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A mathematicalmodelis presentedfor the coupledchargetransport!
electrodereactionprocessesrecentlyproposedby Unyl toexplain
apparentincompleteblockingat theinterfacesof aNaC1crystalwith
nominallyinert porouselectrodes.Analysisof the modelelucidatesthe
conditionsunderwhichLányi’s treatmentof small-signala.c.response
maybe valid andsuggestsamoregeneralapproachto theproblem.

SEVERALYEARS AGO S.Lányi [1] reportedthe within theporesor might reactwithadsorbedimpurity
rathersurprisingobservationthatasmall but apparently molecules.
steadydirectcurrentwould flow throughthe solid sys- Lányi [4] hasrecentlypublishedatheoreticaltreat-
tern Pt(NaC1IPtat approximately400°Con theappli- mentof the exchangeof ionsbetweena crystalwith
cationof a few millivolts potentialdifference.He has Schottkydefects,suchasNaCL, andnominallyinert
sincepublishedsimilar resultsfor thesolid system electrodes.Centralto histreatmentis therecognition
CINaaIC[2]. In bothcasesresultswere reportedfor thatwhile the flow of faradaiccurrentthroughthe
nominally pureandforCa2’.dopedNaCl. LAnyi con- crystalcorrespondsto themotionof the defects,
sidersthiscurrentto beionic in naturefor anumberof faradaiccurrentacrosstheinterfacerequiresthemotion
reasons[3,4J. He hastakencare to eliminatethe of ions. Two possiblesetsof conditionsmight be
possibility of surfaceconduction,andaquickcalculation assumedto occurat theelectrodes:onemayimagine
showsthatthe totalamountof chargeflowing during a thatateachelectrodebothcationsandanionsare
typical long timemeasurement[2] is equalto thatcon- exchangedwith the surfacelayersof thecrystal,pro-
tamedin some100planesof the NaC1lattice,thus viding for the formationandannihilationof anionand
rulingout anadsorptionpseudocapacitance. cationvacanciesatbothelectrodes,or onemay believe

The flow of direct ionic currentthroughaNaC1 that only anionsare removedfrom thecrystalatthe
crystalfor sufficiently long timeswould resultin the anodeandonlycationsare removedat thecathode.
electrolysisof thecrystal,with the productionof Whichof thesetwo possiblesituationsactuallyoccurs
chlorine gasandsodiummetal.Althoughsuchaprocess will dependon thestructureof theelectrode,the nature
is, in principle,possibleif the systemis maintainedat of theambient,andthe durationof themeasurement.
constanttemperatureandtheelectrolysisproductsare Unyi appearsto favorthe secondpossibility,andhe
removed,it seemsquite doubtfulthata trueelectrolysis notesthatundersuchconditionsasteadycurrentcan
wouldoccuratadetectablerateundersmall-signalcon- flow only if anionandcationvacanciescanannihilate
ditions.Onthe timescaleof Lányi’s experiments,how- eachotherto formanew regionof crystalsurface.In
ever,onecanconceiveof severalmore likely alternative thepresentcommunicationwe shallconsiderboth
processeswhichmightpermitanear-steadyflow of alternatives,allowing for significantvacancypair
electrodereactionproductsinto the electrode, annihilationin each.
especiallyaporouselectrode.Theproductatomsor Lányi’s analysis[4] differs from conventional
moleculesmight, for instance,beadsorbedatactive sites treatmentsof small-signalelectricalresponse[5—81in
______________ thatno explicit useis madeof the differentialequations
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e~I bevalid throughoutour treatment.We haveconsidered
= — (1) both thesymmetriccaseof identicalelectrodes

e
(klL = k1~ k1)andtheasymmetriccaseproposedby

wherei = 1 for positivechargecarriers(anionvacancies), ~ (J~~k2R >0, k2L = kiR = 0),andfor eachcase
i = 2 for negativechargecarriers(cationvacancies),~ obtainedclosedform expressionsfor the fluxes.J~and
is the correspondingtransferencenumber,andusthe theexcessconcentrations&~.

totalcurrent.Further,Lányi writes for theexcesscon- The expressionsobtainedarequite complicated
centrations1~C,Lat the left-handelectrodeand L~CiRat andare presentedin theappendix.Wenote that in
the right-handelectrode, generalthe resultsfor thesymmetriccaseare consistent

&IL = &jR. (2) with equation(2) butnot withequation(1), while in
theasymmetriccaseneitherequation(1) nor equation

(For concisenesswe will let c denotethe concentration (2) is valid in general.Thereforethetreatmentof Linyi
of the(vacancy)chargecarriers,Cie its equilibriumvalue, is not alwaysjustified,evenundersteady-state
andCIL and CIR, the valuesof the concentrationat the conditions.We are however,able to obtainthebehavior
left andright handelectrodes,respectively.Thus assumedby Lányi anddescribedin equations(1) and
Z~CIL= C;L Cie and&IR = C~ — ~ Lányi’s essen- (2) of this communicationin certain limiting symmetri-
tial conclusionis that thedimensionlessratios cal cases.For the symmetricalsituationit is found that

PEL ~i/Di&iL, (3) whenk,.Cie andkrC2e aremuchgreaterthan bothk1
andk2, andL, the distancebetweenthe electrodes,is

and greaterthanbothD1k2 andD2k1, the assumptions

PIR = .Jj/Df&IR, (4) madeby lAnyi arejustified. Forasymmetricsystemsit
is foundthat whenkrCjeL >D2 and krC2eL>D~,

whereD1 is thediffusion coefficientof theith species, equation(1) is valid, butevenin this limit equation(2)
obeythe relationship is not justified. In physicaltermsthe conditionswhich

P1L = P2L = Pi~ = P2R, (5) allow thesymmetricalcaseto be describedby equation
(1) and(2) specifythatvacancypairannihilationoccurs

in the steadystate.Since theboundaryparameters sufficiently rapidly comparedto transportor electrode
employedin most small-signala.c.responsetheoriesare reactionthatquasi-equilibriumconditionsaremain-
definedby relationsof the forms(3) and (4) [9], Lányi tainedat theelectrodes.Underthesepossiblebut by no
thenstatesthat thesetheories,which wereoriginally meansuniversalconditionsthe Länyi treatmentappears
derivedfor systemswithout pairwisechargecarrier justifiedat zero frequencyandprobablyovera finite
annihilationat theelectrode/crystalinterface,are frequencyrange.A moregeneraltreatment,however,
applicableto his system,with equation(5)holdingfor would takeinto accountthe dynamicsof the electrode
botha.c.andd.c.conditions, reactionproductsaswell aschargetransferandvacancy

In orderto clarify the physicalcontentof Länyi’s annihilationat the interface.In the remainderof this
treatment,we haveexaminedin detail thesteady-state communicationwe presentthe outlineof onesuch
small-signalbehaviorof an electrode/material/electrode moregeneralapproach,andexplicitly considernot only
systemin which the fluxesof the positiveandnegative the steadystate,but generalsmall-signala.c.conditions.
chargecarriersare governedby the Nernst—Planck Fordefinitenesswe considertheright-handelectorde.
equations, Let b111 denotetheconcentrationofanionsin the sur-

f~= (— 1 )
1p,c

1E— D1(dcj/dx), (6) faceplaneof the crystal,b2R the concentrationof
cations,andlet blE denotethe correspondingconcen-

and for which theelectrodereactionkineticsare ~rationsof electrodereactionproductsin thesurfaceof
governedby the simplebutplausiblerelations theelectrode.The fluxesof anionsandcationsoutof

‘IL = — k,L(c:L — Cie) — kr(CILc2L — CgeC2e) (7) thecrystalsurfacemaythen betakenas

and ~bi = kjfb,R k~bb,E. (9)

~iR = kIR(C,R — Cie) + kr(C1RC2R— CleC2e). (8) The fluxesof anion andcationvacanciesfrom thebulk
towardsthe crystalsurfacearegivenby the negativeof

Here kIL andkIR are reactionrateconstantsfor the thesequantitiesplustherecombinationflux
exchangeof cationsandanionsbetweenthe crystalsur-
faceandthe electrodeandk,. is a rateconstantfor the ~r = kr(C~RC2R— CleC2e). (10)
annihilationof anionandcationvacanciesat theinter- Fora planarcrystalsurfacec1 + b1 mustbea constant
face.We assumethe Einsteinrelation,D, = (p,kT/e),to andonemay thusset ~CIR = — L~bjR.(Some
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modification of this assumptionmayberequiredin a (12)-.-(l6) thatfor finite w andsufficiently largeDie
morerealistictreatment.)Thefluxes,siR, of thecharge andD2e,k11 k1~,k~~ k2~.andk11,k22 )‘ k12,k21.
carryingvacanciesat the crystalsurfacemaythen be Undertheseconditionsequation(12)reducesto the
takenas form of equation(4), but withoutanypredetermined

relationbetweenP1R andP2R. Thusevenif vacancy
= kI,I~c,R+ kib~b,R+ kr(C2eI~CIR+ Cje&2R), pairannihilationis significant at very low w, agood fit

(11) to the existingsmall-signala.c.theorymaybe possible,

andthis relationmaybe employedasa boundarycon- if this frequencyrangeisexcluded.
dition for thesmall-signalequationsof chargetransport It is of interestto askwhethertheexperimental
[compareequation(4)]. observationsreportedby Lányi couldbedescribedby

If one furtherassumesthat the productspeciesdif- the theorypresentedhere for diffusion of thereaction
fuseindependentlyinto the electrode,onemay eliminate productsinto theelectrode.In the absenceof vacancy
~bjE from theequationsby solvingthe diffusion pairannihilationandfor C2e ~‘ Cie, the interfacial
equationsfor the electrodereactionproductssubjectto admittancecorrespondingto equation(7) is Y(w)~
the boundaryconditions(11)to obtaina relationship (1~22c2ee

2/1cT),andfrom the Laplacetransformof
between~ and&IR [10]. In the simplestcase,that s~1Y(s),wheres the Laplacetransformcomplexfre-
of electrodesof semi-infinitelength,onethenobtains quencyvariable,we fmd that the currenttransient

correspondingto astepfunctionpotentialdifference
= kilEiciR + ki

2~Ac2R, (12) V0/2 appliedto theinterfaceis

where Vae
2c

2ek

kir.Ji(A~Die + j(t) = 2kT “~exp (k~btID2e)Erfc (k2bt
1”2/~/D

2e).
k1~= k,.C2e, (13) (18)

klb +~JjGL~Die

k2f\/IWD2e + Althoughthedecayisnotexponential,this setsa time
kr.Cie, (14) scale.If the Lányi “steadystate”resultsareto bek22 =

k2b + \/1WD2e explicableby the presentversionof the Unyi mechan-

k,2 = k,.Cie, (15) ism,then we must require thatthis currentfall perhaps
only five percentor lessin valueduringthe time of the

and measurement,e.g.218hoursfor Unyi’s studyof

k2, = krC2e, (16) CINaC1IC [2].Thiswill be soprovidedthat

whereDie andD2e arediffusion constantsfor the atoms (k2b/’~/D2eX2l8hr 3600sec/hr)”
2~ 0.0454. (19)

within theelectrode.From theseequationsit canbe A rough estimateof k
2~ l0

8cmsec’ canbe obtained
seenthatasWDie -*0 thefluxes are givenby from Lányi’s expressionfor the interfacialconductance

~1R = kr(C

2eL~&CiR+ Cle&2R) = J2R, (17) of a graphitelNaCl(200ppmCa
2’~)interface.Assuming

one-tenthof this value for k2b,one thenhas from
a relationwhich canonlybe satisfiedin a logically con- equation(19) D2e 4 x 1 Q’0 ~2 sec~,a perhaps
sistentwaywhen~C1R /~C2R= — Cie/C2e,sothat reasonablevalue, andonethatmightsuggestthat the

= 12R = 0 asw -~ 0. It shouldthusbenotedthat assumptionof a semi-infinite electrodedoesnotintro-
surfacerecombinationaloneis notsufficient to allow ducemajorerrorsinto the analysis.
the flow of steadydirectcurrentin the limit of semi- Whetherthe mechanismproposedby LAnyi is indeed
infinite electrodes.This conclusionremainstrue for foundapplicableor notby further studies,the extension
electrodesof fmite thicknessandotherformsof dif~ of thesmall-signala.c.theoryto encompasssurface
fusion aslongastheproductsof the electrodereaction generation/recombinationreactionsis probablydesirable.
arenotableto leavetheelectrode. Suchreactionsareknownto occurinelectronicsemi-

Considerablecautionisappropriatewhendealing conductors[12] andundoubtedlyoccurin Schottkyand
withexperimentaldataat very low frequenciesor for Frenkeldefectmaterials.The developmentof the
the “steadystate” [11]. An absolutesteadystate appropriatetheory,usingboundaryconditionsof the
measurementis, of course,notfeasible,andmeasure- form(11), is beingundertakenby theauthors.
mentson very longtime scalesmay bring into play
mechanismswhich areotherwiseunimportantin Acknowledgements— We are gratefulto Drs. S. L4nyi
characterizingthesystem.Onenotesfrom equations andJ. Schoomnanfor manyhelpful discussions.
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APPENDIX: SOLUTIONSOFSMALL-SIGNAL
STEADY-STATE EQUATIONS

For thesymmetricalcase(kIL = kR k~)we
obtain

— ( l)~I f 2DiD
2kjCje + DiCieLK (Al)

— e I2DiD2(kiCie+k2C2e)+Q~iCie+D2C2e)LK

where/ is thesteadystatecurrentthroughthesystem
and

K k1k2 + kr(kiCie + k2C2e). (A2)

Furtherwe find &iR = L~C~1, &~,with

— ( l)~kje 2Di’ki’Ci’eL(ki’ —k1) + (DiCie + D2C2e)LK+ 2D1D2(kiCie + k2C2e) A3
C~— 2e X (kiCie + k2C2e)[2D1D2(kiCie + k2C2e)+ (DiCie + D2C2e)LKI (

wherei’= 2fori= l,andi’= 1 fori=2.
Forthe asymmetriccase(k2L klR = 0,

klL k1,k2R=k2),we find

j — ( lY~if D,D2 + DzkrCgeL A4
— e ~2D1D2 + krL(D1C1e+ D2C2e) ‘ ~

&1L = —u/ek1, (AS)

— u D1D2(2krC2e+ k,) + krC2eL[kr(D1C1e + D2C2e) + D2k,]
&2L — ekjk,.cje 2D,D2 + krL(D1C1e+ D2C2e) (A6)

— I D1D2(2krCie+ k2) + krCieL[kr(D1C1e + D2C2e) + D1k21
&1R ek2krc2e 2D1D2 + krL(DiCie + D2C2e) (A7)

and

&2R = —I/ek2. (A8)
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