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The Importance of the Lithium
Ion Transference Number in Lithium/Polymer Cells

Marc Doyle, Thomas F. Fuller, and John Newman

Department of Chemical Engineering
University of Califormia
and
Materials Sciences Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

Abstract

Simulation results are presented for a lithium negative élgctrode,'
solid polymer separatdr? manganese diéxide compbsite positive'electrode
cell. In particular, we assess the effect of conductivity and transfer-
ence number on cell performan;e, establishing.criteria for situations
'when a tradeoff beéween_thésé two properties is expected. Ve show that
polymer~eléctrolyte systems with a Vunity transference number have
greatly improvéd perfofmancé over systems with t3=0.2, even when the‘
conductivity is decreased by an order of magnifude. The improvements
 are primarily at higher rates of dischafge, where the latter cell would
be depleted of glectrolyte due to 1argé 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



Introduction

Solid polyme; electrolytes are béing contemplated for vuse in
rechargeable 1ithium batteries, where the advantages of>an all-solid- . .
state system have been demonstfated.1 A lot of attention has been given
to the consequences of a nonunity transference number of the 1ithium ion
in lithium salt/polymer solutions. Most attempts to measure -the
-transfefence number in 1ithium salt/polymer systems have led to consid- -
erable variation in their results. Ho&ever, it is generally accepted
Lhat the transference numﬁer of the lithium ion is less than 0.5.2’3 It
has been recogﬁized that such a value does not preclude ;he dévelopment
-of a successful lithiuﬂ battery.. Névértheless, there is still much con-
cern about the detrimental effect of large concentration gradients that
necessarily .develop during 'opefatioﬁ of the cell. . Other than. an
incréase 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 litﬁium ion transference number is to
graft the anion onto the backbone of the polymer <:hair1l.l"-8 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, anions.9 ' Unfortunately, immobilizing thé anion
typically results in largé dgcreases 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 (PEO)

solutions, it is suggested that a coordinated anion motion is required
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to allow the lithium ion to "hop" along ether oxygen sites.lo 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 conductivity of a dilute binary salt solution,

, |
e L M I | W

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

having t+=0.2.11

It is useful to take a moment to define cleafly‘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-1)/2 pairwise.interac—
tioni parameters Dij' whgre n is the number of igdependent species.
These parameterg can be related to measureable transport properties.ll
For a binary salt in a pélymer solvent, the transference number is
related to the Dij through the e%pression |

P S P @
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Here the transference number is defined with respect to.the solvent
species, thus‘the'superscript 0. The transference number is exactly

zero for neutral species, in contrast to the transport number, t./zj,-

L VN

which may be nonzero, as has been demonstrated.1l It is possible with
this approach for tg to be less than zero, which has .been demonstrated

to result from a selection of species for the macroscopic model not



reflecting the actual species existing in solution at a given concentra-
tion.12 The consequences of a transference number of less than zero

will be discussed hereinafter. :

We have develéped' a model to simulafe the behavior of the
1ithium/polymef/insertion cell.13 The model uses concentrated solution
theory with variable transport properties éo describe the blithium
salt/polymer solution. A summary of the model equations is given in
appendix A. Usiﬂé this modei, we caﬁ simulate the.effect of a unity
transference number on the peffofmaﬁce of the system. This should allow
us to develop_criteria to,asseés fhe tradeoff be;weeg ohmic drop and
concentration,\pverpotential_ that results .from the unity transference
number, In addition, for a particular system we can determine the
minimuﬁ value of the'conductivity.that still leads to an improvement in
the performance of fhe system.. This work'should be helpful to research-
ers attempting to develop improved polymer solveﬁts for lithium bat-

teries. C .

Results and Discussion

We ﬁodéled a cell consisting of a soiid lithium negative electroae,v
a lithium salt in a polymer solvenF, and a manganese dioxide positive
electrode (figﬁre 1).: Thé positive electrode is a porous composite
" electrode consisting of active manganese dioxide partiéles, inert con-
ducting material such as carbon black, and the solution phase, each of
known volume fraction. The ‘electronic conductivity of the positive
electrode is assﬁmed‘to be large (100 S/m), so that ohmic drop in fhe
electrode is not important. In addition, a large kinetic rate constant

is assumed for the insertioh process, corresponding to 15 2=156 A/m2 at
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Figure 1. Lithium/polymer cell sandwich, consisting
of lithium-foil negative electrode, solid-polymer

electrolyte, and composite manganese dioxide positivé

electrode.



the initial conditions.

Table 1.

Parameters used in the simulation

System specific Adjustable
parameter _ - value Ref. parameter value
D_ 1.0x107 13 m?/s 14 T 100°C
o 100 S/m S 5, 50 um

. 2 :

i,y 12.6 A/m° 15,% 5, 100 pm
o ,a, 075 - } ; Rs . 1.0 pm
Vv ‘ 1 - c° 1000 mol/m>

L 23,720 mol/m3 - ' e 0.3.
n 1 N e . 0.151.
b, 4100 kg/m> ; - -

-

The-éimulations to follow will Be separated into two sections: the
first are siﬁulation results fér_a common system with transport proper-
ties taken from the literature. The electrolyte is LiCF3803 (lithium
Friflate) in polyethylene oxide (PEQ), due to the relative abundance of
data on this system. This first’simulation will be the only syStem with
a nonunity transfereﬁce number and»Qill represent a base case for com-
parison witﬁ later simulations. The second set of simulations is for
the same system; but with a transfefence number of unity and the conduc-

T i P ‘o . . : : 0
tivity varied over a specified range. For simulations in which t+=1.0,

no concentration gradienté exist in the solution phase, and variable

{ Data are not available for these parameters.

* Value given is at initial conditions.



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 0.2<y<2.0.in LinnZOA' However,
in this simulation we use only the upper plateau, giving a range of
0.2<y<1.0. Thérefore, the maximum concentration in the positive elec-

trode is estimated from the density of the material at composition

LanZOQ'
Figure 2 gives the cell potential with respéct to a lithium refer-
ence electrode at various discharge rates. The dashed line is the

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

 salt/solvent system are also given in appendix B. Relevant to the

present work, the transference number ip this system is about 0.19 at
the initial concentration. At higher rates éf discharge,jlarge concen-
tration gradieﬁtslare establiéhed in the cell, depleting the electrolytev
in the back of the composite cathode for I>2 A/mz. Once the concentra-
tion is driven to zero in the électrode,lthe active material in regions
further to the back can no_longer be utilizéd. This is the reason that

discharge curves at I=5 and 10 A/mz drop. off at less than 100% utiliza-

tion of active material.

The dépletion 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 I=5 A/mz. A large concentration gradieﬁtv

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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Figure‘2. Cell potential versus state of charge for the
lithium/manganese dioxide system at various discharge rates.
.The dashed line is the opeh—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

, .
galvanostatic discharge at I = 5 A/m . 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 concentrafion,
which occurs at x=0 for discharge, is.leés than 1600 mol/m3 for this
system. As this is significantly less than the soiubility limit, it
does not aépear to be a concern in the present gystem. Concenfration
profiles can also be devéloped for lithium inside the manganese dioxide'
particles at any distance into the positive electrodef Howéver, 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
dufing the course of discharge in this system. In figure 4 we present
the divergence of the solution phase current density across the positi&e
electrode at various times during a discharge at I=>5 A/m2} A.détailed
discussion of current distributions in porous electrodes has been given

11,13 We find a very nonuniform current distribution here,

elsewhere.
with a spike-like reaction front moving through the electrode. This is
expected from consideration of the shape.of_thé open-éircuit potential
for manganese dioxide coupled with the lack of an appreciable kinetic
resistance for thg insertion process. .A highiy sloping open-circuit:

o \ _ :
potential function or an appreciable kinetic resistance will tend to

bring aboup a more uniform current distribution: Examining figure 4, we
see that.the firsf feaction 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 result of the shape of the open-
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- 60 80 - 100 120 140

Figure 4. Divergence of solution-phase current'density,
which is proportional to the pore wall flux of lithium into

the positive-electrode active material,vdurihg galvanostatic

. 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/in.distinguishing between

various curves.
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circuit potential versus state of charge for manganese dioxide. fhis‘
curve (see dashea line on figure 2) has'two plateaux sebarated by a
small sloped region at approximately y=0.6. The increase in slope at
y=0.6 causes the current distribution t§ become more uniform for a brief

period, and after this, the second spike develops.

_ As we have seen.that the primary factor leading to incomplete util-
'izatién of active material at higher dischargé rétes is the concentra-
tion gradient that develops; ié is interesting to simulate the systéﬁ in-
the absence of concentration gradients. We can imagine making tg

approach unity by eithernallowing.D to approach infinity or having D

0+ 0-

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

+]|P04+P0-(Z4 — 2

- ¢ dln £ ,
D=C_1+ z D ’ (3)

0 dln ¢ z+D0+ -z Dy_

. |

is then also equal to zero. - Because of the lack of concentration gra-
dients with tgél.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 whichv the transference number ié
épproaching unity while simultaneously decreasing the salt diffusion

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

concentration profiles disappear, even though D is approaching zero.

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

ties for a system identical to the base-case system'but with c3=1.0. It

N
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Figure 5. Concentration profiles across the cell at

the end of galvanostatic discharges at I. = 5 A/m 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



Cell Potential (V)
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_ . ‘
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

given in table 1.
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is evident that this éystem is far éuﬁeriof”to the first, wi%h current
denéities)in excess of 50 A/m2 attainablé without any loss ofﬁcapacity.
However, as was discussed previously, it is unlikely tﬁaté‘a unity
transference number will be obtained in a polymer'electrolgég system
without‘an appreciable loss in conducti&ity. Therefore, the géxt:simu-

" lations involve the base-case system, but with the conductivity equal to

one-fifth of that above (evaluated at the initial concentration). This

¥

loss of conductivity is what would be predicted under dilutéysolution

theory (equatioﬁ L.

Figure.7 givesvdiséharge curves for a syétem with the coéductivity
reduced to a fifﬁh of its initiél value. As before, highér%éischarge
rates are attéinable in'compa:ison to ;hev baséfcase system;i,but- not
.withoﬁt increa#ing ohmic losses in the cell. At I=20 A/mz,?the cell ~’
pétential.drops below the cutoff value (3.0 V) after.approxiqgtely 93%
of‘the‘maximum capacity has 5een utiliééd. The major source 6£ overpo- .
tential in this system is the‘ ohmic drop, which increaSes’;éver the
coursé of discha;ge as the reaction front propagates iﬁto,tﬁé back of
the cathode; lithium ions must travél,farther in thé-solution;phase to
16

reach the reaction front.

-

This also cauées.the discharge curves to be
.-increasingly sloped at higher disgharge rates?‘whicﬁ is considérea to be
a disadvantage fpr many applications. Since we'assumed faci1é_kinetics
and a small partiple size in the positive ‘electrode (see'table;l), sur-
face o&erpotential and concentration polarization in the interior 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 versué state of chargé for é
system with unity transference number and, one-fifth the
'éonductivity. The dashed line is the open-circuit potential’
Other pafametérs used in the simulations are

of the éell.

given in table 1.
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At this point it seems that_immobilizing'the anion and attaining a
unity transference number-greatiy enhances the performancevof these sys-
_tems. However, a decrease in the corductivity 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
with a unity transference number.s’7 This is just another confirmation
of the concentrated nature of iithium-salt/polymer solutions, which has
been demonstrated from the Eoncentration dependence of transport proper-
ties,l7 activity-coefficient corrections,3 and theoretical»and experi-

18,19 Under concentrated

mental studies of ion pairing in these systems.
solution theory, we find a different expression for the conductivity,

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

dilute solution treatmeﬁt.

COZ_

1 -RT |1
K

= : = - —— . , (4)
CZ z_F2 Di C+(Z+D0+ Z—DO—) :

T+

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

ter, D+, whose concentration dependence has been discussed by several
11,20,21 '

7

_authors.

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-

tems such ‘as a lithium sélt/polymer  solvent, e.g. LiCF3SO3 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_thq above solution to be Li+,
CF3SQB_; and tbe 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

accouniting for the various species that may actually exist.

Along tﬁe above lines, we have carried out simulations with the
conductivity réduced to a t;nth 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 the smaller conductivity and nonuniform current distribution.
In this case, at 1=20 A/m2, the cell potential.dréps below the cutoff

value at y=0.69. This system is able to attain 100% utilization at
current densities up to 10 A/mz, still. significantly better than the

base case, for which tgﬁl.ow ' v '

Decreases in conductivity of greater than an order of nmgnitude
have also been explored here. We have simulated thetdischarge behavior
of syStems.with continuouslj decreasing values of the conductivity for a
single value of the current, I=5 A/mz. Several of ‘these discharge curves
are presented in figure 9, where it is evident that there exists a value
of the conductivity bélow which the system performs more poorly, on the
basis of matefial utilization, than the initial system with nonunity
transference number (compare with figureAZ){v In order to quantify the-
comparison, we can caiculate'the-energy densities and, after this, the

peak power densities that are attainable with each system.
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Figufe 8. .Cell potential versus state of charge for a
syétem with unity transference number and one-tenth the
conductivity. 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 9. Cell potential versus state of charge for a

system with unity transference number and various values

2
~of the conductivity. The cell is discharged at I = 5 A/m .

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 figuré 10 we have prepared a_Ragone-tyfe plot, which gives the
average speéific power versus the specific energy for each of the above
systems. The ﬁass of the systém includes.the separator- and both elec-
trodes, but not additional battery'maSses éuch as current collectors and

casing. The density of PEOnLiCFBSO3 is taken to be 1.2 g/cﬁ3, indépen-
dent ofrthe concentration, and the density of inert filler material is
taken to be 2.0 g/cm3. Note that the maximum specific energy is not
affected by 'vafying the éranspoft parameters, which is the expected
reéult, aﬁd approaches the theoretical value based on tﬁe maximum cépa-

city of LiMn and the system parameters. The solid lines represent

2%
systems with -a gnity transference number, while the dashed line is the
base-case system with a nonunity transference number. ‘This figure
serves to quantify the effect seén earlier, which is that as the
discharge rate increases, the material utilization is improved for sys-
tems with t3=l.0 and similar conductivity. - However, we can see from
figure 10 that when n<2.54x10—3.S/m, the syétems ﬁitﬁ unity transference
number are no 1onger_obtaining higher utilizations than the base case.
This transition occurs when the conductivity has been reduced to appféx-
iﬁately 2.7% of its 1initial valﬁe. For applications with lower
discharge rates, where concentration_gradients are not severe, decreéases

in the conductivity can be the major source 6f overpotential. This is
apparent at very low values of the power (below approkimately 25 W/kg),

vwhere "the energy is higher for the base-case .system with mnonunity

transference number.
Al

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

‘examine the peak specific power that the system can provide. We calcu-
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Figure 10. Ragone plot for the lithium/manganese dioxide

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 dischgrge (3DOD) i; based on
the maximum éapacity that the system can attain before the potential
drops below the cutoff‘value. The initial discharge is carried out at
I¥5 A/m2, giving a 5.6-hour discharge time. The specific power fbf the
base case is given in figufe 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 1is, in géneral, strongly depéndent on the depth of

dischargé.

To compare with.systems having a unity transference number, in‘fig-
ure 12 we present the ?ower available at 46% DOD for several different
values of the conductivity, As with the sﬁecific energy,. thé conduc-
tivity can be decreésed substantially.before the peak power dropé beloﬁ
'tﬁat of the base-case system. However, when the conductivity decreases
below approximately 6.1x10-3 S/m, the system with nonunit& transferencg
number becomes superior. This transition occurs earlier from considefa-
tions of the peak powervthan it did ffom 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 présént 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 poWera As is apparent from figure
12, small decreases in the conductivity bring about very 1atgevdecréases

in the peak power.
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Figure 11. The power available at various depths of
discharge is given versus discharge rate for the lithium
/manganese dioxide sysfem. 'This.system has.a»nonunity
transference number. Other parameters used in the

simulations are given in table 1.
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Figure 12. Thebpower at 40% depth of dischafge is
given versus discharge rate for the lithium/mangénese
dioxide system. The conductivity of the separator is
a parémeter. The dashed line is the syétem with
nonunity transference number. Other'paraﬁeters used

in the simulations are given in table 1.
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One last difference between these systems is seen when examining
the peak power as a function of the percent deﬁth of -discharge. 1In all
caees the peak power available decreases .as discharge proceeds, indicat-
ing the increased difficulty in accessing acﬁive material. In figure 13
we show the peak bower versus %DOD for several systems ‘with unity
transference number and various,cpﬁductivities, compared with.the base-
case system. | Again, the 30-s power ﬁeaks are performed at various
peints in a constaﬁt-curreﬁt discharge.at'S A/m2. _The peak power avail-
able for the base case 1is Substantielly reduced due to the nonunity
transference number; notice fhat the curves wifh ‘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 deptﬁ 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 centrast to the unity transfereﬁcerﬁumber
systems, whose peak power: is sgbstantially 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
Ey'the lafger distance that ions must travel to reach the reaction front
(see discussion of.figure 7). The.comparisoh of peak power velues made
in figure 12 ﬁhus depends on the depth of discharge, and farther into
diseharge 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-
fied involves values of tg‘less than or equal to zero. This has been

discussedlpfeviously in the 1literature, and it has been stated that a
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Figure 13. The peak power is given versus depth of
dischafge for the lithium/manganese dioxide system.

The dashed line is the system with nonunity transference

number (having ihitially thevconductivity-df 6.36x10—2
S/m) . The other lines are for systems with unity
transference number and various conductivities.

Othér parameters used in the.simulations are given

in table 1.
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zero transference number for the lithium ion does not mean that a system
R 22 . : . '
is inoperable. Under the framework presented above, we can see that

the transference number can become zero if either DO+ is equal to zero

or if DO— approaches ihfinity (see equatidn 2). In the former case, the

salt diffusion coefficient is also equal to zero (eqﬁation 3), and the
concentration profile that develops has an infinite gradient, leading to
immediate failure of the cell. In thevlatter case, the salt diffusion
: coefficieﬁt wili equalitwiée the cation diffusion coeffi;ient 2DO+’ and
the system can opérate sucessfully, albeit with a large conceﬁtratioﬁ
gradient. The steady-sgaté concentration gradient in the sep&rator dur-

-

ing discharge is given by

0
I(l—t+)L
FD.

(5)

Ac =

Hence for tg equal to zefo a large gradient is expected. We can also
see that values of tg less than zero will lead to increasingly larger
concentration gradients 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 ﬁegative

transference number for the lithium ion could still operate sucessfully.’

It is tempting to ascribe a negative transference number to the
" existence of mobile complex species, such as negatively charged triplet
. 19 . . <o s

ions. 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

23

obtained, for example, by spectroscopic methods. Yet, as pfeviously
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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. 1ith;um salts solvated with
éolymer electrolytes are limitedvby'depletion of the electrolyte in the
porous electrode. This problem does not exiéﬁ in polymers with a unity
transference number for the lithium ion, attained for example by attach-
ing the anion to the polymer chain. Howevef, 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/PEOnLiCF Sb3/manganese dioxide, to demonstrate

3 .
the tradeoff that exists between theée parameters.

At very low discharge rates, when the steady-state concentration
gradient is not large enough.to deplete the‘solution of eiectrolyte, no
iﬁprovémeht is gained from a unity transference number. But inbapplica-
tions where a high discharge rate is desired, such as electric vehicles,
a unify transference numﬁer leads to substantial impfovements. in
matefial utilization. This 1is true even when the conductivity is
reduced by over an order of magnitude, down as far as to 2.7% of its
initial wvalue. The peak powef'available for a thirty-second pulse of
current is also improved for systems with unity tranéference number,
alﬁhough this is strongly dependent on ﬁhe depth 6f discharge, and the
improvements are not as significant as with the specific energj. 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 froﬁt penetrates into thé depths of the poroﬁg electrode. This .
is in constrast to the basé-case system, indicating»that the effect of a
nonunity transference number on the peak poWef, although drastic, is
roughly constant as discharge proceeds. At AO%I'dépth 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-
ized to apply to any of the lithium salt/polymer electrolyte combina-
tions‘that exist, in general, we fipd that improvements madé\by having
~a unity transference number will depend on the intended application for
the system. For applications with méderately high discharge rates, such
- as électric thicles, the advantage of a unity transférgnce nﬁmber 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

0
» i,-ve aj [l—tJ
eg—i = V. [eDVc] - : F+ + , (A'l)'
++ Y& '
dln £ .
kRT + 0
12 = - ch<I>2- + F [1 + a1n c][l - t+]V1nc, (A-2)
i (a-3)
&n = oF v°12' -
. In the solid phase of the composite cathode
i, = -0V,  (A-4)
de azcs 9 acs o
ac ~ 2|72 trar , (A-5)
ar
These two phases are related through the boundéry condition
| s (a-6)
Jn=—Ds—a—r—at r=Rs :

’

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

the first two equations apply with jn=0‘.0 and e=1.0.
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These equations are linearized and solved simultaneously using the
subroutine BAND.ll Wé have two independent variables (x.and t) and six
dependent variables (c, @2,,0;, i2’2jn’ and @l). The Crank-Nicolson
impiicit method was used to evaluate theitime derivatives,

)

Appendix B Transport properties of the electrolyte and

thermodynamic data

"Polyetbylene oxide, 1 M LiCF3éQ3, — The cqncehﬁration dependence
of the conductivity was téken from available data in the literature and
was. fit to a polynomial.24 The conéentfation dependence of; the
transferepce number was f;t to the equation:

£9 = 0.0107907 + 1.48837x10™%c . '

The concentration dependence of the diffusion cqefficient'was not avail-
able, so it was taken to have the constant value _7.5x10_12 m2/sec.
Activity coefficient data have not been reported.
The exchange current density for the lithium/PEO interface, includ-
' | | 15

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

value, based on initial cohditions, is i =12.6 A/mz. The transfer .

o,1l
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-
25 o i 26 ' . .
ture. This fit"~ 1s used to generate the dashed curve on the simu-

lated discharge curves presented here.
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List of Symbols

s s ;. 2
specific interfacial area, m /m
: 3
concentration of electrolyte, mol/m
concentration of solvent, mol/m
3

total concentration of solution, mol/m

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

dilute solution diffusion coefficient of species
i through solvent, m™ /s

pairwisezinteraction parameter between species i
and j, m /s

mean molar activity coefficient

Faraday's constant, 96,487 C/eq
2 <

current density, A/m

exchange current density, A/m2

superficial current density, A/m2

pore wall flux across interface, mol/mz-s
total cell thickness, m

radial distance 1in a particle of active
material, m

universal gas constant, 8.3143 J/mol-K
radius of.pésitive electrode particles, m
stoichiometric coefficient of species i
time, s

transference number of species i

temperature, K

‘distance from the negative electrode, m
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charge number of species i

transfer coefficients

thickness of separator, m

thickness 'of composite positive electrode, m
porosity

conduétivity of the electrolyte, S/m

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

density of solid material, kg/m3

conductivity of the solid composite electrode,
S/m . . _

electrical potential, V
Subscripts

fiiler

soiid phase or separator
solvent

solid matrix

solution phase

concentration in intercalation material for y=1

positive electrode or cation

negative electrode or anion

Superscripts

initial condition
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