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Abstract

Twelve well-characterizedctivatedcarbonswith averagemicroporewidthsbetweer0.7 and2 nm, total surfaceareasof 378—-1270n? g*
andspecificcapacitance€’ up to 320Fg~! have beeninvestigatedusingH,SO, 2M aselectrolyte.Someof the carbonshave alsobeen
oxidizedwith (NH,4),S,0g, which leadsto specificoxygencontentsbetween0.4 and 7.1umolm=2 of carbonsurfacearea.lt appearshat
C,, thelimiting capacitanceta currentdensityof 1 mA cm2 of electrodesurface, doesnot dependsignificantlyon the oxygencontent.An
empirical equationis proposedo describethe decreasf C with increasingcurrentdensityd (1-70mA cm2 of electrodesurface),asa
function of the oxygencontent.

As suggestedy differentauthors,C, canbe expressedasa sum of contritutions from the external surfaceareas, andthe surface of
the microporesS. A closerinvestigationshavs that Co/Sy,, increasesvith the poresizeandreachessaluesashigh as0.250-0.27¢ m2
for supermicroporedt is suggestedhatthe volume W; of the electrolytefound betweerthe surfacelayersin poreswider than0.7-0.81m
contributesto C,. However, this propertyis limited to microporosity like the enthally of immersionof the carbonsnto benzeneThe latter

is alsocorrelatedo C,, which providesa usefulmeansgo identify potentialsupercapacitors.
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1. Introduction

Activatedcarbongl] areusedmainlyin filtrationtechnol-
ogy, but in recentyearsthey have alsofound applicationsn
electricalenepgy storageasdouble-layeicapacitorgsee for
example,reviews [2,3] andRefs.[4-10]). This type of car
bonis characterizedy a developedmicroporousstructure
anda correspondinglyarge surfacearea. A numberof stud-
iesbasedndirectandindirectobsenations[1,11-15]shav
thatthe materialconsistsf interconnectedavities between
twisted graphitic (or aromatic)sheetsClassicaltechniques
basedntheadsorptiorof moleculesof variabledimensions
(0.4-1.5nm), eitherfrom the vapourphaseor monitoredby
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immersioncalorimetry{16], suggesthattheporewidthscor
respondo thesedimensions.

Obsenations in high resolution electron microscoy
[10-12](bright-anddark-fieldtechniques$haw thatmicro-
pores are locally slit-shaped,at least for widths L and
extensionsup to 1-1.2nm. Larger micropores pften called
‘supermicropores’have more complicatedand cage-lile
structures.The upper limit for microporosity is around
2-2.5nm, wherecapillary condensatiofbegins anda num-
berof specificpropertiedisappeacfor example theenegy
of adsorptiorof the vapourandtheliquid phases)Depend-
ing on the precursomaterialandthe activation procesq1],
the microporevolume W, canbe ashigh as0.8—1cm® g~
For commercialactivated carbons the surface areaof the
microporewalls, Sm;, is in the rangeof 700-1000n? g1,
but in specialcasesit can reach1200-1400n2g~1 (this
limit seemsrealistic for activatedcarbons,f one keepsin



mind the fact that graphenesheetshave a maximum sur
faceareaof 2600m? g~ andthatthey usuallycomein pairs
or larger stacks).The total surface areacan be assessed
directly by the selectve adsorptionof sparingly soluble
moleculessuchasphenoland caffeine from aqueoussolu-
tions[17-19] In this case adsorptionis limited to a mono-
layer, as opposedto vapour adsorption,where the entire
microporevolumeis filled. The latter processs described
by Dubinin’s classicaltheory [1,13,19] The value of Sy
is also confirmed by the cumulatve surface areaof the
microporewalls calculatedfrom the pore size distribution
obtainedby varioustechnique$19-21]includingmodelling
of adsorption.

Dependingon their accessiblevidth L, microporescan
accommodatea variable number of layers of adsorbate
betweentheir walls. For a typical molecule,suchaswater
nitrogenor benzenemicroporesvider than0.7-0.8m will
accommodatdetweentwo and five—six layers,the upper
limit correspondingo supermicroporegL ~2.5nm). The
layerswhich arenotin directcontactwith thesurface(upto
four layers)definea‘core’ with avolume W with properties
strictly limited to microporosity For example,asdiscussed
elsavhereg[21], immersioncalorimetrysuggestshatadsorp-
tion by microporouscarbonscan be formally divided into
threedistinct contritutions, namelyfrom the first layersin
the microporewalls andon the externalsurfacesSe foundin
poreslargerthan2 nm (meso-andmacropore$22]), aswell
asfrom thevolumeW¢. Asshown below, asimilarapproach
canprobablybeappliedto thedescriptionof thecapacitance
C, of microporouscarbons.

Dependingon the developmentof the microporoustex-
ture,onemayobtainwith aqueouglectrolytespecificcapac-
itancesC for carbonelectrodesin aqueousmediain the
rangeof approximately50-300Fg~1 of carbon.Attempts
have beenmadeto correlatethis propertywith the microp-
orousandexternalsurfaceareasSmi andSe, as well asSgeT
[2,4,5,7-10] Thelatteris derived from the BET theory[22],
but it is oftenunrealistic asit is themonolayerequialentof
theadsorbatdilling themicropores.

As shavn elsavhere[13,21], Sger correspondgo the
total surfaceareaSy; + Se only for microporousarbonswith
averageporewidths L, aroundl nm. It follows thatspecific
propertiessuchasenthalpie®f immersion oxygencontents
or capacitance€ expressedh unitspersquaremetreof BET
surfaceareacanbemisleadingfor carbonswith alarge pro-
portion of supermicroporesSinceC dependon the actual
surfaceareaof acarbonjt is necessaro usethecorrectval-
uesof Sy andSe. On the basisof QuandShi'swork [9,10],
it appeardghat using theseparameterseparatelyimproves
the situation.However, they arestill not sufficient to allow
reliablepredictionsof the capacitancesf a rangeof typical
activatedcarbonsatlow densitycurrents.

The aim of this paperis to suggestfurther correlations
betweerstructuralandchemicalcharacteristicef actvated
carbonsandtheircapacitance’, in view of practicalapplica-
tions, such as the optimization of capacitors.The empha-

sis is on the role of microporosityand thereforea selec-
tion of well-characterizeccarbons[19-21] has beencon-
sidered,with average pore widths L, between0.75 and
2nm.

As afirststep(Sectior3.1), we outlineanapproachwhich
offersthepossibilityto predictwith reasonablaccurag Co,
the limiting capacitanceof carbonelectrodesat low den-
sity currents(d ~ 1 mAcm~2 of electrode).t appearshat
thevolume W, alsoplaysanimportantrole, besideSy,; and
Se, andit follows that reasonableredictionscan be made
for C, with the help of thesethreestructuralcharacteristics.
Secondly(Section3.2), anequationis proposedo describe
the variation of C with increasingcurrent density (up to
70mA cm2 of electrodeandthe oxygencontentof thecar
bon[Q]. Finally (Section3.3), it will be shavn thatthatan
empirical,but interestingcorrelationexists betweenC, and
the enthally of immersionof the carbonsdnto inert liquids,
suchasbenzeneThis obsenation canbe usedto assesshe
suitability of anunknavn carbonto be usedasa capacitor

2. Experimental
2.1. Materials

The studyis basedon a broadspectrumof microporous
carbonbtainedvy steamactivationaround300°C of ligno-
cellulosicprecursorgserieBV, AZ46), of anthracite4CMS
and DCG-5) anda carbonblack (XC-72-17).A KOH acti-
vatedpetroleunpitch (PX-21)wasalsoincludedin thestudy
in view of its high capacitanceinderthe given experimental
conditions(322F g~ of carbonatlow currentdensity).The
solidshavebeenwell characterizetly avarietyof techniques,
suchasvapouradsorption1,13,19] immersioncalorimetry
into liquids with differentmolecularsizes[16,21], theselec-
tive adsorptionof phenolfrom aqueoussolutions[17,18]
and, in somecasesby the analysisof the CO, isotherm
with the help of modelisothermsobtainedby Monte Carlo
simulations(CMS, DCG-5 and XC-72-17)[20]. The latter
techniqueassumeslit-shapednicroporeswhichisareason-
ablemodelfor porewidthsup to approximatelyl.2—1.5nm.
Beyond, for the cage-lile supermicroporegnemustusean
equialentwidth equalto 2000W, (cm®g~1)/Smi (M?g~1)
[19].

The external (non-porous)surfaceareaSe canbe deter
minedaccuratelyfrom a classicalcomparisorplot basedon
the adsorptionof a vapour suchasN» [22,23] CgHg [24]
or CHxClI; [25] on the given carbonand on a non-porous
referencéusuallyacarbonblack). Theforegoingtechniques
leadthereforeto reliablevaluesof themicroporesurfacearea
Smi andtheexternalsurfaceSe (thecorrespondingaluesare
givenin Tablel).

Theamountandthetype of oxygenfoundonthe surface
was determinedy TPD [26,27]and/oratechniquébasedn
A;H(H20), the enthaly of immersionof the carbonsinto
water [28]. As discussectlsavhere [26], for the oxidized



underinvestigation,
Co(Fg™) = —k A;H(CeHe) (3G )
(k =1.15+ 0.10FJ %) (12)

A similar correlation(k = 1.2 F J°1) is found for immersion
into the electrolytesolutionitself (2M H2SO, ag.),but indi-
vidual deviations exist, due to specificchemicalreactions
of the acid with surfacegroupsandto the relatively strong
physicalinteractionbetweenwater and the surfaceoxygen
atoms[19,26,28] Although no explanationcan be offered
at this stagefor the origin of Eq. (12), it shouldbe pointed
outthatthe enthaly of immersionof a microporouscarbon
into a non-specifidiquid, suchasbenzenealsodepend®n
thestructuralparametersp,;, Se andW; [21]. At thepresent
stageEQ.(12) canbeusedo evaluate onanempiricalbasis,
theperformancef a givencarbonasa capacitor

4. Conclusions

The presentstudy basedon well-characterizedctivated
carbonsand investigatedunder specified electrochemical
conditions,is a preliminary report. It examinesthe struc-
turalandchemicalparametersvhich appeato playarolein
their capacitanceThelimiting capacitance”,, correspond-
ing to low currentdensities? (e.g.1mA cm~2 of electrode),
dependsessentiallyon the structuralcharacteristicS i, Se
and W, as expressedby Egs. (7)~(10). The contritution
of the ‘core’ volume W to Co, (158F cm~3 on average)is
limited to microporessincethe surfaceof mesoandmacro-
poresis effectively an external surfacearea.However, this
has to be confirmedby a further study of carbonswith
supermicroporesubjectedo reactvationandof ‘template’
carbonswhich have virtually no microporosity Under the
presentexperimentalconditions,Co/Siot Shouldbe closeto
cext (approximately0.13F m—2).

Fromapracticalpointof view, it appearstthis stagethat
estimatesanbe madeto optimizetypical microporouscar
bonswith respecto their capacitanc&,. Thisapproactcan
be basedon earlier correlationsestablishedoy Stoeckli et
al. [33], relatingthe evolution of the microporevolume Wy,
theaveragemicroporewidth L, andSp,;, following chemical
andphysicalactivation of variousprecursorin this context,
the‘tailoring’ of microporesdescribedecentlyby Py etal.
[15,34]is highly relevantfor the designof carbonsuperca-
pacitors.

As expressedy Eqg. (11), the presenstudyalsosuggests
a possiblecorrelationbetweerthe currentdensityd andthe
oxygencontent[O] of the carbonandthe capacitanceThis
equatioris empiricalandobviously asounctheoreticabasis
is still neededHowever, Eqs.(8) and(11), or theiranalogues
for otherexperimentalconditions,provide a usefultool for
thepredictionof C for typical activatedcarbonsThesames
truefor Eq. (12), whichrelatesempirically Co and A;H into
benzener ary non-specifidiquid.
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30 carbongactivatedmicrobeadsandfibers), SgeT is often
largerthanSp, + Se, whichis not surprising[21]. Thesedif-
ferentareasvereobtainedrespectiely, from theanalysisof
the nitrogenisothermwith the BET model,the DFT tech-
nigueandcomparisorplots. The specificcapacitancat low
currentdensities,Co, in Fm—2 of carbonsurfaceareaand
given by theratio

5 Co(Fg™)
Co(Fm™) = SgeT (M?g~1)

3

varies between0.06 and 0.22Fm—2 for a 5M KOH elec-
trolyte. Onthe otherhand,for highly activatedcarbonfibers
with BET surfaceareasbetweer2700and3200m? g1 and
a 1M H>SOy electrolyte[5], one obtainsvaluesaslow as
0.07-0.1F m~2. However, the averagemicroporesizesand
volumessuggesmuchsmallerrealsurfaces.

A closer examinationof Shi's data shavs that a bet-
ter correlationis obtainedfor C, if oneuseSigt =Smi + Se.
Thisleadsto anaveragecapacitancef 0.138+ 0.038F m—2
(standarddeviation for 30 values).For our carbonsand2M
H2SOy (Table 1), Syt leadsto 0.1724+ 0.038F m~2. These
valuesaresimilar, but in view of their scatterthey areonly
indicative for the whole spectrumof activatedcarbons.The
recentdataof Gryglewicz etal. [4] for 1M H,SO, and6M
KOH electrolyteslead, respectiely, to 0.127+0.028 and
0.095:+ 0.024F m—2. Althoughno estimatés given by these
authorsthesimplerelationL (nm)=2000V,; (cm® g~ 1)/Smi
(m? g~1) [19] suggestsveragemicroporewidthsof 0.72nm
for all carbonswhichis surprising.

It was first suggestedby Shi that Cy, the capacitancet
low currentdensity resultsfrom separatesontribution from
Smi andSe,

Co(F g_l) = CmiSmi + CextSext 4)

For theaqueou¥K OH electrolyteusedby Shi,parametersy,
andcey are,respectiely, 0.195and0.74F m—2 for activated
microbeadsind0.145and0.075F m~2 for activatedfibers(it
shoulcbenotedthatthevalueof 0.74F m~2isunusuallyhigh,
sincetheexternalsurfaceareaof thetwo typesof carbonsare
similar). Ourown data(Tablel), basecbn2M H>SOy, leads
t0 ¢mi = 0.20 F 2 andcex =0.022F m~2 (R=0.916).
Theseresults shav that Shi's Eq. (4) provides a bet-
ter descriptionfor Co, but parametergyj and cex depend
both on the electrolyte,which is not too surprising,and
other factors. The latter may include experimentalcondi-
tions, aswell as structuraland chemicalpropertiesof the
carbons,as suggestedy different authors.For example,
Gryglewicz et al. [4] suggestthat for activated carbons
with highly developedsurface areasand a low mesopore
fraction, the double-layercapacitancealso dependson the
pore size distribution. It follows that a closerexamination
of the parameterdeadingto a further improvementof Eq.
(4) should be basedon clearly definedexperimentalcon-
ditions, using setsof well-characterized¢arbonsjdeally of
thesametype (activatedcarbons)pf the sameorigin (ligno-

cellulosic) and known chemicaltreatmentsConsequently
we shall use only the dataof Table 1, in orderto exam-

ine the role of structuraland chemical propertieson Cq

andcC.

First of all, one may assumethat the contritution from
theexternalsurfacearea.cey, is relatively constanfor clas-
sicalactivatedcarbonspftenof similar origin. Moreover, as
shavn by immersioncalorimetry[19] andconfirmedby the
modelingof wateradsorptiorisothermg29,30], theoxygen-
containingcomplees aredistributed over the entiremicro-
poresystemandnot limited to the externalsurfaceSe. This
meanslsothattheSe will notbethemaincausdor adecrease
in C with increasingcurrentdensity

Fralowiak et al. [2] report values between0.1 and
0.16Fm~2 obtainedwith 6M KOH for mesoporousar
bonnanotubegnda carbontemplatewithoutmicroporosity
This is a plausiblerangefor cex and using, for example,
0.14Fm~2, it appearghat for the carbonsof Table 1 ¢pmi
variesfrom 0.15Fm~2 (CMS-H2) to 0.26Fm~—2 (PX-21).
The dataof QuandShi[9] shav a similartrend,which sug-
geststhat cyj may be a function of the averagemicropore
width L,. Fitting the data of Table 1 to a simple three-
parameterequationleadsto the correlation(R =0.980, see
Fig. 1)

Co(Fg™1) = (0.096+ 0.081L0)Smi + 0.124S (5)

It coverstherange0.7-0.81m< Ly <2nm, wherethe lower

boundcorrespondsypically to two layersin themicropores,
oneoneachwall. For Lo = 0.75nm, cm = 0.156F m—2 against
0.258Fm~2 for cage-lile supermicroporesvith Lo =2nm.

Beyond, one may expect a rapid decreasend the surface
acquireghe propertiesof anexternalsurface.Onereasons

therapiddecreaseftheforcefieldin poredheyond2 nm.This

is clearlythe casefor adsorptionywhereDubinin’stheoryfor

thevolumefilling of microporeTVFM) is nolongervalid

beyond2-2.5nm.

200 7

150

Co[Fg” ] (calc.)

100

507

T T T
0 50 100 150 200 250 300 350
Co[F g'] (exp.)

Fig. 1. Correlationbetweenthe calculatedand experimentalcapacitances
Co (Fg1) at 1mA cm~2 of electrodepsingEgs.(5) (4) and(8) ().



A possibleexplanationfor the increaseof Co, with Lg is
acontritutionto ¢y from the layersfoundbetweerthe sur
facelayers.TheirnumbermwariesbetweerD and3—4andtheir
contritutionis aspecificproperty possiblylimited to micro-
pores.As discussecelsavhere[21], immersioncalorimetry
suggestghat liquid adsorptionin microporouscarbonscan
bedividedinto threecontritutions,namelyfrom the surface
areasSmi and Se, and from the volume W. The latter is
definedasthe volumeof liquid found betweerthe layersin
contactwith the microporewalls, given by

In the caseof benzeneit is found that ¢ correspondgo a
monolayetthicknesof 0.41nm, whichis reasonabléor this
moleculelying flat on a graphitic surface[21,22] As sug-
gestedby Eq. (5), Co dependson L, andthereforeon W,
which leadsto

Co (F 9_1) = c1Smi + c28ext + CS(WO - C4Smi) (7)

Thedatafor the12 carbonsof Tablel leadto thecorrelation
(R=0.982,seeFig. 1)

Co(Fg™Y) = 0.150Sy; + 0.134Sex
+158(Wo — 3.5 x 1074S5m;) (8)

Parameter; =3.5x 10~% cm? nm~1 correspondto anaver-
agemonolayethicknesf 0.35nmfor theelectrolyte(in the
presentase H,SO; 2 M), whichis reasonableHowever, it
is likely that otherelectrolytesmay leadto differentvalues
for parametergi—4.

Thevalueof W; (se€Tablel) ispracticallyzerofor thecar
bonswith averagemicroporewidth L, <0.7-0.81m(CMS)it
increasesvith Ly, as moreelectrolytecanbeaccommodated
betweenhelayerdirectlyin contacwith themicroporewalls.
Thecontritutionof W to C, variesbetweerd and40%(car
bonPX-21).

It should also be pointed out that a contribution of
158 F an—2 to the capacitance”, seemsplausible,aslong
as it is limited to the one to four intermediatelayers
found inside micropores.This is suggestedfor example,
by the value of 460Fcm~2 for the layers which are in
directcontactwith the surface,asobtainedfor carbonCMS
(Co=115F gt andW,=0.25cm?® g~1). The microporesof
this solid (L, =0.75nm) canaccommodatenly two layers
of 0.35nm.

Egs.(8) and(5) areohviouslyrelated asshovn by simple
algebraWith thedefinitionof W; (Eg. (6)) andthefactthat
for slit-shapedmicroporesW, (cm®g—1)=Smi (m?2g~1)L,
(nm)/2000[19], Eqg. (8) becomes

Co(Fg™Y) = [0.150+ 0.079(Lo — 0.70)]Smi + 0.134Se
9)

0.70nm is the lower boundfor L, asit representshe mini-
mumaverageporewidth in whichthewalls arecoveredby a

singlelayer. After regroupingoneobtains

Co(Fg™Y) = (0.095+ 0.079L0)Smi + 0.134S (20)
which is practically Eq. (5). However, the latter hasbeen
obtainedwith only threeadjustableparameters.

Egs.(8) and(10) may provide, formally at least,a good
estimateof C, for activated carbonswith microporesand
supermicoporeghus covering practically the whole range
of commerciallyavailablecarbonsHowever, moredatawill
be neededor carbonswith averagepore sizesL, between
1.5 and 2.5nm, basedpreferablyon activation series.It is
alsolikely thatparameters;—4 dependntheexperimental
conditionsand on the electrolyte(in the presentcase,2M
HoSOy).

Inspectionof the dataof Table 1 shawvs that within the
experimentaluncertaintyon Co (£10%), this quantitydoes
not dependon the amountof oxygen presenton the sur
face. For example, in the caseof seriesBV and AZ46,
where[Q] varies,respectiely, from 0.38to 4.27and 1 to
7.13pmolm—2. Thismeanghatthelimiting capacitanc&,
can be assessedn the basisof the structuralparameters
Smi, Se and W alone(at this stage we cannotexplain the
relatively low value of Co =126 F g~ obsened for carbon
AZ46-0,whereaghe structuralparametersf thecarbonsn
this seriesaresimilar).

3.2. Variation of C with current density and oxygen
content

As showvn in the tableandreportedby differentauthors,
forexample[7,9], C decreasegenerallywith increasingelec-
trodecurrentdensityd (1-70mA cm~2 in the presentase).
Thispatterrreflectsalargeresistancén poresdueto thehin-
deringof ion transferin therandomlyconnectednicropores.
lonic motionin suchsmallporesmaybesoslow thatthetotal
microporoussurfacemay not be utilized for chage storage
athigh current[2].

It hasbeenreported[32] that the resistances also an
increasingunction of the degreeof oxidationof the carbon
andsuggestthattheimpartedoolaritymayhinderthemotion
of ionic speciedn the micropores Our preliminary experi-
mentssuggesasomavhatfasterdecreasef C athigherelec-
trodecurrentdensitiesasthe oxygencontentO] increases.
Thisis clearlyillustratedby Fig. 2(aandb), shaving thevari-
ation of the relative capacitance”/C, for carbonsAZ46-0,
AZ46-3 and AZ46-10, wherethe oxygencontentincreases
from 0.81 to 6.56mmolg~! or from 1 to 7.13pumolm=2
of total surface Sy + Se. The samepatternis obsened for
carbonsBV46 and BV46-ox (0.38and4.27pmol[0] m~2,
respectiely). Sincethe carbonsof theseserieshave very
similar structuralcharacteristicsthereis little doubtabout
the influenceof oxygenon the capacitancegven at moder
atecurrentdensitiesHowever, it shouldbe pointedout that
theamountsf oxygen[O] aremuchhigherthanis foundin
standardactivatedcarbons.
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Fig. 2. (a andb) Variation of the relative capacitance”/C, with the cur
rentdensityd for carbonsAZ46-0 (l), AZ46-3(A), AZ46-10(®) (a),and
BV46 (W), BV46-0x () (b). The datawereobtainedby the galvanostatic
chage—dischagetechnique.

At thisstageof ourresearchthedatafor thecapacitanc€
determinedy thegalvanostatichage—dischagetechnique,
the currentdensityd andthetotal oxygencontenO] of the
carbonssuggesthe following overall, but provisional and
empiricalexpressionwith a correlationcoeficient of 0.975
(seeFig. 3)

C (Fg™Y) = Co exp[—5.32 x 10~3d(1 + 0.0158[OF)]
(11)

C, 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 questionedsince the
mobility maydependnthedifferenttypesof surfacegroups
(in particularacids).However, for mostof the carbonsused
in this study thereexistsalinearrelationbetweertheacidity
(meq.NaOHg~1) andthe total oxygencontent[O] [27]. It
appearghatthreetypesof oxygenatoms(acidic, basicand
inert) areevenly distributedin thesecarbonsOlviously, the

400

300

200

C[Fg'](cale)

0 T T T
0 100 200 300 400

C [F '] (experimental)

Fig. 3. Correlationbetweerthecalculatecandexperimentatapacitance€
(Fg™1) for the carbonsof Table1 at electrodecurrentdensitiesd of 1, 10,
50and70mA cm~2, usingEq. (11). C, is the capacitancéor 1 mA cm—2.

influenceof the different oxygen-containingsurface com-
plexes requiresa further study but Eq. (11) suggestsnter

estingtrends.Moreover, this expressionprovides a useful
correlationfor the evaluationof the performanceof a given
carbonto be usedfor electrochemicahpplicationg(capaci-
torsandenepy storageadevices).Like Egs.(8) and(10), Eq.
(112) alsocoversa wide rangeof active carbonsandit pro-
videsausefultool for thepredictionof theirperformancesas
capacitors.

3.3. Correlation between C, and the enthalpy of
immersion AijH(CgsHg)

Finally, it is worthwhile, from a practicalpoint of view,
to mentionthatthe limiting capacitance’, is relatedto the
enthaly of immersionof the correspondingarboninto a
non-specifidiquid, suchasbenzendseeTablel). As illus-
tratedby Fig. 4, oneobtainsarelatively goodcorrelationfor
the 12 carbonsof Table 1 andanother8 carbonscurrently

300

250 1

200+

150

CofFg™]

100

50

] 50 100 150 200 250 300 350
- AH (CeHe) [Jg']

Fig. 4. Empirical correlation betwee€,, the capacitanc& (Fg1) at
1mAcnm2 and the enthalpy of immersion;H(CeHe) (Jg1) at 293K
for 20 microporous carbons.



underinvestigation,
Co(Fg™) = —k A;H(CeHe) (3G )
(k =1.15+ 0.10FJ %) (12)

A similar correlation(k = 1.2 F J°1) is found for immersion
into the electrolytesolutionitself (2M H2SO, ag.),but indi-
vidual deviations exist, due to specificchemicalreactions
of the acid with surfacegroupsandto the relatively strong
physicalinteractionbetweenwater and the surfaceoxygen
atoms[19,26,28] Although no explanationcan be offered
at this stagefor the origin of Eq. (12), it shouldbe pointed
outthatthe enthaly of immersionof a microporouscarbon
into a non-specifidiquid, suchasbenzenealsodepend®n
thestructuralparametersp,;, Se andW; [21]. At thepresent
stageEQ.(12) canbeusedo evaluate onanempiricalbasis,
theperformancef a givencarbonasa capacitor

4. Conclusions

The presentstudy basedon well-characterizedctivated
carbonsand investigatedunder specified electrochemical
conditions,is a preliminary report. It examinesthe struc-
turalandchemicalparametersvhich appeato playarolein
their capacitanceThelimiting capacitance”,, correspond-
ing to low currentdensities? (e.g.1mA cm~2 of electrode),
dependsessentiallyon the structuralcharacteristicS i, Se
and W, as expressedby Egs. (7)~(10). The contritution
of the ‘core’ volume W to Co, (158F cm~3 on average)is
limited to microporessincethe surfaceof mesoandmacro-
poresis effectively an external surfacearea.However, this
has to be confirmedby a further study of carbonswith
supermicroporesubjectedo reactvationandof ‘template’
carbonswhich have virtually no microporosity Under the
presentexperimentalconditions,Co/Siot Shouldbe closeto
cext (approximately0.13F m—2).

Fromapracticalpointof view, it appearstthis stagethat
estimatesanbe madeto optimizetypical microporouscar
bonswith respecto their capacitanc&,. Thisapproactcan
be basedon earlier correlationsestablishedoy Stoeckli et
al. [33], relatingthe evolution of the microporevolume Wy,
theaveragemicroporewidth L, andSp,;, following chemical
andphysicalactivation of variousprecursorin this context,
the‘tailoring’ of microporesdescribedecentlyby Py etal.
[15,34]is highly relevantfor the designof carbonsuperca-
pacitors.

As expressedy Eqg. (11), the presenstudyalsosuggests
a possiblecorrelationbetweerthe currentdensityd andthe
oxygencontent[O] of the carbonandthe capacitanceThis
equatioris empiricalandobviously asounctheoreticabasis
is still neededHowever, Eqs.(8) and(11), or theiranalogues
for otherexperimentalconditions,provide a usefultool for
thepredictionof C for typical activatedcarbonsThesames
truefor Eq. (12), whichrelatesempirically Co and A;H into
benzener ary non-specifidiquid.
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