smi) (8)
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singlelayer. After regroupingoneobtains

Co (Fg−1) = (0.095+ 0.079Lo)Smi + 0.134Se (10)

which is practically Eq. (5). However, the latter hasbeen
obtainedwith only threeadjustableparameters.

Eqs.(8) and(10) may provide, formally at least,a good
estimateof Co for activatedcarbonswith microporesand
supermicopores,thus covering practically the whole range
of commerciallyavailablecarbons.However, moredatawill
be neededfor carbonswith averageporesizesLo between
1.5 and 2.5nm, basedpreferablyon activation series.It is
alsolikely thatparametersc1–c4 dependontheexperimental
conditionsandon the electrolyte(in the presentcase,2M
H2SO4).

Inspectionof the dataof Table1 shows that within the
experimentaluncertaintyon Co (±10%), this quantitydoes
not dependon the amountof oxygenpresenton the sur-
face. For example, in the caseof seriesBV and AZ46,
where[O] varies,respectively, from 0.38 to 4.27 and 1 to
7.13�molm−2. Thismeansthatthelimiting capacitanceCo
can be assessedon the basisof the structuralparameters
Smi, Se andW∗

o alone(at this stage,we cannotexplain the
relatively low valueof Co = 126 F g−1 observed for carbon
AZ46-0,whereasthestructuralparametersof thecarbonsin
this seriesaresimilar).
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arameterc4 = 3.5× 10−4 cm3 nm−1 correspondstoanaver-
gemonolayerthicknessof 0.35nmfor theelectrolyte(in the
resentcase,H2SO4 2M), which is reasonable.However, it

s likely that otherelectrolytesmay leadto differentvalues
or parametersc1–c4.

ThevalueofW∗
o (seeTable1) ispracticallyzerofor thecar-

onswith averagemicroporewidthLo < 0.7–0.8nm(CMS)it
ncreaseswith Lo, asmoreelectrolytecanbeaccommodate
etweenthelayerdirectlyin contactwith themicroporewalls.
hecontributionof W∗

o to Co variesbetween0and40%(car-
onPX-21).

It should also be pointed out that a contribution of
58 F cm−3 to the capacitanceCo seemsplausible,as long
s it is limited to the one to four intermediatelayers

ound inside micropores.This is suggested,for example
y the value of 460Fcm−3 for the layers which are in
irectcontactwith thesurface,asobtainedfor carbonCMS
Co = 115 F g−1 andWo = 0.25cm3 g−1). Themicroporesof
his solid (Lo = 0.75nm) canaccommodateonly two layers
f 0.35nm.

Eqs.(8) and(5) areobviouslyrelated,asshown by simple
lgebra.With thedefinitionof W∗

o (Eq.(6)) andthefactthat
or slit-shapedmicroporesWo (cm3 g−1) = Smi (m2 g−1)Lo
nm)/2000[19], Eq.(8) becomes

o (Fg−1) = [0.150+ 0.079(Lo − 0.70)]Smi + 0.134Se

(9)

.70nm is thelower boundfor Lo, as it representsthemini-
umaverageporewidth in whichthewallsarecoveredby a
.2. Variation of C with current density and oxygen
ontent

As shown in the tableandreportedby differentauthors
or example[7,9],C decreasesgenerallywith increasingelec-
rodecurrentdensityd (1–70mA cm−2 in thepresentcase)
hispatternreflectsalargeresistancein poresdueto thehin-
eringof ion transferin therandomlyconnectedmicropores

onicmotionin suchsmallporesmaybesoslow thatthetotal
icroporoussurfacemaynot beutilized for chargestorage
thighcurrent[2].

It hasbeenreported[32] that the resistanceis also an
ncreasingfunctionof thedegreeof oxidationof thecarbon
ndsuggeststhattheimpartedpolaritymayhinderthemotion
f ionic speciesin the micropores.Our preliminaryexperi-
entssuggestasomewhatfasterdecreaseof C athigherelec-

rodecurrentdensities,astheoxygencontent[O] increases
hisisclearlyillustratedbyFig.2(aandb),showing thevari-
tion of the relative capacitanceC/Co for carbonsAZ46-0,
Z46-3 andAZ46-10,wherethe oxygencontentincrease

rom 0.81 to 6.56mmolg−1 or from 1 to 7.13�molm−2

f total surfaceSmi + Se. The samepatternis observed for
arbonsBV46 andBV46-ox (0.38and4.27�mol [O] m−2,
espectively). Since the carbonsof theseserieshave very
imilar structuralcharacteristics,thereis little doubtabout
he influenceof oxygenon thecapacitance,evenat moder-
tecurrentdensities.However, it shouldbepointedout that

heamountsof oxygen[O] aremuchhigherthanis foundin
tandardactivatedcarbons.



Fig. 2. (a andb) Variationof the relative capacitanceC/Co with the cur-
rentdensityd for carbonsAZ46-0 (�), AZ46-3 (�), AZ46-10(�) (a),and
BV46 (�), BV46-ox (�) (b). Thedatawereobtainedby thegalvanostatic
charge–dischargetechnique.

At thisstageof ourresearch,thedatafor thecapacitanceC
determinedby thegalvanostaticcharge–dischargetechnique,
thecurrentdensityd andthetotal oxygencontent[O] of the
carbonssuggestthe following overall, but provisional and
empiricalexpression,with a correlationcoefficient of 0.975
(seeFig. 3)

C (Fg−1) = Co exp[−5.32× 10−3d(1 + 0.0158[O]2)]

(11)

Co is thevaluefor acurrentdensityd of 1 mA cm−2 of elec-
trode and [O] is given in mmolg−1. The useof the total
oxygen contentin Eq. (11) may be questioned,since the
mobility maydependonthedifferenttypesof surfacegroups
(in particularacids).However, for mostof thecarbonsused
in thisstudy, thereexistsalinearrelationbetweentheacidity
(meq.NaOHg−1) andthe total oxygencontent[O] [27]. It
appearsthat threetypesof oxygenatoms(acidic,basicand
inert) areevenlydistributedin thesecarbons.Obviously, the

Fig.3. CorrelationbetweenthecalculatedandexperimentalcapacitancesC
(Fg−1) for thecarbonsof Table1 at electrodecurrentdensitiesd of 1, 10,
50and70mA cm−2, usingEq.(11). Co is thecapacitancefor 1mA cm−2.

influenceof the different oxygen-containingsurfacecom-
plexes requiresa further study, but Eq. (11) suggestsinter-
esting trends.Moreover, this expressionprovides a useful
correlationfor theevaluationof theperformanceof a given
carbonto be usedfor electrochemicalapplications(capaci-
torsandenergy storagedevices).LikeEqs.(8) and(10), Eq.
(11) alsocoversa wide rangeof active carbonsandit pro-
videsausefultool for thepredictionof theirperformancesas
capacitors.

3.3. Correlation between Co and the enthalpy of
immersion �iH(C6H6)

Finally, it is worthwhile, from a practicalpoint of view,
to mentionthat the limiting capacitanceCo is relatedto the
enthalpy of immersionof the correspondingcarboninto a
non-specificliquid, suchasbenzene(seeTable1). As illus-
tratedby Fig. 4, oneobtainsarelatively goodcorrelationfor
the 12 carbonsof Table1 andanother8 carbonscurrently

at
K

6

Fig. 4. Empirical correlation betweenCo, the capacitanceC (F g−1)
1 mA cm−2 and the enthalpy of immersion�iH(C6H6) (J g−1) at 293
for 20 microporous carbons.



underinvestigation,

Co (Fg−1) = −k �iH(C6H6) (J g−1)

(k = 1.15± 0.10FJ−1) (12)

A similar correlation(k = 1.2 F J−1) is found for immersion
into theelectrolytesolutionitself (2M H2SO4 aq.),but indi-
vidual deviations exist, due to specificchemicalreactions
of the acid with surfacegroupsandto the relatively strong
physicalinteractionbetweenwaterandthe surfaceoxygen
atoms[19,26,28]. Although no explanationcan be offered
at this stagefor the origin of Eq. (12), it shouldbe pointed
out thattheenthalpy of immersionof a microporouscarbon
into a non-specificliquid, suchasbenzene,alsodependson
thestructuralparametersSmi, Se andW∗

o [21]. At thepresent
stage,Eq.(12)canbeusedto evaluate,onanempiricalbasis,
theperformanceof agivencarbonasacapacitor.

4. Conclusions

Thepresentstudy, basedon well-characterizedactivated
carbonsand investigatedunder specifiedelectrochemical
conditions,is a preliminary report. It examinesthe struc-
turalandchemicalparameterswhichappearto playarole in
their capacitance.The limiting capacitanceC , correspond-
i ,
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