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* Modeling of Galvahéstétic’Chargé and Discharge
of the Lithium/Polymer/Insertion Cell

Marc Doyle, Thomas F. Fullér, and John Newman

’

' Abstract

The galvanostatic charge and discharge of a lithium anode/solid
polymer separator/insertion cathode ceil is modeled using concentréted
solution théory. The model is general enough to include a wide range of
polymeric separator.maﬁérials, lithium sélts, and composite insertion
electrodes. Insertion of lithium into the active cathode material is
simulated using superpoéition, thus greatlj simplifying the numerical
calculations. Variable physical properties are allowed for in the
mbdel. The results of a simulation of the charge/dischargé behavior of

the Li|PEO —LiCF3SO3|TiS2 system are presented. Criteria are estab-’

8
lished to assess the importance of diffusion in the solid matrix and
transport in the electrolyte. Consideration is also given to various-

procedures for optimization of the wutilization of active cathode

material,



Introduction
There has been a lot of interest recently in the use of thin-film
rechérgeable batteries for electric-vehicle applications. Several
groups ‘have developed and tested rechargeable cells inéorporating a
lithium anode, solid-polymer-electrolyte separator, and a composite
cathode consisting of an insertion material’mixed with the solid-polymer

elect:rolyte.l_4

Generally, large energy densities are predicted for these célls
from theoretical calculations. In addition, the reversibility and lérge
selection of materials makes insertion compounds attractive for the
cathodic process.5 Another advantage of this system is the relative
safety and durability afforded by the solid separator in comparison to a
liquid electrolyte.6.The high reactivity of the lithium anode may be a
significant problem; however, there is much evidence that a protective
film is formed on the electrode similar to that in nonaqueous liquid
electrolytes.7 To date, experimental cells reported in the literature
are quite small. The development of a detailed mathematical model is
important to the design and optimization of 1ithium/polymer'cells and

critical to their'scale-up.

There have been few previous modeling efforts of thin-film solid-
state baﬁtery syétems using insertion electrodes. West et al.8 treatéd
insertion into the composite cathode with porous electrode theory,
modeling the electrolyte and active cathode material as superiﬁposed
continua without regard to microscopic structure (the separator was not

included). Transport in the liquid electrolyte phase was described with

dilute solution theory including diffusion and migration. The insertion



'procéss was assumed to bevdiffusibn-liﬁited; and hence charge-pransfer
resistance at the interface between electrolyte and active matefial was
neglected in West’'s model. Data for the open-circpit potential versus
the amount of lithium inserted were used to relate the surface concen-
tration of lithium in the solid matrix to the electrolyte concentrafion

in the solution phase.

While dilute solution theory has many useful applications,. an

- incorrect number- of transpoft properties is aefined because only
interactions between the solute and theb solvent are considered. In
fact, investigations of the mechanism of conduction in these electro-
lytes héve concluded that ion pairing and ion association are impor-
tant.'9 Thus, the more complete concentratéd solution theory 1is

appropriate.

Furthermore, the more rigorous theoreticai framework of concen-
trated solution theory provides greater flexibility over ailute solution
theory in accounting for volume changes and polymer flow. One may also
wish to include additional speciésvin the'polymer phase, such as a low-
molecular-weight polymer phase or a second lithium salt. Treating these

.complexities is straightforward with concentrated solution theory.

There are limited data availaple on the kinetics of the charge-
transfer reaction at the s@rface of insertion compounds. Pollard and
Newmanlo have shown>that the assumption of infinitely fast kipetips for
a porous electrode will lead to a spike in the local current density at
the separator/cathode interface at shprt times. vAssuming infinitely
fast kinetics also changes the nature of the governing equations. We

wish to keep the model general so that the kinetics of the cathode can



be included when data are available. Consequently, a charge-transfer

resistance will be assumed in the present model.

An important objective of this model is to be general enough to
include the full range of materials currently ﬁsed in
‘1ithium/polymer/insertion systems. This should allow us.to assess the
pefformance of this class of battery-systems in general and to.establish
guidelines for their optimization. Also, when data on a parﬁicular sys-
tem are available, Qe_can provide specific guidelines on cell configura-
tion, assess the effects of kinetic and transport limitations, and

evaluate the performance of the system.

Model Development

We have choseﬁ to model the galvanostatic charge/discharge behavior
of the cell sandwich shown in figure 1. We consider one-dimensional
transport from the lithium anode through the polymer separator into the
composite cathode. It is desired that the. most important phenomena be
treated without introducing undue comple#ity. Consequently, film forma-
tion at . the lithium/polymer interface and volume changes duringropera-

tion will be ignored.

The separator consists of an inert polymer material that acts as
the solvent for a lithium salt. Several polymer and salt combinations
with widely varying properties have been considered in the literature.11
Transport in the sepérator will be modeled with concentrated solution
theory, assuming a binary electrolyte and a single-phase polymer sol-

vent. Thus the electrical conductivity, the transference number of the

lithium ion, and the diffusion coefficient of the lithium salt charac-



lithium foil _ ' composite
anode o : cathode

polymer
electrolyte

Figure 1. Lithium/polymer cell sandwich, consisting of
lithium-foil anode, solid-polymer electrolyte, and
composite cathode.



terize transport in the polymer. 'Sincé each .of these properties has
been shown to be concentration dependent, variable physical prdperties
will be treated in the model. This macroscopic approach, using concen-
trated solution theqry and variable physical properties, allows one to

deal rigorously with the transport phenomena. .

. 12 ..
In concentrated solution theory (see Newman "), the driving force

for mass transfer is the gradient in electrochemical potential.

¢V, = ,z,‘Kij(vj_vi)’ . (1)
J=i

ij=Kji) are frictional coefficients describing interac-

tions between species i and j. For a solution of a binary salt (e.g.

where the K. . (K
1]

LiX) plus solvent (polymer), because of the Gibbs-Duhem equation, we
have two independent transport equations of the form given in equation
1. If we use the polymer as the reference species and take its velocity

to be zero, we can invert these equations to obtain:

\
1e) -
N+ = — V+DVC + n‘,
“+
and
10
N =- v DVc + —. (3)
- - z F

¢ is the concentration of the lithium salt'electrolyte'(c = ci/ui). The

Kij’s can be related directly to the three measurable transport proper-

ties D, tg, and n.l3

’
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A material balance on the salt in the separator is then given by:

0
i vt (c)
%% - V-[D(C)Vc] - 22 - (4)
+ +
s s . . . . 12
The variation in potential in the separator is calculated from:
dln £ s to(c)
. + .
i = - x(c)ve, - R(CIRT]) | 2= ¢ = |vin e, (5)
2 2 F dln ¢ | |nv z v .
+ + +
where &, is measured with a lithium reference electrode. If data are

2

available, the variation of the activity coefficient of the salt is

included in this equation.

At the lithium anode (x=0), a charge-transfer reaction following .

- Butler-Volmer kinetics is considered to occur. Following Sequeira et .

al.,l4 the reaction at the anode is assumed to take the form:
. S -
i+ Z21Li—8 + e |,
: P %

where Gp represents a site in the polymer lattice. This corresponds to
an equilibrium between occupied and wunoccupied lithium sites in the
solid-polymer lattice. We can then use the exchange current density

data obtained by the above authors for this reaction.
.The general form of the kinetic expression is taken to be:
I=1 ex 2215251 _ exp |- gEliZEl . (6)
ol|®*P RT P RT ) '

I is the superficial current density of the cell, and n41 is the local



value of the surface overpotential{

ng = 2, -8, - U . _ (7)

Ul’ the theoretical open-circuit cell potential, is zero. The exchange

current density takes the form:

(o4

al Eacl
iy = F(k_) (k) [c

o max C]aal (C)ad . | ®
The total number of sites available in the polymer 1attice>is taken. as
the solubility limit of the lithium salt, denoted by Coax- Ihis value
is given in Appendix A forvone particular lithium salt/polymer combina-‘
tion. It should be noted that the current model is easily ﬁodified to
account for a simplé charge-transfer process, as would be expected with
a liquid electrolyte, for example. However, the experimental evidence

currently available supports the above reaction stoichiometry for poly-

mer systems.

The potential of the solid lithium phase is arbitrarily set to zero
at this boundary (x=0). The other boundary conditions include the flux

of lithium ions equaling the net transfer of current at the interface:

I
N+ =-F at x = 0, 9)

The flux and concentration of each species and the potential in the

solution phase are taken to be continuous between the separator and the

composite cathode material (x=61).



The’composite cathode can'éonsist‘of an' inert conducting maﬁerial,
the polymer/salt electrolyte, and the solid active ihsertion(pafticles,
each of whose volume fractions should be given. -These phases are to be:
tFeated as superimposed continua, so a materia¥ balance on the lithium

in the polymer/salt phase gives

. 0 0
i, -Vt (¢) aj [l—t ]
8lec) _ V-[eD(c)Vc] S +—al -+ , (10)
at v zZ v, v,

where ¢ is the.volume fraétion of thé polymef in the cathode. The extré
term here, jn’ cpmpared'to equation 4, is the transfer current across
the interface, which is averaged over the interfacial area bétween the
solid matrix.and the electrolyte. -The transfer current is related to

the divergence of the current flow in the electrolyte phase through:

-5

aj = —F Vi (11)

nF 2°
The current flowing in the electrolyte phase is given by.equation 5.

Here, the diffusivity and conductivity are effective values accounting

for the actual path length of the species:15

1.5
eff '

and

0.5
Deff = De¢ .

As before, these quantities, and the transference number, are treated as.

known functions of concentration.
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The boundary conditions in the solution phase are that the flux of

each species is equal to zero at the cathode/current collector boundary:

= = 12

N, =0Oatx=26 +5,, (12)

The active cathode material is assumed to be made up of spherical
particles of radius Rs with diffusion being the mechanism of transport
of the lithium. We take the direction normal to the surface of the par-

ticles to be the r-direcfion. Thus,

—f_p|—=+2_= | (13)
. 2 r

where e, represents the concentration of lithium in the solid particle

phase. From symmetry:

acs ’
—= = 0 at r-0. (14)
ar

The second boundary condition is provided by a relationship between the
transfer current across the interface and the rate of diffusion of

lithium ions into the surface of the insertion material:

dc

. s
Jn T Ds 3r 2t r_Rs.

(15)

If the diffusion coefficient of the inserted lithium ions is constant,
this is a linear problem and can be solved by the method of superposi-
tion (see appendix B). This is in contrast to the approach of West et

a1.8'
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This model is intended to be general enough to include a wide range

".of insertion compounds as the active cathode material. The open-circuit

potential of insertion materials wvaries with the amount of 1lithium

inserted and is expressed as

8 8 RT T s ’
Uy =Uy = U .+ F|ln[—— + pe_+ ¢ (16)

This is similar to the expression proposed by West et al.s_ The only
difference is the deletion of the dependence on electrolyte concentra-
tion, which is not included in this expression where the pbtential is
defined using a referénce electrode ih solution at the local concentra-
tion. The parameters fS-and ¢ can be thought of as expressing activity
corrections and are taken to be constants that can be fit from experi-

mental data on open-circuit potential versus state of charge.

The insertion process at the cathode is represented by the reac-
tion:
.+ ' - 7
Li -8 +8 +e 2Li-€@ + 0
P 5 ' s p
This leads to a kinetic expression of the form:

o o a F v a F

ey @ c€ c_exp —RaT(n-U ) |=(epmc dexp|- —é—C:,,—(n—U 1. a7

¢ 1=Fk2(cmax_

where U 1is given by:

RT .
U=U—Uef+—F——[ﬁcs+§’]. (18)
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The overpotential appearing in this'expression is defined as:

n =& -3, . . ) (19)

:

Using the parameters given by West et al.8 based on experimental data

for the Ti52 system,

U= 2.17 + %?[— 0.000558¢c _ + 8.10] . (20)

Because the exchange current density of the charge-transfer process at
the T182 interface has not been reported, we set the‘parameterk2 in
equation 17 equal to a value corresponding to a nearly reversible situa-
tion. An additional condition on the potential in' the insertion phase
is:
Ve, = 0 at x=§,. | (21)
Thé current flowing in the matrix is governed by
il = - aV@l. (22)

The current in the two phases is conserved through:
V'[ll + 12].5 0, - BN CE)

leading to the integrated form:

(24)

${ The temperature was not reported in reference 8. We assumed that
the standard cell potential was independent of temperature.
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.Thus, the current fldws.throdgh either the'polymer/salt phase or the
insertion phase.

The problem is now completely specified, and the equations above

are solved simultaneously using the subroutine BAND.12

-Results and Discussion

Appendix A gives transport properties for the polymer electrolyte.

Additional parameters used in this model are listed in table 1.

Table 1.
" Parameters used in the TiS2 simulation
System specific Adjustable
parameter value Ref. parameter value

D, 5.0x10 22 m?/s 16 T 100°C

o l.OxlO4 S/m - 61 50 pm
; 2
10,1 12.6 A/m | 14 ,% | 62 100 pm
% e 0.5 . 3} Rs 1.0 pm
v, _ 1 B ° 1000 mol/m>
o 29,000 mol/m> ; c 0.3
k, 1.0x10 %% /mo1 - s s » ; -

Quantities on the left are inherent properties of a specific system and

are determined from experimental measurements. On the other hand, quan-

tities on the right may be varied to optimize a particular battery

design.

The maximum concentration in the solid, was estimated

CT,

assuming one lithium atom per molecule of titanium disulfide and using

t Data are not available for these parameters.

* Value given is at initial conditions.



the density of TiSz.
Figure 2 shows the cell potential as a function of utilization of

cathode material for galvanostatic charge and discharge. The utiliza-

tion is

) Cs av,
u = . . (25)

.

The dasﬁed line is the Qpen-ciréuit potential calculéted from equation.
16, and the current density is a parameter. It is apparent that the
material utilization is limited at higher discha;ge rates. For
instance, at a'rate of 20 A/m2 the cell potential drops sharply wheﬁ'

/

about  30% of the cathode material is utilized. Similar results have

been observed in experimental discharge curves. A typical cutoff
voltage is about 1.7 volts; beyond this value the cell is severely

polarized.

The concentration of the electroly;e over the time scale of a full
discharge cycle is depicted in figure 3. For a positive current den-
sity, the concentration at the anode increases with time as lithium is
discharged into the electrolyte. The concentration changes rapidly at
first, and then the concentration profiles are nearly constant over most
of the discharge cycle. At long times, the concentration at the back of
the cathode is low. At the front of the cafhode, x=0.33, the concentra-
tion dips for short times. This effect is easier to see in figure 4,

where concentration profiles at short times are displayed.

An important factor in optimizing the performance of the cell is

good utilization of the active cathode material. For a specified



Cell potential (V)

15.

1.5

1.0

0.5

0.0

0.

I=20 A/m2

Discharge : - I=13 =10

0 0.2 0.4 0.6 0.8 1.0

u, utilization

Figure 2. Cell potential versus utilization of active cathode
material. I, the cell current, 1s a parameter. The dashed line
is the open-circuit potential. For discharge curves, the initial
concentration in the solid was 1% of maximum. The charging curve
assumed an initially uniform utilization of cathode material.
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Figure 3. Concentration profiles at long times.-

2 .
I = 10 A/m . Dashed line divides the separator and

_ 0 . 3
composite cathode. Initial concentration is 1000 mol/m .
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Figure 4. Concentration profiles at short times.
I = 10 A/m . Dashed line divides the separator and
composite cathode. 1Initial concentration is 1000 mol/m .
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Eattery performance, one should like the cell potential ‘to fali below
its cutoff wvalue only after nearly all of the active material is con-
sumed. This requires an understanding of theffransport limitations ' in
each phasé of the composite cathode, as thése lead to nonunifofm reac-

tion distributions. ' ’ . =

The importance of diffusion in the solid can be assessed from the

dimensionless parameter S;

R s. I
S 1

5 - (26)
-DsnF(l—e)c

)

and is the ratio of diffgsion time to diséhérge time. -For S<<1, diffu-
sion can be neglected. Subétitution of the parémeters from table 1 into
equation 26 with I=10 A/m2 gives S=0.0001. Therefore, the concentration
at thebsurfacq and the average concentration in the solid are neafly
identical, and we do not present concentration profiles in the solid.v‘
Note that the radius of the particles would have to be on the same order
-as tﬁe thickness of the cathode for diffusion limitations to exist in
the solid phase in this system. Alternatively, if the diffusion coeffi-

cient in the solid were decreased, diffusion limitations could become

important.

An analogous parameter can be calculated relating the time constant

for transport of the eleétrolyte to the time of the discharge;

s, I

. ) i - .
§ = [51 + 52] DnF(1-¢)cg6, ° (27)

For I=10 A/m2, ﬁe find that S=0.15. At high current densities, the low
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fate of transport in “the electfolyte‘pﬁase is the main factor éausing
the sharp drép.in cell voltage at less than complete utilization’of the
cathodeLA: The solution 1is deplefed of electrolyte, which cannot be
replenished’because of transport limitations. ‘Therefore, for I=2d A/mz,
the céll potential drops off at a low value of utilization of active
material. This parameter also affects the concentration dip in figure 4
mentionea above. If transport in the electrolyte phase were the dom-
inant limiting factor, that is $>>1, the dip in concentration would be

more pronounced and would propagate through the cathode.

Figure 5 shows the local transfer current density across the compo-
> _ . . . . 12 .
site cathode at various times during discharge. Newman . gives four
dimensionless parameters that characterize the current distribution in a
porous electrode. These parameters describe the balance between ohmic
and kinetic limitations, but not concentration effects. At short times,
the concentration of electrolyte is nearly constant, and these parame-

ters can be used to describe the current distribution.

The dimensionless current density and exchange current densities

are

a FI§ : '
-2 _2(1 .1 , (28)
&= "xr [K + a] T .
Fai §°
2 o211 1 (29)
v = [aa + a_c]——-_RT [n + 0] .

If either of these parameters is significantly larger than unity, then

we expect that the ohmic drop will dominate the current distribution in

the porous electrode. The exchange current density in the cathode can



2
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current as a function of dimensionless
) _
I=10 A/m . Negative values of j are



be determined from the reaction rate parameter k2 through:

J'02

: : o a a o

_ F(kz) {Cmax _ c] a2 () c?2 [CT _ Cs] c? (bs) a2 N (30)
For the purpose of: these calculations, the concentrations are taken to
Be at their initial valués. . In our case, we find that §=1.95 and u=68{M
and wé expect the ohmic drop to dominate at short times. This is under-_
standable when considering the reversibility usually ascribed to the
charge-transfer process for insertion nmterials. When ohmic effécts
dominate, the reaction distribution can be characterized by the ratio of
the electronic conductivity in the insertion material to the ionic con-
ductivity in the polymer electrolyte. This ratio i§ 0(105) for this
system, causing the reaction to occur preferentiall& at the front of the

electrode, Note that this analysis is supported by the short-time

current distributions shown in figure 5.

As the discharge.proceeds, the active material in the front of the
cathode "fills uﬁ," and the reaction §hifts-towards the center of the
electrode. The reaction raﬁe initially increases at the back face of
the electrode but becaﬁse of transport limitations in the electrolyte
phase it tapers off at long times. Figure 3_shows that the concentra-
tion in the electrolyte phase rapidly decreases at the back faée. The
degree to which the concentration is depleted at the back of the cathode
will depend on the transference number of lithium, the diffusion coeffi-

cient, and the current density.

Predicting the current distribution at long times is a more diffi-

‘cult problem because of the ubiquitous nature of the effect of concen-
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fration. .Not only will the debletion‘of the electrolyte cause concen-
tration polarizations to occur, but it will also affect the kinetic
expression and the transport ﬁroperties. For example, in this system
the transference number rapidly decreases with>concentration (see Appen-
dix A), appréaching zero in the depleted region ﬁear the back face of
the electrode. This contributes to the poor utflizétion of material that

is seen in this region.

For a given rate of discharge, one should be able to optimize the
perforﬁancé of a system by examining the reaction distribution in the
electrode, figure 5, along with a‘graph of the local wutilization of
active material. Figure 6 shows the local utilization, which is propor-
tional to the average concentration in the intercalation material. This
figure allows one fo examine the relationship between electrode thick-

ness and active-material utilization.

One optimization scheme is to vary the thickness and porosity of
the cathode while holding its theoretical capacity constant. This coula
lead to a maximum in utilization when the transport limitations in the
electrolyte phase are minimized. The userf this method for the current
system led to the conclusion that, for a current density of 10 A/mz‘and
a separator thickness of 50 upm, there is a maximum in utilization at a
porosity of 0.60. This value resulted in a utilization of 97% of the
active material before the cutoff potential was reached, significantly

higher than the 84% that was obtained pré&iously with a porosity of

0.30.

In general, it is clear that thinner electrodes will make better

use of active material when transport limitations in the electrolyte
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local utilization.

u,

0.0

0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 6. Local utilization of intercalation material
in the cathode as a function of dimensionless distance

T2
from the anode.. Current density is 10 A/m .
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exist. This does not consider the disadvantages thap may be asséciated
with processing ultra-thin composite electrodes. Theré would alﬁo be a
weight increase with many thin cells in comparison to fewer thicker
cells. This is an optimization problem that requires detailed informa-
tion on the battery cqnfiguration; energy and power density requirements
of the system, and cost of:componenté; these issues.will not be dis-

cussed here.

A general assessment of the performance of this system can be made
by calculating the average and peak power for a given discharge rate
predicted by the model. Using a three-hour discharge rate (12.1 A/mz),
we determine the power available for a thirty-second pulse of current.
The power and cell potentiél are plotted in figure 7 at different depths
of discharge. The values in figure 7 could be converted to W/kg from an
estimate of the mass of material and size of the system. Basing calcu-
lations only on the mass of active cathode material used, the present
simulation predicts average specific power to be 90.8 W/kg and peak
péwer to be about 450 W/kg at 1% depth of discharge dropping to 105 W/kg
at 80% depth of discharge. This fépresents a maximum of 1.67 hr—1 for
the ratio of peak power to average specific energy, which is lo&er than

A

that desired for electric wvehicle applications.

Summary

Several improvements have been made to the model of West et al. of
the insertion cathode, the most important being the consideration of the
full cell sandwich. One can first analyze the validity of their assump-

tion that the concentration of electrolyte at the separator/cathode
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interface will be constant. Ffom'figure 2, it is apparent that this
concentration varies by about 15% from its initial value for the fresent
system. Fixing the concentration at this boundary is a nonphysical con-
dition, as it wviolates the»brinciple of conservation of mass for the
electrolyte. To compare discﬁarge curves directly, we have run a simu-
lation using thg same parameters as in the West modei,8 including con-
stant physical properties for a lithium perchlorate/propylene carbonate
electrolyte; The comparison of discharge curves can be seen in figure
8, for a separator thickness pf 100 pm.
i {

Although the separatdr is an additional ohmic resistance, correct-
ing the nonphysical boﬁndary conditions of West’s model causes a signi-
%icant improvement in the performance of the system. The coﬁcentration
gradients that develop in the separator provide an extravdriving force
for tranépbrt of tﬂe_electrolyte. Whereas the earlier model predicted
severe electrolyte depletion in the interior fegion of the porous elec-
trode, this does not occur in the current simulétion. The final.
material utilization predicted for the system ﬁas been increased from
80% to nearly 100% by wusing the correct boundary condition at the

separator/cathode interface.

The current model gives a theoretical simulation of the charge or
discharge behavior of a given 1ithium/polymer/insertiQn system for a
single cycle. The prograﬁ could be used to predict multiple discharge
and charge cycles; however, the oniy differences between successive
cycles would be the reéult of concentration gradients in the cell and
the differing local states of éhargé in the solid particles. This could

be used to predict the effect of relaxation time between charge and

\l
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Figure 8. <Comparison of.our model results with those of
of West et al. Dashed line represents the open-circuit
potential. The circles are the simulation results of West
et al., and the solid line depicts our results.
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discharge, for example'.18

Long-term degradation of the cell due to irreversible reactions or
loss of interfacial contact is not predictable under the current model.
Losses of contact between the various phases of the composite cathode

would be expected to occur during extended cycling. This represents a

major problem in the fabrication and operation of these systems, but is.

beyond the scope of the present model.
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Appendix A Transport properties

We chose to model the polymer-electrolyte system consisting of
polyethylene oxide-lithium trifluoromethane sulfonate (PEO-LiCF3SO3).
The concentration dependence of the conductivity and the transference
number were obtained from data available in the literature. The diffu-
sion coefficient of the salt wés taken to be constant, since reproduci-
ble data were difficult to obtain. Activity coefficient daté have not

been reported.

The conductivity of PEO-LiCF3SO319 was fit to a third order polyno-

. . 20 . .
mial. The transference number2 was fit to the equation:

-
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t2‘= 0.0107907 + 1.48837x10 " ¢ .
. r . . - -12 2 20
The diffusion coefficient was taken to be 7.5x10 m-/sec. The solu-

bility limit of lithium triflate in PEO was assumed to occur at the
transition from amorphous behavior to mixed-phase behavior on the phase

diagram for this system,.leading to cmax=3920 mol/m3.6

Appendix B Superposition

Since the equations describing transport in the active cathode
material are linear, contributions to the flux from a series of step
changes in surface concentration can be superposed. This is an example

of Duhamel’s superposition integral:

6cs .t acs 625' (B-1)
2z (R, t) = g 3t (Rgi8) Fo (R, e=0)db
where ¢ represents the solution to equation 13 for a unit step change in

concentration at the surface. The above integral is calculated numeri -

cally using the method suggested by Wagneer and by Acrivoes and Cham-

bré.22 Whence,
dc n-2 [c —c ] [c' —c ]'
s _ s, k+1 "s,k s,n s,n-1 (B-2)
61'(Rs’t) EO ) At T Ak v At 7 A v
where
A = a[ (n-k)At] - a[(a-k-1)At] (B-3)

n-k

and
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- [ —= (B-4)
a(t) = J 57 (R,0)dS.
0]
By means of Laplace transforms, two expressions for a(t) were
developed: at long times,
@
a(r) = 2 z L 1 - exp[—nzwzf] , (B-5)
2 2 ,
- n=1n
_and for short times
3 . 3
a(r) = -t + 2T 1+ 2 Z exp - A5 erfe| 2. (B-6)
T T T —
: n=1 : Jr
7 is dimensionless time; r=tDS/R§. The values of a(r) and An—k can be

calculated separately and used whenever equation B-2 needs to be
evaluated. This procedure, applicable to linear diffusion into the
cathode matrix, is cdnsequently more efficient than solving for the

two-dimensional transport directly.

List of Symbols

ceq s . 2
a - specific interfacial area, m /m
. 3
c concentration of electrolyte, mol/m
' . . . "3
c,; concentration of species i, mol/m
D’Ds diffusion coefficient of electrolyte in  the

" polymer and of lithium in the solid matrix, m™ /s
£ activity coefficient

F Faraday's constant, 96,487 C/eq



S 2
current density, A/m
e, 2
exchange current density, A/m
e a2
superficial current density, A/m
: ' . 2
transfer current across interface, mol/m" -s

reaction ' rgte constant at cathode/polymer
interface, m /mol:s '

- 5
frictional coefficient, J-s/m

number of electrons transferred in electrode
reaction

. s o . 2
molar flux in x direction of species i, mol/m"-s

distance normal to surface of cathode material,

m
universal gas constant, 8.3143 J/mol-K:
radius of cathode materiél, m

stoichiometric coefficient of species i in
electrode reaction

dimensionless ratios defined in equations 26 and
27

time, s
transference number of species i ~

temperature, K

.utilization of intercalation material

open-circuit potentiél, v

velocity of species i, m/s

cell potential, V

distance from.the anode, m
dimensionless distance from the anode
charge number of species i

transfer coefficients
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dimensionless chreﬁt,density'
thickness of separator, m
thickness of composite cathode, m
porosity of electrode

dummy variable of integration, s

'surface overpotential, V

site concentration in polymer and solid matrix
conductivity of electrolyte, S/m
dimensionless exchange current density

number of cations and anions into which a mole
of electrolyte dissociates

conductivity of solid matrix, S/m
dimensionléss time

eleétrochemical potential of species i, J/mol
electrical potential, V

activity coefficient corrections
Subscripts

reference state
solid phase
solid matrix
solution phase

maximum concentration in intercalation material

Superscripts

solvent, or initial condition
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4 ' . standard cell potential’
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