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Modeling the Effects of lon Association on Direct-Current Polarization of
Solid Polymer Electrolytes

Changging Lin, Ralph E. White,* and Harry J. Ploehn?

Department of Chemical Engineering, University of South Carolina, Swearingen Engineering Center, Columbia,
South Carolina 29208, USA

Considerable experimental evidence indicates that ion association occurs in solid polymer electrolytes. This work pravides a th
ough theoretical analysis of the effect of ion association on the conductivity, general current-potential behavior, ancllimiting
rent density in a solid polymer electrolyte. The model employs dilute solution theory to describe the fluxes of cationanpdnions,
ion pairs in a motionless continuum but neglects higher order association. The predictions of the model highlight tHetedfects o
relative diffusion coefficients and dimensionless association constant on concentration distributions of simple ions isd ion pa
the limiting current density, and the potential drop required to drive a specified current density. If ion pairs haveity diffiosiv
parable to those of cations and anions, increasing ion association leads to a continuous decrease in molar conductityy and curr
density at constant applied potential. If the ion pairs have a diffusivity that is large compared to cations, the situaéatifis g
ferent. In this case, ion association increases the limiting current density to values that may be several times thdtcf@aseé in t

of full dissociation. Furthermore, the model predicts maxima in the molar conductivity and current density at fixed paential dr
as the degree of ion association increases.

© 2000 The Electrochemical Society. S0013-4651(99)07-063-9. All rights reserved.

Manuscript submitted July 13, 1999; revised manuscript received November 2, 1999.

Polymer electrolytes are solid ionic conductors formed by dis-creased with decreasing dielectric constant in agreement with theo-
solving salts in polymers containing Lewis base polar atoms. They.? Kakihanaet al® employed Raman spectroscopy to investigate
salt typically consists of an alkali metal cation with a large anion,the dissociation equilibrium of Li and Na salts of;SB; and CIQ;
such as LiCESO; or LiClO, The oxygen atoms in polyethers in PPO. Vibrational spectroscolfyhas provided clear evidence for
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), servehe existence of ion pairs in LIBHPEO and NaBRPEO. The work
as Lewis bases which form complexes with the cations according tof Schantzt alll.12indicates that the degree of dissociation would

decrease with increasing temperature or polymer molecular weight.
(-P-), + AB = (-P-)AT + B~ [1] Their data do not suggest the presence of triplets, in contrast with the
predictions of MacCallunet al3*
where (—P-) represents the polymer repeat unit and AB represents Although the population distributions of ions and clusters are not
the alkali metal salt. Since Armared al® first proposed the use of known precisely, the experimental evidence strongly supports the view
poly(ethylene oxide) (PEO) as a solid electrolyte, much effort haghat ion association occurs in most polymer electrolytes studied to
been devoted to understanding ion-transport mechanisms in polymelate. We expect ion association to have a profound effect on the poly-
electrolytes and to developing new materials with improved transimer electrolyte’s transport properties. The accuracy of methods used
port and mechanical propertiés. to measure ionic diffusivity, mobility, and transport number depends

The mechanisms of ion transport in polymer electrolytes are nobn the nature of ion association in the system. Furthermore, ion asso-
completely understood. Various molecular models of ion transportiation should have a significant effect on one’s strategy for optimiz-
have been reviewed by Ratfeomplementary experimental inves- ing the performance of battery célfsNone of the existing modéfs
tigations reveal strong interactions between the polymer host andor predicting battery performance accounts for ion association in
cations. Considerable experimental evidence also suggests that stropglymer electrolytes.
cation-anion (A, B™) interactions lead to the formation of ion pairs
(AB), triplets (A,B™ and AB;), as well as higher order clusters. Previous lon Association Models

MacCallum et al3* and Ratnet have reviewed experimental

16,17 18,19¢; H
studies of ion association phenomena in polymer electrolytes. Condf ig:lugsse,}égle.ui o n%nndigr??:aerr‘gagﬁli n cf,||rsrche?rés|:i?rr§|dt?§ ?.T]%Ct as-
ductance measuremehifsand spectroscogﬁ'lg’ have been used P poly yies. They

most commonly. The conductance method examines the dependen %med steady-state transport under dc polarization with no convec-

L ) . ion in the solid polymer electrolyte. For the case of complete salt
gifaii% r:]dlégtrl]\ghycg\?i;a}lst S?ngggﬁgﬁ I,Kstgc?cie;bt?oenng(fes?:nlglg ?;:S dissociation, only cations carry current, and the ion concentration
o form’ ion pairs leads to measured éonductivity values proportionpromes are linear. Bruce and Vincéhextended this classic solution

al to | Kyc,, whereKy denotes the equilibrium constant for dissoci- :ﬂ aﬁﬁg‘;ﬁgt fI%rn fl-nrgi ileigtr:(-)igi :(r:?:rtéccsn Oir;d ar:]c()jnléioe r? CI eiltfgzir grlztde;
ation. MacCallurret al®# used this method to investigate ion asso- 9 9 9

ciation for LiCIO, and LICRSO; salts in PEO. Their data suggest pendent diffusivities. Subsequent wbt® accounted for ion asso-

: : : : jiation in ideal electrolytes. Diffusion coefficients were treated as
}Qﬁ;'%nﬁégs and higher order clusters greatly outnumber the simpl onstant under the assumption of dilute solution theory, but ions

A variety of spectroscopic methéds have also been used to were assumed to associate to form ion pairs as a distinct chemical

identify ion pairs and higher order clusters in polymer electrolytes.S.pec'e.sk']Assloc'at'.On is modeled asha holmogedneouls eﬁ.unlbrlumgeahc-
For example, Mitani and Adachineasured the dissociation equilib- tion wit 0; y cations reactive at the Svicm. es. In this case, bot
rium of LISCN in DMF/PPO using infrared spectroscopy. Absorp- C2lons and anions may carry current. When ion association is strong

fon bands ndcaled the exstence of simle ons, on-pars, andl T POUS S T Mele e caons, o pare Shute e
dimers [(LISCN}], but no triplets. The dissociation constant de- y

most of the current. This rationalizes the low cation transference
numbers seen in relatively conductive polymer electrof@hese

* Electrochemical Society Fellow. models suggest that current-potential behavior can be used to quan-
z E-mail: ploehn@engr.sc.edu tify the extent of ion association. Subsequent experirfentisized
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this sugestion Armstong andNVang’! extended the model of Bce
et al to systems containingwdilent céions.

The pevious models accounbf ion associdon but examine
current-potential behaor only in the limit of small aplied poten
tial. Although the ionic and ion-pair concegiton profiles ae qua
dratic in generl,'” they become linear in the limit of smalpplied
potential. The curent-potential behaor at finite goplied potential
has not been discussed in the &tere. In paticular, the efect of ion
associdon on limiting curent density has not beerxpdored
Scrosdi?? calculaed the limiting curent density in the pgmer
electolyte solution using anx@ressior3® tha is stictly valid only
for stiong electolytes.

Some liteature is aailable?*26which anayzes the limiting cur
rent density ér microelectodes in veak electlyte solutionsAll
this work assumes mioelectodes with small @&a-to-wlume &tios
in semi-infnite electolyte solutions with ions and ion pgin equi
librium. Oldhan?® gave an &act theoetical teament of the limiting
current density ér microelectodes with sphécal symmety for both
unsuppoated and fuly suppoted electolytes. In this angkis, all
species hee distinct difusion coeficients. Pevious anayses?4.25in-
troduced an gpaent difusion coeficient representing anveerage of
caion and ion-pair dfiisivities weighted ly the dgree of dissocia
tion. Depending on the wighting gproad, the gppaent difusion
coeficient may be betveen those of ¢mns and aniorf or greaer
than bott?®

In this work, we develop a @neal model br transpot in poly-
mer electolytes which accountsdr ion associgon. Our aim is to
provide a igorous bunddion tha encompasses @ious mod
els'”19 and bings them to completion.oF this easonwe contirue
to use dilute solution thegt’ to descibe speciesliixes,ignoring
long-range ion-ion inteactions teaed ty concentated solution the
ory.27 Casting the model eqtians in dimensionlessfm identifes
chamacterstic groups thaaid our intepretaion of the mode$ pre-
dictions, especialy focusing on the &ct of ion assoctaon. We
identify limiting-case solutions thaonnect this model with pvi-
ous esults. In adition, we explore the effects of ion assodi@n on
limiting current density curent-potential behaor at arbitrary ap-
plied potentialand efective conductiity at small goplied potential.

Continuum Transport Model

Assumptions—Here we develop a simplifed contimum model
for transpot and eaction of ionic species in poher electolytes.To
simplify the poblem, we invoke seeral assumptions.

1. The domains of the electle and eleatdyte phases (§. 1)
have planar symmejrwith no \arations in the léeral dimensions.

2. The electolyte phase consists of immohil@onreactive poly-
mer, univalent caéions (A"), univalent anions (B), and ion pais
(AB). No suppoting salts a& present.We do not consider higher
order aygregates (tiplets, etc).

3. The poymer concentition is constantThe concengtions
of AT, B~, andAB, denoted B c, c_, and Cp, Vary with position
but not time The total salt concerstion, ¢y, is a knavn, constant
pammeter

electroly_té _
AB«2i 3 At +B-
anode

A->A'+e

Figure 1.An electolyte phase (0 €< L) containingA™, B~, andAB bound
ed by cahode and anode phases.

4. Dilute solution thegr?’ descibes the @nsporof A, B~, and
AB. The speciediffusion coeficients ae defned as dective bina
ry coeficients and a constant.

5. Electoneutelity implies tha at all positions

c, =c_ [2]

6. Equilibium between ions and ion pairis epresented ¥ the
reaction
Kq
AB == At + B~ [3]
where K, denotes the dissotian constant. Consequeyitthe con
centations ofA™, B~, andAB are relaed by

2

Ky = c,c. _cf [4]
C C
P P

with the second equality iaing due to Eq. 2Ve assume thaqui
libration is fast compagd to all other mrcessesThe molar poduc
tion rates ofA*, B™, andAB are relaed by

R, =R = -R, 5]

based on the uvélent stoibiomety implied by the eactions shon
in Eqg. 3.

7. Onl cdions ae electoactve & the electolyte-electode inter
facesWe have

At +e —A 6]

at the céhode locted @ z = 0, and the oppositeeaction athe anode
locaed @ z = L. The net ate of geneation of A™ due to interécial
reactions (supsciipt ¢) is denoted aR; .

8. Combining theegactions in Eqg. 3 and 6 indies thaion pais
may suppy or tale up céions consumed oramested by interfacial
reactionsThis implies thaanions and ion pama be gnegted or
consumed due to intextial eactions.The coresponding net pr
duction etes due to intedcial reactions a related by

RZ = —RJ (7]

These ates ae not diectly relaed toRY, since theA™ appeaing in
Eq. 6 mg come fom ion pais or free cdions.

The rtes of interlcial eactions a fast compard to all other
processes in the systelVe do not ted the case ofifiite electode
kinetics hee.

Transpot equdions—The complete deelopment of gveming
equdions desdbing the tanspot of A", B~, andAB in a polymer
electolyte is gven in theAppendix. In bief, the deelopment bgins
with expressionsdr the component mass balandeg,A-1, simpli-
fied in view of assumptions 1-3. Equililmm among the arious
species in solution and the stoiemetry of surface eactions lead to
further simplifcations. Specitally, the analsis shavs thd the
anion fux must be balancedyba countefiix of ion pais & every
location in the elecwolyte. Assumption 4 intnduces gpressions dér
the fuxes in tems of concenation and potential igdients as il
as the total ionic cuent. Fnally, a mass balance on elemeit
relaes theA™ andAB concentations to the nominal salt concemtr
tion cy. The derelopment poduces aifst-oder diferential equéon,
Eq. A-9, with Eq. A-10, providing the intgration constant. Equa
tion A-7 can then be sobd for the potential disifoution.

For corveniencewe cast EgA-7, A-9, andA-10 in dimension
less brm. Defning the dimensionlessavables as shon in Table 1,
these become

b 1 aC, ac,

i ] | I | Fe 8

0z C, oz AP 57 (8]
aC aC

21, = a_z+ + HpSHAC+0—2+ [9]
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Table |. Dimensionless griables and goups.

Variables Physical meaning
Z=17L Dimensionless position
Ci =clcy Dimensionless conceiation of species i
d = F$/RT Dimensionless potential
Groups
_ g1 1L Dimensionless ion-pair difsivity
Tls = DF’ED+ + D F relaive to“salt” diffusivity
I = & Dimensionless ion-pair difsivity
pa h :
D_ reldive to tha of anions
m =% Dimensionless ion-pair assoticn
A K d constant
= ! Dimensionless cuent densit
' 4D, GF/L 4
and

! 2
I (c+ + HAC+)dZ -1 [10]
0
after using Eq. 4 toefde c, to ¢, Table | provides the deitions
and plysical intepretaions of the dimensionlessaups ppeamng
in these equans.

Generl analtic solution—After specifying the dimensionless
groups as imable |, Eq. 8 and 9 can be seld anagjtically for & and
C..We find

c —1+ L+ 2001, (21,2 + A)
" T,

(11]

as long adl s # 0 andll, # 0. The quantityA is an intgration con
stant calculeed using Eq. 10.d¥ the elecic potential we obtain

—1+ 1+ 2001, (214, Z + A)

® =In “‘
—1+ 1+ 20l A

+ %[Jl T 2N, (21,2 + A)

— L+ 2 dLA] [12]

We have arbitarily set® = 0 & Z = 0. The dimensionlesofm of
Eqg. 4

2
C, = I1,C?

provides the dimensionless ion-pair concaitin C
the limiting casesdr I[1,s— 0 orll, — O later.

Both cdions and anions car current. The fraction of curent
caried by céions,f,, is defned as

f oo N PN
+

Z zN; '

(13]

o We consider

(14]

Substituting Eq. 6 and 7 into Eg. 14 and making #wilt dimen
sionlesswe obtain

f, = zinl(l + HAHpaq)a&

0z [15]

OnceAis known, f, may be calculted from Eg. 15 and 11.

The potential dvp acpss the electlyte is most coveniently ex-
pressed in tens of the con concenttions d the cghode C, . =
C+|Z:0) and anodeQ, , = C,[,—.), both eadiy calculded from
Eq. 11.The dimensionless potentialagr acoss the eleatlyte is

Oc, 0
AD = D) — P(0) = Ing=2q+ 20111, (Cy — Cye 6
@ ) nﬁcg Hp N(en +c)  [16]

This is elaed to the dimensionlespplied potentiaAV through

AV = AD + AE [17]
where AE, given by
AE = InCra (18]
+C

represents the potential @eoped aavss the cell due to concestr
tion polaization. All potentials ae made dimensionlesy lividing
by RT/F. Equdions 16-18 combine toige

oc, 0
AV = 2Inp=2n+ 211 I (C,, — C ) = AV, + AV, [19]
HCE Hpa A~ta +c

as the pplied curent equired to obtain the spe@fl ionic curentl.
In the Dllowing anaysis, it is helpful to dvide the @plied potential
into two pats, AV, andAV,, corresponding to the twvtems adled
in Eq. 19.The frst pat, AV,, would be obsefed in the bBsence of
ion associgon and accountsof ionic migation and concendtion
polaiization. The second p&rAV,, occuss due to ion assotian and
develops due to the ddiional ionic fux needed to maintain equitib
rium among fee ions and ion par

Limiting curent density—An altemate solution sheme can be
used to compute the limiting cent densitydenoted adl, j;, in
dimensionlessdrm. At the limiting curent density C, becomes
zero & the cghode

[20]

Instead of specifying the aent and thugl,, we use Eq. 20 as the
bounday condition to obtairA in Eq. 11.After substituting Eq. 11
into Eg. 10 and ingrating, we can sole for IT; = IT, jiq,.

Results and Discussion

Limiting curent density—Figure 2 illustetes the dpendence of
limiting current density [, ;,,) on the elaive diffusivity of ion pais
(II9 and the dgree of assoctén (I1,). In geneal, if ion associa

Z=0:C, =0

7
>
s 6
c
8 5
s 4
|
3
o 3
e
s 2
E
a4 1

0

o 3 6 9 12 15

Relative lon-Pair Diffusivity

Figure 2.Dependence of limiting cuent density K, ,,) on the eldive dif-
fusivity of ion paiis ([Ipg) and the rtent of ion assoctan (I1,, values shan
on the ight).
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tion occus (I, > 0), the limiting curent density inaases with the
ion-pair difusivity. Additional insight mg be gained ly consideing
several limiting cases befre further discussion ofeneal trends.
Immobile ion pais—If ion pairs have no mobility {I,s = 0), Eq. 9

simplifies consideably. Integration and use of the boun(yacondr
tion Eq. 20 yields

Cy =2, jmZ [21]
Substitution into Eq. 10 and igtion gves
411 1'[I im + 3 jim —3=0 [22]
For the case of complete salt dissticia (I1, = 0), we findIT, i, =

1 and },, = 4D, Fcy/L as epectec??23 Obviously, in the dsence
of ion pais, H|,um must be indpendent ofll,s The coresponding
curve (I, j, = 1 forII, = 0) can be seen inig: 2.

For the case of |mmob|Ie ion pal(ﬂps = 0) with finite ion asse
ciation (II, > 0), Eqg. 22 has the solution

. _ -3+ |9+ 48,
Lim = = o1 v

8l,

The limiting curent density deeases with in@asing assodi@n of
ions as immobile ion padrThis trend is seen in theweer left cor
ner of Ag. 2.As II, — «, Il i, = O, shawing tha the electolyte
does not cay curent in this limit.

Mobile ion pails with stong associton—When ion pais ae mobile
(II,s> 0)and ion assodian is stong (1, >> 1), Eq. 11 has the lim
|t|ng form

(23]

c - \/2(2H|,,imz + A 24

bl pSHA

To calculae the limiting curent densityEq. 20 seres as the bourd
ary condition,yielding A = 0. Substituting this into Eq. 1ﬁa;jlect-
ing C, compaed toll,C2, and int@rating lead toll, i, = 1/2Hp,S
and i, = I1,{2D Fcy/L). This result is the uppemost cuve in
Fig. 2. In thls casethe limiting curent density deends onl on the
diffusivity of ion pairs relative to the werage diffusivity of caions
and anions.

The \alues ofll, ;,, > 1 ae paticulady notevorthy. In geneal,
IT, represents theatio of the curent density in a p#cular case to
the limiting curent density with complete dissotian. Values of
IT, > 1 indicde the pasg® of a higher cuent density than can be
adhieved when the ions & completel dissocided

Mobile ion pails with“a verage” diffusivity—Whenllps = 2,D, =
2D.D_/(D; + D_) accoding to the dehition of Il indicaing
that the ion-pair difusivity equals thé'average” salt difusion coef
ficient representing a compmise betwen anionic and tanic dif-
fusivities 27 At the limiting curent densnysubstltutlngﬂps = 2into
Eq. 11 and using the bounglazondition Eq. 20 iyes

—1+4 1+ 81T, jjmZ

C, =
+ 211, [25]

Substituting this into Eq. 10 and igteting producell, ;,, = 1. The

electolyte has a constant limiting gent density equal to than the

case of complete dissotiian, regardless of thex@ent of ion paiing.

Despite the xistence of ion pa#, the electolyte behaes just as it
would without ion paing. This case isapresented Y the point in
Fig. 2 where all the cwes intesect.

Genenl trends—Geneally (Fig. 2), the limiting curent density
(I, jim) increases with ion-pair difsivity (Ilg). lon pais piovide a
pamllel mehanism br transpoting caions from the anode to the
cathode The countettbw of anions cates pat of the equired ionic
current.As I1 ps increasesthe fraction of curent caried by cdions
deceases and ion-pairtnspot domindes.The efect of \arying ion
associgion (II,) onll, i, depends on Wwetherll,sis moe or less

than 2When ion pais ae less mobile than tHaverage” salt diffu-
sivity (Ilps < 2), I, i, deceases with in@asingll,: Physically,
|ncreasmg ion assodian efectively binds c#ons into less mobile
ion pais and the eleabtyte cannot pass asuth curent. Equéon
23 represents the limiting casesult br immobile ion pas.

Whenll,s > 2, the conerse is tue:increasing assodian pro-
duces a lager rumber of moe mobile ion pas andTl, j,, increases.
Strong ion assoct@n leads to limiting cuent densities thanay be
several times lager than dund in the case of complete ion dissecia
tion. This implies thaion associgon may have favorable conse
quencesdr electolyte perbrmance under ca&in conditions. Br
examplg Camepnet al®claim tha D, may be smaller thab, due
to stiong inteactions betwen céons and electmegative @oms in
the poymer host.Thus, values ofIl,s > 2 ae plausite. In suh
casesthe limiting curent density mga be inceased § choosing
salts vhich tend to 6rm ion pais. This condusion nust be teaed
cautiousy, however, because the psent angsis does not account
for higher oder dustess tha may have lover mobilities.

Concentation and curent fraction distibutions—Effect of ion
associgon.—In order to undestand the cuent-potential behaor
descibed in the ngt section,it is helpful to consider in detail the
effect of ion assoct@®n on concenttion distibutions and the &c
tion of curent caried by caions (Rg. 3). Equéions 10,11,and 12
indicae thd the concenation and potential distiutions ae inde
pendent of the ion paanion difusivity ratio, I1,, Figure 3 pesents

results or ion pais thd have relaively high mobility ITps = 10,in
20 T T T T
16 | @ 2X1 7
12 [ .02
08 [ 0.2 .

Cation Current Fraction |on Pair Concentration Cation Concentration

0.6

0.8
Dimensionless Position

0.0 0.2 0.4

Figure 3.Effect of ion assoctan (I1,, values on theight) on dimension
less concendtion profiles of (a) cdons,(b) ion pais,and (c) the faction of
current caried by caions for II,s = 10 andll, = 1. For the c#ion curent
fraction,we also hae I1pa = 0.1.
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order to amplify the most sigmifant tends.We also ix the curent
density all, = 1.

In the @sence of ion assotian (1, = 2 X 107%), the caion
concentation profile (Fig. 3a) is linearfalling fromC_, = 2.0 d the
anode to ero & the cghode sincdl, = 1 is the limiting curent der
sity under these conditionall the curent is caried by caions
(Fig. 3c).As ion associton (I1,) increasesthe ion pair concerdf
tion increases (ig. 3b),and the cuent fraction caried by cdions
falls (Fg. 3c) 4 all positions within the eleailyte, as expected The
average cdion concentation deceasesas well, but the dpendence
of the caéion concentation distibution onll, is more complicéed
The cdion concentation & the anode deemses contimusl, but
the caion concentation goes though a maxiram bebre falling.

Since ion pas hare high mobilityion assocition creaes a acile
mechanism or shuttlingA™ (within ion pais) from the anode to the
cathode and cuent (B™) in the opposite déction. for I1, > 0, the
limiting curent density inaases (ig. 2) to a alue geaer than ong
because mobile ion paircan suppl adlitional cdions. Thus, the
cdion concentation & the cahode initially increases with in@as
ingI1,.AsIl, increaseslaove unity the equilibium shifts fom free
cations to ion pais & all positions so thathe céhode céon con
centation goes though a maximam.

Figure 3c shws tha the cdion curent fraction, and thus the
cation flux, is not constant aoss the electlyte, at least br inter
medide values ofll,. In fact,f, has its geaest \alue & the cahode
This indicdes thacycling of ion pais occus, at least in pat, due to
associdon and dissoci#on in the elecwlytic solution.

Effect of difusivities—When ion associin is signifcant,the ion-
pair diffusivity (relative to the salt difisivity) has a swng influence
on the cdon and ion-pair distbutions. In the bsence of intec
tions with the pgtmer hostone might &pectll,s = 2. Hovever, if
the poymer host binds either tans or anionsthe coresponding
diffusivity becomes smaliso tha Ilps can become lge. Here we
consider the case of strg ion assoctan (II, = 200) and a mod
erate curent density I, = 0.5). Under these conditionsost of the
cdions ae bound in ion pa# so thathe ion-pair difusivity deter
mines the hility of the electolyte to cary curent.

For a eldively low value of ion-pair diusivity (IIps = 1), the
valuelIl, = 0.5 is just bele the limiting curent density (f§. 2).
Although the merage ion-pair concendtion (Fg. 4b) is nuch high
er than the déon concentation (Hg. 4a),caions still cary virtually
all the curent (Hg. 4c). Both the d#on and ion-pair conceration
profiles maniest step gradients. Hwever, because anions egr
almost none of the crent, the step ion-pair gadient is simpt a
consequence of equiliiion with caions and anions. In this case
strong ion assocten deally has an agkrse impact on thebdlity of
the electolyte to cary curent.

Doubing the ion-pair difusivity (to ITps = 2) relaxes all the con
centetion gradients since the imposed aent density is ol about
half of the limiting \alue The fraction of curent caried by caions
falls by almost 50%As ion pais become mar mobile they play a
more impotant iole in tanspoting A from the anode to the ttede
and the counteldx of anions caies an inceasing faction of the
current. Both cdion and ion-pair nspot medanisms conibute to
the conduction of cuent in this case

Further inceases in the ion-pair difsivity shift the balance
toward the ion-pair conduction mianism.The concenttion pro-
files becomelét due to the lage relaive mobility of ion pais. The
current fraction caried by caions is almost indgendent of position
and is iversely propottional to the ion-pair difisivity. We also ind
(results not shen) tha f, increases linedy with Iy

These tends can be pdicted anaftically. For stiong ion assoei
ation (I, >> 1) withITpa = O(1), we hare C, << 1 andC, = O(1).
The frst-tem in Eq. 15 can be géected leaving

1,11 aC
f, = Pc, —
oo, Tz

Also assuming thdl,s = O(1), Eq. 11 educes to

(26]

c, - “;2(2H,Z + A 27
Vel
Substitution into Eq. 26iges
I D.
fp=—f=—7— [28]
M Dy +D_

The popottionality of f, to [I,;and 1Iysconfirms the tends men
tioned edier. In adlition, f, reduces to the dieftion of the tans

ference mmber under these conditions. Wiwer, low caion trans

ference mmber does not implpoor perbrmance wen ion associa
tion is stong and ion pa#r have high mobility

Current-potential cuves—If cations associ@ with the poymer
host,cations should hee a laver difusivity than aniond? The real
issue is the difisivity of ion pairs relative to cdions and anion#\s
suggested ly Cameon et al,»® we consider ion pairtha are less
mobile than aniond.¢., 0 <IIy,< 1). We explore the efects ofll,
I1,, andIIy, on curent-potential behaor.

Equal difusiities—For the case ollps = 2 andIlp, = 1, all
species hee equal difusivities. Fgure 5 shavs tha regardless of the
stae of ion assoct#on, the limiting curent density eates the »-
pected alue (I, j, = 1) as potential dip inceases. Ean though all
species hae the same difisivity, the potential dyp required to
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Figure 4.Effect of elaive ion-pair difusivity (Ilps values on theight) on
dimensionless conceation profiles of (a) céons, (b) ion pais, and (c) the
fraction of curent caried by caions for I1, = 200 andIl, = 0.5. For the
cdion curent fraction,Ipa = 1.0.
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Figure 5.Effect of ion assoctan (I1,, values in igure) on curent-potential
behaior for Ilps = 2 andllp, = 1.

adieve a paticular curent density (sg I1, i, = 0.5) inceases with
the dgree of ion associen. This can be xplained in tems of the
concentation profiles and the tw contibutions toAV (Fig. 6) as
defined in Eq. 19When ion associ@n is lov (II, << 1), cations

cary most of the cuent (Rg. 3c),and the con concention ga-

dient is step (Fg. 3a).The caion flux from the anode to the tta

ode indudes difusion and miggtion contibutions tha have the
same sign and arof compaable manitude Because the difsive

flux is laige, the potential dvp tha drives migation remains ela

tively low.

As ion associ@gon increasesion paiis shuttle caons to the cti-
ode and anions cay the curent as thg move ba& toward the
anode As the céion gradient elaxes with inceasingll, (Fig. 3a),
the coresponding conifpution to the potential dp, AV,, deceases
(Fig. 6).The anion concerdtion and gadient also deease (k. 3a,
C_ = C,), but the anionlfix must be equal and opposite tottbé
ion pairs accoding to Eq.A-5. The potential drp thus inceases to
drive the migation of anions fom the c¢hode to the anoddigure
6 shavs the conibution to the potential dp, AV,, associged with
this medanism.

Figure 5 also shws thd at constant pplied potentialthe curent
density deazases as ion assaiim increasesThis result is in accar
with our intuition,at least vinen all species ka equal difusivities.
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Figure 6.Effect of ion assoctian on potential dwp for IT,s = 2,11, = 0.5,
andIlpa = 1.

Highly mobile ion pais—For highly mobile ion pais ([Ips = 10),
the curent-potential behaor is moe comple& (Fig. 7). The limiting
current density in@ases with ion assotian as seen el@r in
Fig. 2. The potential dyp required to obtain aigen curent density
(say, I1, = 0.5) ges though a mininum with inceasing alues of
IT,. Likewise at constant pplied potentialthe esulting curent
density displgs a maxinum. This behaior can be gplained ly the
medanisms intoduced edier with allovance 6r the difering dif-
fusivities of the species.

For IIps = 10 andllpy = 0.1,anions ae ten times ma mobile
than ion pais, and ion pais ae 9.9 times ma mobile than d#ons
(IIps = IIpa + Dp/D.) accoding to the dehitions of dimensionless
groups inTable I). As the equilibium shifts tavard ion pais with
increasingll,, the caéion gradient,flux, and potential dving force
AV, (Fig. 8b) all decease The moe mobile ion pas do not equire
as step a concenttion gradient to tanspot caions acoss the elec
trolyte. The anionsbeing 99 times marmobile than déons,require
only a modeate increase in potential dp to gneste a suficient
flux bak toward the anode (coribution AV,, Fig. 8b). The total
potential dop & fixed curent density thusags though a mininam
as ion assocten increases (ig. 8a).Alternately, at fixed potential
drop, the ion pair/anion shuttle grides a paallel metanism tha
contiibutes to the total cuent density a$l, increasesat least int
tially. At large I1,, however, anions become sa and the cuent
density &lls of.

With increasingllp, anions become less mobilelaive to ion
pairs. As ion associgon (II,) increases in this caséhe potential
drop must incease ma steply to diive the equired anion fux.
This shifts the minimam in the total potential dp (Fg. 8a) to laver
values ofll, asIIpaincreases.

Electolyte conductiity—The conductiity of a polymer elee
trolyte can beeadily measued and used to inditmthe occuence
of ion assocition. An effective conductiity, o, has been dafed!’
as the atio of curent density to potential dp [I/(AV/L)] in the limit
of small gplied potential. Diiding by the salt concerdtion and
making curent and potential dp dimensionless yields

A
4D,F?/RT AV

as the dimensionlessffective molar conductity (A is the dimen
sional countgrart). FHgures 5 and 7 sho linear curent-potential
behaior for I1, less than lout 0.1,indicating tha A is indgpendent
of applied potential wen the I&er is small.

Figure 9 shws the dpendence of\ onIl, for various \alues of
ITps andIlpa If we assume a constardlue of the dissocin cor

A= [29]
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Figure 7.Effect of ion assoctan (I1,, values in fgure) on curent-potential
behaior for Ilps = 10 andllya = 0.1.
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stantKy, thenll, = cy/K4 can be vieed as a dimensionless salt eon
centetion. In the limitII, << 1 (dilute salt or lage dissocition con
stant),A reades the constanlimiting value of 0.25 thiawe expect
for full dissociion (Eq. 29 withA = D,F%RT). As Il, increases,
A manifests a distinct maxiom as long a$l,s > 2. The maximal
value of A increases with in@asingllps (Fig. 9a) and deeasing
ITpa(Fig. 9b).As I, becomes laye, A falls tavard zero indegpendent
of Ilps andIlpa.

These esults can be eagilrationalized WhenIl,s = 2 and
ITpa = 1, all species hae the same difisivity. Increasingc, (or
deceasingK,) leads to thedrmation of moe ion pais than simple
ions.The conductiity, on a molar basishus deceases contumous
ly. WhenIlIps> 2,the molar conduatity initially increases witdl,
due to the drmation of ion pais thda are moe mobile than simple
ions.The paallel medanism involving ion pais en&les the pasgg
of a geder curent d the same @plied potentialThis also gplains
the incease in the conduetty maximum withIlps (Fig. 9a). Futher
increase oll, ultimately deceases theldlity of anions to cawy the
current.The anion concerdfion deceasesand the pplied potential
must incease to maintain awgen curent density (as discussed-ear
lier with regard to Hg. 7 and 8)leading to the deease inA. As
anions become less mobilgldive to ion pais (inceasingllpy), the
applied potential rast incease in ater to maintain a spe@f cur
rent densityFor this easonthe molar conductity deceases aBlpa
increases (ig. 9b).

Figure 9b also shes epeimental d#a* for the dimensionless
molar conductiities of LiClIO, and LICRSO; dissohed in end-
cgoped PEO To male the conductity data dimensionlesswe
assumed aalue ofD, = 2 X 10~ 2 m%s, so tha the \ertical post
tion of the déa in Fg. 9b is completgl arbitrary. The dimensionless
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Figure 8.Effect of ion assoctian on electolyte potential dop for [1ps = 10,
I1, = 0.5, and \arious \alues ofllp, (right side of ed): (a) total potential
drop, AV and (b) conibutions ofAV; andAV, as deihed ty Eq. 19.

salt concenttions ae expressed as the @duct of the gpeimental
molal concengtions and assodi@an constants (in molal units) esti
maed ky MacCallumet al? from their conductity data. Thus,the
horizontal position of the da in Hg. 9b has been detamed inde
pendenty. This compaison suppds the viev* tha the step de
crease in molar conduetty can be #ributed to thedrmation of ion
pairs and the deletion of daige-carying simple ions edimension
less salt concerdtions well above unity The uptun in theA daa &
higherIl,, not seen in the modelgutictions,may be due to theoi-
mation of chawged tiplets and higher adier dustess, resulting in a net
increase in bage cariers. Alternaely, the incease mg be elaed
to long-lange ion-ion inteactions (leading to conceation-depen
dent difusivities) or other d&cts not teded in the model.

Condusions

Our thoough thecetical ana}sis of the dect of ion associ@n
on transpor in a solid poymer electolyte reveals inteesting beha
ior tha had not been full elucidded ty previous modelsAt rela
tively low gpplied potential and ctent densitythe model pedicts a
maximum in the molar condugity. Increasing ion assodian gen
erates ion pais tha can shuttle dions from the anode to the tbede
with the curent caried by the anion countdrix. As long as ion padr
have relaively high mobility this inceases the crent density Ba
given gplied potential as all as the molar conduetty. However, a
further incease in assodian reduces theailability of anions; to
achieve a gven curent densitythe gplied potential rast incease
significantly so thathe molar conduatity ultimately deceases.

The same #nds ae evident d arbitrary values of the cuent den
sity. If ion pairs hare a difusivity compagble to those of dions and
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Figure 9.Dependence of dimensionless molar conditgtion dimensionless
salt concenttion (I1,) for various \alues oflIys andIlpa (@) varying values
of IIps with I1pa = 1 and (b) arying values ofllya with IIps = 10. Symbols
denote gperimental daa for (M) LiClIO, and @) LiCF3;SO; dissoled in
end-cpped PECH
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anions,then ion associen increases the potentialajy required to
drive a gven curent density or deeases the crent density thiacan
be obtainedtaa gven potential dvp.

On the other handon associdon may offer an oppdunity for
enhanced pesfmance if ion pas hare a difusivity that is lage
compaed to céions.The limiting curent density inaases with the
degree of ion associ®n in this case and mabe seeral times
greaer than the limiting cuent densityéund in the full dissocti&on
case At a fixed potential dvp, the curent density ges though a
maximum as ion assodian increases.

These esults sugest a mmber of stategies for improving the
performance of solid pgimer electolytes. If ion assoctan occus,
current density can be maxingd if the ion pair dfuisivity is large
compaed to céions and small compad to anions. In this sittian,
promoting ion associen can incease condugtity and curent den
sity. However, we expect a point of diminishingetum due to thedr-
mation of higher oder dustess with lower diffusivity.

For ary salt/electolyte system of intexst,one shouldifst try to
quantify the gtent of ion assoctan. No single peliiment, ana
lyzed in conjunction with the psent modelgan do thisAssuming
tha we knav the adled salt concerdtion ¢y and can measerthe
current densityl, the model imolves thee dimensionlessrgups
(ITps Ipg I1,) dependent ondur experimental paametes O, D_,
Dy, Ky Cleaty, additional information is needed

If we have an indpendent alue ofD,, a measwment of the
limiting current densityl;;,, gives a apid indicdion of ion associa
tion. Recall thall, i, = Ijn/D.. If 11, i, > 1, Fig. 2 indicdes tha
ions associ@ into ion pais with relaively high difusivity; the con
verse is tue for I1, i, < 1. Hawvever, this quik test cannot distin
guish betveen high leels of assoction into ion pais with moder
ate mobility vs low levels of associ#on into pais with \ery high
mobility. If IT, i, = 1, we cannot tell if ion assodian occus, but it
does not mier since the ion-pair difsivity cannot difer from the
average salt difusivity in this case

A more quantitdve anaysis requires adlitional indgpendent
information. For example it would be helpful to ha&e measwed \al-
ues br bothD, andD_. In this situéion, measuements offI, ;,
andA (coresponding to measements of at the limits of high and
low applied potential) can be used to detére \alues oDp andK.
In graphical tems,we would use the measaat \alues offl, ;,, and
A with Fig. 2 and 9b to detminell, andIlps The model equ#ns
could be soled diectly for the two unknavns. It mg be possite to
obtain bothD, andD _ using some combitian of pulsed-ield ga-
dient rudear magnetic esonance (NMR3}3:29-31 the Hittorf
method® or other tebniques32 One nust be cautious to ensutha
ion associaon does not cowiund the integretaion of the déa from
these telaniquesAlternaely, it may be possile to use ac impedance
expeliments to yield inbrmation tha complements dcxpeliments.
We ae curently developing a model thzaccountsdr the efect of
ion associfion on ac impedance spextr
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Appendix

Transpot Equdions

Based on assumptions 1i{Be component mass balances can ke wr
ten as

- N )
0=-——1+R [A-1]

with i = +, —, andp comesponding t&\*, B~, andAB, respectrely. Using
Eq. 5,the anion and ion pair mass balances can be combinéeeto g
d
—(N, + N.)=0 A-2
62( P ) [A-2]

The component jump mass balarfes the cahode educe to

943
z=0:N;=R’ [A-3]
fori = +, —, andp. As a consequence of Eq.Wwe hae
z=0:N,+N_=0 [A-4]
Integration of Eq.A-2 using EqA-4 as the boundgrcondition gves
N, +N_=0 [A-5]

everywhere. Thus the anionlfix must be balancedyba countetfix of ion
pairs & every locéion in the electlyte.

In addlition to gadient difusion, the electic potential feld ¢ forces
migration of chaiged component& * and B-. Based on assumptiondijute
solution theoy provides the molarlfix expressions

D-& _ DizFG 0¢

N; = =D,
0z RT o0z

[A-6]

fori = +, —, andp. The ion-pair @lence is er. Using Eq. 24, andA-6,
Eq.A-5 becomes

Fe, 06 _ de. Dy a(e/ky)
RT o0z 0z D_ 0z

The ionic curent density in the pgimer electolyte depends on theldix-
es though

[A-7]

I = —Z ZN; = —F(N; — N_) = —=F(N, + N)

with the second equality empiog Eq.A-5. For the case of complete disso
ciation with N_ =N, = 0, the ionic curent fows in the same diction as
cations. Substitutingléixes fom Eq.A-6, using Eqg. 4and eliminding the
potential gadient with EqA-7, we find

[A-8]

D+ Da(ci/ Kd)

|
—_—= —_ +

F a "El
For a gven \alue of the cuentl, this first-order equéion can be sokd ana
Iytically to detemine the ction concentation distibution.

We require one aditional constaint to detemine the intgration con
stant.A mass balance oA

(A-9]

J'L(CJr + ¢p)dz = ¢l [A-10]
0

relates the cion and ion-pair conceratiion profiles to the nominal salt cen
centgtion ¢o. Equaion 4 can be used txpressc, in tems ofc,.

List of Symbols

salt concengtion, mol/cn?®

concentation of species imol/cn?®

dimensionless conceation of species i,C; = ¢j/c,

diffusion coeficient of species igmé/s

dimensionless potential fifrence aarss the eleatdyte due to con
centition polaization

Faraday’s constant96,487 C/mol

fraction of curent caried by species i

cument densityA/cm?

equilibrium constantdr salt dissocigon, mol/cn?

thickness of the eleaityte phasecm

flux of species imol/cn? s

gas constant)/mol K

rate of geneation of species i via hongeneous eactionsmol/cn? s
total dimensionless potential fifence aarss the electlyte
dimensionless potential éfrences defied in Eq. 19

position in the electiyte reldive to the cthode cm

valence of species i

dimensionless positioZ, = z/L

Greek

dimensionless &ctive molar conductity

dimensional counteatt of , S cn/mol

electic potential vV

dimensionless eledtr potential, ® = F$/RT

dimensionless potential @éfrence aarss the eleatdyte defned as
AV — AE

dimensionlessmups as défied inTable |

effective conductiity, S/cm
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B>00
m=
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