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Abstract 

Simulation results are presented for a lithium negative el~ctrode, 

solid polymer separator, manganese dioxide composite positive electrode 

cell. In particular, we assess the effect of conductivity and transfer-

ence number on cell performance, establishing criteria for situations 

when a tradeoff between these two properties is expected. We show that 

polymer-electrolyte systems with a unity transference number have 

greatly improved performance over systems with t:~ =0.2, even when the 

conductivity is decreased by an order of magnitude. The improvements 

are primarily at higher rates of discharge, where the latter cell would 

be depleted of electrolyte due to large concentration gradients that 

develop. Cells with a unity transference number have larger energy den-

sities and can attain higher peak-power densities .. 

Key words: lithium, polymer electrolyte, transference number, 
modeling, battery 
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Introduction 

Solid polymer electrolytes are being contemplated for use in 

rechargeable lithium batteries, where the advantages of an all-solid

. I 
state system have been demonstrated. A lot of attention has been given 

to the consequences of a nonunity transference number of the lithium ion 

in lithium salt/polymer solutions. Most attempts to measure .the 

transference number in lit~ium salt/polymer systems have led to consid-

erable variation in their results. However, it is generally accepted 
. 

that the transference number of the lithium ion is less than 0.5.
2

,3 It 

has been recognized that such a value does not preclude the development 

of a successful lithium battery. Nevertheless, there is still much con-

cern about the detrimental effect of large concentration gradients that 

necessarily .develop during operation of the cell. Other than an 

increase in concentration polarization, there are also depletion of the 

electrolyte in the back of the porous electrodes and solubility limita-

tions to be considered. 

One strategy to increase the lithium ion transference number is to 

4-8 
graft the. anion onto the backbone of the polymer chain. This leads 

to a unity transference number for the lithium ion as the mobility of 

the anion is zero. A related method is the use of very large, and hence 

relatively immobile, . 9 an1.ons. Unfortunately, immobilizing the anion 

typically results in large decreases in the ionic conductivity of the 

lithium salt/polymer solution. This decrease in conductivity is attri-

buted to the role. that anion motion plays in the conduction mechanism in 

these polymers. For example, in lithium salt/polyethylene oxide (PEa) 

solutions, it is suggested that a coordinated anion motion .is required 
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h · h' 1 h . 10 to allow the lit ium l.on to " op' a ong et er oxygen Sl.tes. When the 

anion is covalently bound to the polymer chain, the decrease in conduc-

tivity has been significantly larger than expected from dilute solution 

. . 
theory. The conductiv:lty of a dilute binary salt solution, 

(1) 

would predict an 80% decrease in conductivity. for a system initially 

having t+=O.2. 11 

It is useful to take a moment to define clearly the transference 

number used in this work. Because of the failure of dilute solution 

theory for lithium salt/polymer electrolyte solutions, we will use the 

more rigorous concentrated solution theory. Under concentrated solution 

theory, transport processes are described by n(n-l)/2 pairwise interac-

tion parameters D .. , 
~J 

wheren is the number of independent species. 

These parameters can be related to measureable transport properties.
ll 

For a binary salt in a polymer solvent, the transference number is 

related to the D .. through the expression 
~J 

(2) 

Here the transference number is defined with respect to the solvent 

species, thus. the superscript O. The transference number is exactly 

zero for neutral species, in contrast to the transport number, 
i 

t ./z., 
J J 

11 
which may be nonzero, as has been demonstrated. It is possible with 

this approach for to to be less than zero, which has .been demonstrated 
+ 

to result from a: selection of species for the macroscopic model not 
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reflecting the actual species existing in so'lution at a given concentra

tion. 12 The consequences of a transference number of less than zero 

will be discussed hereinafter. 

We have developed a model to simulate the behavior of the 

13 
lithium/polymer/insertion cell. The model uses concentrated solution 

theory with variable transport properties to describe the lithium 

salt/polymer solution. A summary· of the model equations is given in 

appendix A. Using this model, we can simulate the effect of a unity 

transference number on the performance of the system. This should allow 

us to develop criteria to assess the tradeoff between ohmic drop and 

concentration ... pverpotential that results from the unity transference 

number. In addition, for a particular system we can determine the 

minimum value of the conductivity that still leads to an improvement in 

the performance of the system. This work 'should be helpful to research-

ers attempting to develop improved polymer solvents for lithium bat-

teries. 

Results and Discussion 

We modeled a cell consisting of a solid lithium negative electrode, 

a lithium salt in a polymer solvent, and a manganese dioxide positive 
. \ 

electrode (figure 1).. The positive electrode is a porous composite 

electrode consisting of active manganese dioxide particles, inert con-

ducting material such as carbon black, and the solution phase, each of 

k~own volume fraction. The electronic conductivity of the positive 

electrode is assumed. to be large (100 S/m) , so that ohmic drop in the 

electrode is not important. In addition, a large kinetic rate constant 

is assumed for the insertion process, corresponding to i· 2=156 A/m2 at 
0, 



lithium foil 
negative 
electrode 

x=Q 

polymer 
electrolyte 

1 

composite 
positive 

electrode . 

x=L 

Figure 1. Lithium/polymer cell sandwich, consis.ting 

of lit·hium-foil negative electrode, solid-polymer 

electrolyte, and composite manganese dioxide positive 

electrode. 

5 
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the initial conditions. ' 

Table 1. 

Paramete,rs used in the simulation 

System specific Adjustable 
parameter - value Ref. parameter value 

-13 2 14 T lOO°C D 1.0xlO m /s 
s 

a 100 8/m_ - 0 50 p.m 

A/m2 
s 

i 0,1 12.6 15,* 0 100 p.m 
+ 

{)(. a-,ac 
0.'5 

* 
R 1.0 p.m 

s 
0 3 

v ,v 1 - c 1000 mol/m , + - 3 c 23,720 mol/m - € 0.3_ 
t:: 

n 1 - €f 0.151 
"-

3 
Ps 4100 kg/m - - -

The -simulations to follow will be separated into two sections: the 

first are simulation results for a common system with transport proper-

ties taken from the literature. The electrolyte is LiCF38D
3 

(lithium 

triflate) in polyethylene oxide (PED), due to the relative abundance of 
/ 

data on this system. This first simulation will be the only system with 

a nonunity transference number and will represent a base case for com~ 

parison with later siinulations. The second set of simulations is for 

the same system, but with a transference number of unity and the conduc-

tivity varied over a specified range. a For simulations in which t:: =1. a +' , 

no concentration gradients exist in the solution phase, and variable 

* Data are not available for these parameters. 

* Value given is at initial conditions.' 
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transport properties are not necessary. 

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

Manganese dioxide has been demonstrated to insert lithium over a wide 

range of compositions, corresponding to O.2<y<2.0 in LiyMn204. However, 

in this simulation we use only the upper plateau, giving a range of 

O. 2<y<l.O. Therefore, the maximum concentration in the positive elec-

trode is estimated from the density of the material at composition 

LiMn204 · 

Figure 2 gives the cell potential with respect to a lithium refer-

ence electrode at various discharge rates. The dashed line is the 

open-.circuit potential (see appendix B). Transport properties for this 

salt/solvent sy,stem are also given in appendixB. Relevant to the 

present work, the transference number in this system is about 0.19 at 

\ 
the initial concentration. At higher rates of discharge, large concen-

tration gradients are established in the cell, depleting the electrolyte 

in the back of the composite cathode for 1>2 A/m
2

. Once the conceritra-

tion is driven to zero in the electrode, the active material in regions 

further to the back can no longer be utilized. This is the reason that 

2 
discharge curves at 1=5 and 10 Aim drop off at less than 100% utiliza-

tiori of active material. 

The depletion of the electrolyte can be seen clearly in figure 3, 

which gives concentration profiles in the solution phase at several 

times during a discharge at 1=5 A/m2 . A large concentration gradient 

quickly develops in the positive electrode, and very little material is 

able to diffuse into the back of the electrode. Thus, once the material 

initially in the back has been inserted, the concentration is driven to 
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4.2 

Figure 2. Cell potential versus state of charge for the 

lithium/manganese dioxide system at various discharge rates. 

,The dashed line is the open-circuit potential of the cell. 

Other parameters used in the simulations are given in table 1. 
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Figure 3. Concentration profiles across the cell during 

2 
galvanostatic discharge at I = 5 Aim. The separator/ 

positive electrode boundary is indicated by a dashed 

line. Time since the beginning of discharge is given 

in minutes. 
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zero. After this time, the remaining active material in the back half 

of the electrode is no longer accessible. The maximum concentration, 

which occurs at x=O for discharge, is less than 1600 mol/m
3 

for this 

system. As this is significantly less than the solubility limit, it 

does not appear to be a concern in the present system. Concentration 

profiles can also be developed for lithium inside the manganese dioxide· 

particles at any distance into the positive electrode. However, due to 

the small size of the particles, the concentration is uniform, and we 

have not included any of these graphs. 

It is also interesting to examine the reaction rate distribution 

during the course of discharge in this system. In figure 4 we present 

the divergence of the solution phase current density across the positive 

electrode at various times· during a discharge at 1=5 A/m
2

. A detailed 

discussion of curre~t distributions in porous electrodes has been given 

l113 
elsewhere.' We find a very nonuniform current distribution here, 

with a spike-like reaction front moving through the electrode. This is 

expected from consideration of the shape of. the open-circuit potential 

for manganese dioxide coupled with the lack of an appreciable kinetic 

resistance for the insertion process. A highly slopi~g open-circuit 

. \ 
potential function or an appreciable kinetic resistance will tend to 

bring about a more uniform current distribution. Examining figure 4, we 

see that the first reaction front reaches the depleted region of the 

electrode at about 120 minutes into discharge. At this point, a second, 

smaller front has already developed and is moving through the electrode 

behind the first front. This two-front behavior, which has been seen in 

all of the systems examined here, is a resul t of the shape of the open-
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2 
discharge at I = 5 A/m _ Time since the beginning of 

discharge is given in minutes. Different line forms are 

used merely to assist the reader lin distinguishing between 

various curves. 
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circui t potential versus state of charge for manganese dioxide. This 

curve (see dashed line on figure 2) has two plateaux separated by a 

small sloped region at approximately y=O. 6. The increase in slope at 

y=0.6 causes the curr'ent distribution to become more uniform for a brief 

period, and after this', the second spike develops. 

As woe have seen that the primary factor leading to incomplete util-

ization of active material at higher discharge rates is the concentra-

tion gradient that develops; it is interesting to simulate the system in 

the absence of concentration gradients. We can imagine making 

approach unity by either, allowing DO+ to approach infinity or having DO_ 

approach zero (see equation 2). In situations where the anion is fixed 

\ to the polymer chain, the latter approach is implied. Notice that set-

ting DO_ equal to zero means that the salt diffusion coefficient, given 

by 

(3) 

is then also equal to zero. Because of the' lack of concentration gra

dients with cO=l.O, this is not a problem. To demonstrate this, we pro
+ 

vide in figure 5 a simulation of the concentration profile at the end'of 

discharge for three systems in which the transference number is 

approaching unity while simultaneously decreasing the salt diffusion 

coefficient accordingly. Here we see that, as t~ approaches unity, the 

concentration profiles disappear, even though D is approaching zero. 

In figure 6 we present discharge curves at various ,current densi-

o ties for a system identical to the base-case system but with c+=l.O. It 

, 
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Figure 5. Concentration profiles across the cell at 

2 
the end of galvanostatic discharges at I = 5 Aim are 

given. The separator/positive electrode boundary is 

indicated by a dashed line. System parameters are 

listed on the figure and given in table 1. 

13 



-
,....; 
m 

-01 
.w s:: 
(}) 
.w 
o 
P-I 

,....; 
,....; 
(}) 
U 

4.2 

----2·· •• 
I=lO Aim ". 

' . 
4.0 ............. _---_ ... 

' . 
......... " 

3.8 , 

3.6 

3.4 . -2 
K=6.36xlO 81m 

3.2 

\ 
\ -
\ , . , . , 

I 

3.0~--------~~--------~----------~----------~ 
0.2 0.4 0.6 0.8 1.0 

y 

\ 

Figure 6. Cell potential versus state of charge for a 

system with unity transference number and no change in 

conductivity. The dashed line is the open-circuit potential 

of the cell. Other parameters used in the simulations are 
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is evident that this sys tem is far superior to the firs t , with current 

2 
densities in excess of 50 Aim attainable without any loss of 'capacity". 

However, as was discussed previously, it is unlikely that:> a unity 

,·',r 

transference number will be obtained :in a polymer electrolyte system 

without an appreciable loss in conductivity. Therefore, the next simu-," 

.~ i<£ 

lations involve the base-case system, but with the conductivity equal to 
.~i 

one-fifth of that above '(evaluated~ at the initial concentratibrt). This 

loss of conductivity is what would be predicted under dilute'soltition 
." ..... 

theory (equation 1). 

Figure 7 gives discharge curves for a system with the conductivity 

reduced to a fifth of its initial value. As before, higher:;discharge 

rates are attainable in, comparison to the base-case system"., but not 

without increasing ohmic losses in the cell. At I=20 A/m
2

, 'the cell 

potential drops below the cutoff value (3.0 V) after approxim~ately 93% 

of the maximum capacity has been utilized. The major source of overpo- -

tential in this system is the ohmic drop, which increases over the 

course of discharge as the reaction front propagates into the back of 
/ 

the cathode; lithium ions must travel farther in the solution. phase to 

reach the reaction front.
16 

This also causes the discha~ge curves to be 

increasingly sloped at higher discharge rates, which is considered to be 

a disadvantage for many applications. Since we' assumed factle kinetics 

and a small parti.cle size in the positive' electrode (see table 1), sur

face overpotential and concentration polarization in the interi.or of the 

positive electrode particles make very small contributions to the over-

potential, even at large discharge rates. 
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Figure 7. Cell potential versus state of charge for a 

system with unity transference number and. one-fifth the 

conductivity. The dashed line is the open-circuit potential 

of the cell. Other parameters used in the simulations are , 

gi ven in tabl.e 1.' 
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At this point it seems that immobilizing the anion and attaining a 

unity transference number greatly enhances the performance of these sys-

tems. However, a decrease in the conductivity of only 80%, the dilute 

solution result, has proved very difficult to obtain. Generally, 

decreases have been between one and two orders of magnitude for systems 

5 7 
with a unity transference number.' This is just another confirmation 

of the concentrated nature of lithium salt/polymer solutions, which has 

been demonstrated from the concentration dependence of transport proper-

. 17 ., ff' . . 3 d h t' 1 tI.es, ac t~ v!. ty- coe I.CI.ent correctI.ons ,an t eore I.ca and experi-

18 19 
mental studies of ion pairing,in these systems.' Under concentrated 

solution th~ory, we find a, different expression for the conductivity, 

which includes a term accounting for ion-ion interactions ignored in the 
, , 

dilute solution treatment. 

I 
c (z DO ' - z DO ) + + + --

(4) 

Ion- ion interactions are treated with the pairwise interaction parame-

ter, Dt , whose concentration dependence has been discussed by several 

th 11,20,21 
au ors. 

As stated before, in concentrated solutions we have n(n-1)/2 trans-

port properties, where n is the number of independent species. For sys-

terns such as a lithium salt/polymer solvent, e.g. LiCF
3

S0
3 

in 

polyethylene oxide, the exact species that exist under given conditions 

may be complicated by the existence of ion-pairs and other aggregate 

species. However, as long as, these exchange processes are fast enough 

to be in equilibrium on time scales of interest, only three independent 
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species exist, and the rest of the species concentrations are related 

through equilibrium expressions. Although several choices exist, it is 

easiest to take the three species in the above solution to be Li+, 

CF
3

S0
3 

- .. and the polymer. Then the conductivity, lithium ion -transfer

ence number, and salt diffusion coefficient describe the transport 

processes exactly, with the concentration dependence of these properties 

accounting for the various species that may actually exist. 

Along the above lines, we have carried out simulations with the 

conductivity reduced to a tenth of the initial value. In figure 8 we 

present the discharge curves for this system. The trend seen in going 

from figure 6 to figure 7 continues here, with even larger ohmic drops 

caused by th~ smaller conductivity and nonuniform current distribution. 

In this case, at 1=20 A/m
2

, the cell potential drops below the cutoff 

value at y=O. 69. This system is able to attain 100% utilization at 

2 
current densities up to 10 Aim , still significantly better than the 

base case, for which t~Fl. O. 

Decreases in conductivity of greater than an order of magnitude 

have also been explored here. We have simulated the discharge behavior 

of systems with continuously decreasing values of the conductivity fora 

2 single value of the current, 1=5 Aim. Several of-these discharge curves 

are presented in figure 9, where it is evident that there exists a value 

of the conductivity below which the system performs more poorly, on the 

basis of material utilization, than the initial system with nonunity 

transference number (compare with figure 2). In order to quantify the· 

comparison, we can calculate'theenergy densities and, after this, the 

peak power densities that are attainable with each system. 
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2 
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The dashed line is the open-circuit potential of the cell. 

Other parameters used in the simulations are given in 

table 1. 
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In figure 10 we have prepared a Ragone-type plot, which gives the 

average specific power versus the specific energy for each of the above 

systems. The mass of the system includes the separator and both elec-

trodes, but not additional battery masses such as current collectors and 

casing. The density of PEO
n

LiCF
3

S0
3 

is taken to be 1.2 g/cm
3

, indepen

dent of the concentration, and the density of inert filler material is 

3 
taken to be 2.0 g/cm . Note that the -maximum specific energy is -not 

affected by varying the transport parameters, which is the expected 

resul t, and approaches the theore tical value based on the maximum capa-

city of LiMn
2

0
4 

and the system parameters. The solid liries represent 

systems with a unity transference number, while the dashed line· is the 

base-case system with a nonunity transference number. This figure 

serves to quantify the effect seen earlier, which is that as the 

discharge rate increases, the material utilization is improved for sys

tems with t~=l.O and similar conductivity. However, we can see from 

figure 10 that when x:<2.54x10-
3

S/m, the systems with unity transference 

number are no longer obtaining higher utilizations than the base case. 

This transition occurs when the conductivity has been reduced to approx-

imate1y 2.7% of its initial value. For applications with lower 

discharge rates, where concentration gradients are not severe, decreases 

in the conductivity can be the major source of overpotential. This is 

apparent at very low values of the power (below approximately 25 W/kg) , 

where the energy is higher for the base-case system with nonunity 

transference number. 

In addition to the average specific power, it is interesting to 

examine the peak specific power that the system can provide. We ca1cu-
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system. The conductivity of the electrolyte is a parameter. 

Other parameters used in the simulations are given in 

table 1. The dashed line is a system with nonunity 

transference number. 
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late the power available for a thirty-second pulse of current at various 

depths of discharge. The percent depth of discharge (%DOD) is based on 

the maximum capacity that the system can attain before the potential 

drops below the cutoff value. The initial discharge is carried out at 

. 2 
I=5 A/m , giving a 5.6-hour discharge time. The specific power for the 

base case is given in figure 11 at 20, 40, 60, and 80% DOD. From this 

we calculate the peak power to be, for example, 269.7 W/kg at 40% DOD. 

The peak power is, in general, strongly dependent on the depth of 

discharge. 

To compare with systems having a unity transference number, in fig-

ure 12 we present the power available at 40% DOD for several' different 

values of the conductivity. As with the specific energy, the conduc-

tivity can be decreased substantially before the peak power drops below 

that of the base-case system. However, when the conductivity decreases 

-3 
below approximately 6.1x10 S/m, the system with nonunity transference 

number becomes superior. This transition occurs earlier from considera-

tions of the peak power than it did from the analysis of the specific 
\ 

energy. At first this may seem to contradict the conclusion drawn from 

the specific energy ~comparison, that at higher discharge rates a unity 

transference number makes a substantial improvement in the system. How-

ever, in the present case the discharge time is so short (30 seconds), 

that concentration~gradients are barely given time to establish. This 

is in contrast to the ohmic drop, which is established immediately and 

thus has a large impact on the peak power. As is apparent from figure 

12, small decreases in the conductivity bring about very large decreases 

in the peak power. 
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One last difference between these systems is seen when examining 

the peak power as a function of the percent depth of ·discharge. In all 

cases >the peak power available decreases as discharge proceeds, indicat-

ing the increased difficulty in accessing active material: In figure 13 

we show the peak power versus %DOD for several systems with unity 

transference number and various conductivities, compared with the base-

case system. Again, the 30-s power peaks are performed at various 

2 
points in a constant-current discharge at 5 Aim. The peak power avail-

able for the base case is substantially reduced due to the nonunity 

transference number; notice that the curves with unity transference 

number given in· figure 13 all have lower values of the conductivity than 

the base case. - However, the base-case peak power is almost constant 

versus depth of discharge, indicating that the impact of a nonunity 

transference number on the peak power is similar at all points during 

the discharge. This is in contrast to the unity transference number 

systems, whose peak power is substantially reduced as the depth of 

discharge increases. In these systems the peak power steadily decreases 

because the ohmic drop steadily increases as discharge proceeds, caused 

by the large,r distance that ions must travel to reach the reaction front 

(see discussion of figure 7). The comparison of peak power values made 

in figure 12 thus depends on the depth of discharge, and farther into 

discharge the base-case system's peak power performance improves com-

pared to the other systems. 

A final issue related to the transference number that can be clari-

o fied involves values of t > less than or equal to zero. This has been 
+ 

discussed _ previously in the literature, and it has been stated that a 
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zero transference number for the lithium ion does not mean that a system 

.. bl 22 
~s ~nopera e. Under the framework presented above, we can see that 

the transference number can become zero if either D· is equal to zero 
0+ 

or if DO_ approaches infinity ,(see equation 2). In the former case, the 

salt diffusion coefficient is also equal to zero (equation 3) I and the 

concentration profile that develops has an infinite· gradient, l.eading to 

immediate failure of the cell. In the latter case, the salt diffusion 

coefficient will equal twice the cation diffusion coefficient 2DO+' and 

the system can operate sucessfully, albeit with a large concentration 

gradient. The steady-state concentration gradient in the separator dur-

ing discharge is given by 
/ 

I(l-t~)L 
FD· 

(5) . 

o 
Hence for t + equal to zero a large gradient is expected. We can also 

o 
see that values of t + less than zero will lead to increasingly larger 

concentration g!adients in the cell. This will, of course, negatively 

impact the performance of the system, but it will not necessarily cause 

the cell to fail. At low discharge rates, a system with a negative 

transference number for the lithium ion could still operate sucessfu11y. 

It is tempting to ascribe a negative transference number to the 

existence of mobile complex species, such as negatively charged trip1~t 

ions .19 However, given only data on the transport properties, it is 

impossible to surmise which species actually exist in solution at a 

given concentration~ To do this would require equilibrium data 

obtained, 
. 23 

for example, by spectroscopic methods. Yet, as previously 
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discussed, for the present purpose· of modeling the behavior of these 

cells, only the three concentration dependent transport properties are 

necessary to describe completely the solution phase. 

Conclusions 

The discharge rates of cells using lithium salts solvated with 

polymer electrolytes are limited by 'depletion of the electrolyte in the 

porous electrode. This problem does not exist in polymers with a unity 

transference number for the lithium ion, attained for example by attach

ing the anion to the polymer chain. However, decreases in the conduc

tivity that result from this situation can cancel the improvements 

>' derived from the unity transference number. We have used one particular 

system, that of lithium/PEO
n

LiCF
3

S0
3
/manganese dioxide, to demonstrate 

the tradeoff that exists between these parameters. 

At very low discharge rates, when the steady- state concentration 

gradient is not large enough to deplete the solution of electrolyte, no 

improvement is gained from a unity transference number. But in applica

tions where a high discharge rate is desired, such as electric vehicles, 

a unity transference number leads to substantial improvements in 

material utilization. This is true even when the conductivity is 

reduced by over an order of magnitude, down as far as to 2.7% of its 

ini tial value. The peak power available for a thirty-second pulse of 

current is also improved for systems with unity transference number, 

although this is strongly dependent on the depth of discharge, and the 

improvements are not as significant as with the specific energy. The 

peak power for systems with unity transference number steadily decreases 

as the discharge proceeds due to an increasing ohmic drop as the 
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reaction front penetrates into the depths of the porous electrode. This 

is in constrast to the base-case system, indicating that the effect of a 

nonunity transference number on the peak power, although drastic, is 

roughly constant as discharge proceeds. At 40% depth of discharge, 

improvements in the peak power occur until the conductivity is reduced 

to 9.6% of its initial value. 

It must be realized that specific numerical results presented here 

are a strong function of the particular system chosen for study. For 

this reason the discussion of results, when possible, has been general

iz'ed to apply to any of the lithium salt/polymer electrolyte combina

tions that exist. In general, we find that improvements made by having 

a unity transference number will depend on the intended application for 

the system. For applications with moderately high discharge rates, such 

as electric vehicles, the advantage of a unity transference number is 

greatest. This advantage may still exist when the conductivity is 

decreased by up to an order of magnitude. -
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Appendix A Summary of model equations 

The model can be divided into the separator and composite cathode 

regions. In the solution phase of the composite cathode the equations 

are 

aj 
n 

In the solid 'phase of the composite cathode 

8e 
5 

at 

-aVq,l' 

[ 
2 1 8 e 2 ae 

D __ 5+_~ 
5 ar2 r ar . 

These two phases are related through the boundary condition 

ae 
D 5 at r=R 

5 ar 5, 

(A-l) 

(A-2) 

(A- 3) 

(A-4) 

(A-5) 

(A-6) 

as well as a Butler-Volmer kinetics expression. In the separator region 

the first two equations apply with j =0'.0 and €=1.0. 
n 
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These equations are linearized and solved simultaneously using the 

subroutine BAND.ll We have two independent variables (x.and t) and six 

dependent variables (c, «P2 " c s' i 2 ,· jn' and «Pl )· The Crank-Nicolson 

implicit method was used to evaluate the time derivatives. 

Appendix B Transport properties of the electrolyte and 

thermodynamic data 

Polyethylene oxide, 1 M LiCF
3

S0
3

. - The concentration dependence 

of the conductivity was taken from available data in the literature and 

was fit to a 1 . 1 24 po ynom~a . The concentration dependence of the 

t f b · fit h . 3 rans erence num er was ~ to t e equat~on: 

to = 0.0107907 + l.48837xlO-4c 
+ 

The concentration dependence of the diffusion coefficient was not avail-

able, so it was 
-12 2 3 

taken to have the constant value 7 . SxlO m /sec. 

Activity coefficient data have not been reported. 

The exchange current density for the lithium/PEO interface, includ

ing the concentration dependence, is taken from the literature.
lS 

This 

is i 1=12.6 A/m2 
0, 

value, based on initial conditions, The transfer 

coefficients are each taken to be 0.5. 

Electrode thermodynamic data. - The open-circuit potential versus 

state of charge for manganese dioxide was fit from data in the litera

ture.
2S 

This fit
26 

is used to generate the dashed' curve on the simu-

lated discharge curves presented here. 
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List of Symbols 

"f"" f" 'I 2/ 3 speC1 1C 1nter aC1a area, m m 

3 
concentration of electrolyte, mol/m 

3 
concentration of solvent, mol/m 

total concentration of solution, mol/m
3 

diffusion coefficient of electrolyte and of 
lithium in the solid matrix, m

2
/s 

dilute solution diffusion coefficient of species 
. 2 

i through solvent, m /s 

pairwise interaction parameter between species i 

and j, m2/s 

mean molar activity coefficient 

Faraday's constant, 96,487 C/eq 

current density, A/m2 

exchange current density, A/m2 

, superficial current density, A/m2 

pore wall flux across interface, mOl/m2 .s 

total cell thickness, m 

radial distance in a particle 
material, m 

of 

universal gas constant, 8.3l43J/mol·K 

radius of positive electrode particles, m 

stoichiometric coefficient of species i 

time, s 

transference number of species i 

temperature; K 

'distance from the negative electrode, m 

active 

33 



z. 
~ 
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a 

f 

s 

o 

1 
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t 

+ 

o 

charge number of species i 

transfer coefficients 

thickness of separator, m 

thickness 'of composite positive electrode, m 

porosity 

conductivity of the electrolyte, Sim 

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

3 
density of solid material, kglm 

conductivity of the solid composite el.ectrode, 
Sim 

electrical potential, V 

Subscripts 

filler 

solid phase or separator 

solvent 

solid matrix 

solution phase 

concentration in intercalation material for y=l 

positive electrode or cation 

negative electrode or anion 

Superscripts 

initial condition 
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