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18Abstract

19 We develop a model based on concentrated solution theory for
20predicting the cycling characteristics of a lithium-polymer-lithium symmetric
21cell containing an electrolyte with known transport properties. The
22electrolytes used in this study are mixtures of polyethylene oxide (PEO) and
23lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt, prepared over a wide
24range of salt concentrations. The transport properties of PEO/LITFSI
25previously reported in the literature are used as inputs for our model. We
26calculate salt concentration and potential profiles, which develop in these
27electrolytes under a constant dc polarization, as a function of current
28density, electrolyte thickness, and salt concentration. These profiles are
29nonlinear at steady-state due to the strong concentration dependence of the
30transport properties of this electrolyte. The effect of this nonlinearity on
31limiting current is demonstrated. Cycling characteristics of a series of lithium
32symmetric cells were measured to test the validity of our model, without
33resorting to any adjustable parameters. The time-dependence and steady-
34state value of the potential measured during cycling experiments were in

35excellent agreement with model predictions.

36



37Introduction

38 Next-generation lithium batteries with high energy densities are
39desired for applications such as electric vehicles and personal electronics.
40The implementation of these batteries hinges upon the development of novel
41electrolyte materials with both stability against the lithium metal anode and
42excellent transport properties. The efficacy of newly-developed electrolytes
43is usually established in symmetric lithium-electrolyte-lithium cells. In a
44typical experiment, the cell is polarized in one direction using a constant dc
45current for a predetermined amount of time, and then the polarization
46direction is switched. Numerous researchers have reported cycling data from
47such experiments using potential versus time plots, with an emphasis on the
48total number of cycles that could be sustained before failure.'® Little
49attention has been paid to the time-dependence of the cycling profile and
50the steady-state potential attained at a given current density. While the
51necessary equations for predicting the cycling behavior of symmetric cells
52are well established in the concentrated solution theory of Newman,’® we are
53not aware of any comparisons of these predictions with experimental data.
54Most of the comparisons between the Newman approach and experimental
55data focus on cells with porous electrodes and require adjustable parameters

560r simplifying assumptions.®*3

57 Polymer electrolytes have been identified as promising candidates for
58lithium metal batteries.'*'’” They are also convenient model systems for
59measurement of transport coefficients. lon transport in electrolytes is
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60governed by three transport coefficients: conductivity, o, the salt diffusion
61coefficient, D, and the transference number, t..” In addition, modeling these
62systems requires knowledge of the thermodynamic factor, (1+dlny./dlnm),
63which quantifies the change in the mean molal activity coefficient of the salt,
64y., with the molality, m, of the solution. We note in passing that measuring
65these four parameters in conventional liquid electrolytes is complicated due
66to convection;'®?° convection is suppressed in polymers due to high

67viscosity.

68 Figure 1 shows the cycling profiles of lithium symmetric cells
69containing polymer electrolytes that differ in salt concentration. Our
70electrolytes are comprised of mixtures of polyethylene oxide (PEO) and
71lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. We use r., to denote
72the average salt concentration of the electrolyte, where r., is defined as the
73molar ratio of lithium ions to ether oxygens in the system: r., = [Li*]/[O].
74Although both cells in Figure 1 were cycled at the same current density of is
75= £ 0.02 mA/cm?, the cell containing an electrolyte with a lower salt
76concentration (ra, = 0.02) reaches a much lower potential at steady-state
77compared to the cell with the higher concentration electrolyte (r., = 0.14).
78The concentration-dependence of o, D, ti, and (1+dlny./dlnm) of this
79PEQ/LITFSI electrolyte have been previously reported.?'?? At r,, = 0.02, the
80ionic conductivity is 0 = 7.5 x 10* S/cm, while at r,y = 0.14 itis 0 = 9.9 x 10
81% S/cm. If conductivity were the only relevant transport parameter, then the

82steady-state potential would be lower for the r., = 0.02 cell. Figure 1 shows
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83that this is clearly not the case. The theoretical work presented in this paper

84resolves this issue.

85 Our objective is to compare cycling data of the type presented in
86Figure 1 with theoretical predictions based on concentrated solution theory.
870ur theory enables calculation of both potential gradients and salt
88concentration profiles in an electrolyte at steady-state with no adjustable
89parameters. It also addresses the time-dependence and steady-state value

900f potential as a function of applied current.

cl:'mea:sured (mV)

91 time (h)

92Figure 1. Cycling profiles showing measured potential, ®measured, @s a function of
93time for lithium-polymer-lithium symmetric cells with PEO/LITFSI electrolytes at two
94different salt concentrations. The cells were cycled at a constant current density of

95/, = £0.02 mA/cm?, and the thicknesses of the electrolytes were approximately 500
96um.



97Theory

98 We use concentrated solution theory’ to model a cell containing a
99binary electrolyte wherein the cation is produced at the anode and
100consumed at the cathode in response to an applied potential, and both the
10lanion and solvent do not participate in the redox reactions. The current is
102applied in the x-direction across a symmetric cell containing a salt (¢ with
103electrodes of pure metal M. The applied current creates gradients in the salt
104concentration and the potential across the electrolyte. The reference
105electrode used to measure the potential at any position in the electrolyte
106follows the reaction

_Mz+<;+M‘5,——‘ne"""L (0)
107The anode is located at x = 0 and the cathode at x = L, where L is the
108thickness of the electrolyte. We take the potential at the cathode to be zero,

109and surface overpotentials are taken to be zero at both electrodes.

110Steady-State Model
111 The relationship between the anion flux, N., and the current density, i,
112is given by

N A__Dcch,h% ot

—{=

RTcov dx * z,;‘F“,[,(;[)(' (O)
113where D is the diffusion coefficient of the salt based on a thermodynamic
114driving force, ue is the chemical potential of the electrolyte, t. is the anion

115transference number (t. = 1 - t.), and F is Faraday’s constant. The

116concentration terms are co, ¢, and ¢1, where ¢y is the solvent concentration, ¢



117is the salt concentration, and cr is the total solution concentration (¢t = ¢o +

118vc).

119 At steady-state, the net flux of the anion is zero at all values of x. In
120this case, eq. 2 reduces to the following expression in terms of is, the
121steady-state current.
du. . t, ,
= 8

dx RTc,v | (0)
Z —1
“FDcrcv_;i

122The chemical potential of the electrolyte is defined in terms of the molality of

123the solution,

u,=u2+VRTIn(my.,)+RTInié (0)
124where ul is the chemical potential of the reference state and y. is the mean

125molal activity coefficient of the electrolyte. Combining eq. 3 and 4, we get

dHe _VRT

1+dIn Y.
ax m

dm _j t,
dinm

dx = RT c,v - (0)
Z r s, 0
Dcycv_,.é

126The salt diffusion coefficient D measured in a restricted diffusion experiment

127is based on the relaxation of a concentration gradient and is related to D by

Crl, . diny,

D=D
dinm

1+

: (0)

CO
128 In this work, we prefer to describe salt concentration in terms of r, the

129molar ratio of lithium ions to ether oxygens in the system. Given that r =

130mM,, where M, is the molar mass of the solvent, it is straightforward to



131convert from m to r in these equations. Combining eq. 5 and 6 and

132performing this conversion, we get

ar_ E
dx Fz [ & (0)
7(’V7[‘rD(I')C(I’)'(’(‘

133Collecting the r-dependent terms and integrating over them gives an implicit

134expression for the concentration profile, r(x), for a given r(x=0) and isL.
r(x) i
Dlrlc(r) , sl
J = . (0)

=6V,

rix=0) Tt

X
135In an experiment one controls the average concentration of the electrolyte,
136r.,, which is obtained by integrating r(x) from x = 0 to x = L. The spatial
137dependence of the molar salt concentration, c(x), can then be readily
138obtained from r(x) as long as the concentration-dependence of the density of
139the electrolytes is known.

140 The potential gradient d&/dx in the cell can be determined for a given

141current density using the relationship

—_gd®_0o,
'= odx F6 0)

l42where o is the conductivity of the electrolyte and t: is the cation
143transference number. Since the electrolyte is electrically neutral, u. depends
1l44only on local concentration, and is independent of . Charge balance
145implies that z, = n. Eq. 9 applies to both steady-state wherein both terms on
146the right contribute and the initial state wherein the second term on the right

147is zero because the solution is initially uniform in concentration. At the initial



148state, d@/dx will be constant. Thus, the initial current density, ip, at t = 0 is
149related to the initial potential, &, by

@,

1 (0)

=0
150The relationship between the current density and potential at steady-state is

151given by combining eq. 3, 6, and 9,

do
ax

iss=—0 —iNe, (0)

152where Ne is given by?

Ne=-Y_ (0)
GO

153The parameter Ne can be measured by a steady-state current experiment

154and is related to the quantity is/io, often referred to as the steady-state

155current transference number, t; ss.

iSS 1

i0:1+Ne'

t+,55_

(0)

156Eq. 11 can be integrated to obtain the spatial dependence of potential,

q)ss(x):_FZ—z,v? o . 8 (0)

157where dr/dx determined above is used. Thus, prediction of &, across an
158electrolyte using eq. 14 requires knowledge of the concentration-
159dependence of three independent transport properties, o, D, and t, in
160addition to t.ss and c.

161Transient Model

162 For unsteady-state problems, it is customary to start with eq. 12.14

163from reference 7 which describes the mass transport of the salt in the

9



1l64electrolyte based on concentrated solution theory. This relationship,
165simplified to one-dimensional transport along the x-direction in the absence

1660f convection, is given by

BC: 6 _dlnCO BC _ iSS (0)
ot ox dinc|ox| z,, ;¢
167with boundary conditions
dc t,.. .
—-D—| =1--%j
dX o0 F SS(’ (O)
dc t... .
-D—| =-1--%j_.
dX el F SS 6 (0)

168Equation 15 can be solved numerically to obtain transient concentration

169profiles, c(x,t), across an electrolyte.

170 In order to obtain transient potential profiles, ®(x,t), across an
171electrolyte, we use the relationship between iss and @ given by a modified
1720hm’s law that includes the overpotential due to concentration gradients in

173the electrolyte.

__,d® 20RT

dinf,
= 1+ =
5 dx F

dInc ¢ ©)

i

174Equation 18 is solved numerically with Butler-Volmer kinetics used to

175account for the charge-transfer reaction at the electrode boundaries.

i

F
ilexp (ZRBT |®,-@(x=0)||-exp

sslx=0"

RT

a.r (CD1—(D(X:O)))] (0)
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i

~a,F
%" o(x=L)
RT

acf @(X:L))

exp —exp| == (0)

ss |X:L: ie

176Here, ic is the exchange current density, and a, and a. are the anodic and
177cathodic transfer coefficients, respectively. The electrode potential at x = 0
178is @,. The parameters used in our unsteady-state model are: a, = a. = 0.5,
179and i, = 0.5 mA/cm?, based on previous work on a closely related system.?*
180Under these conditions, the difference between the electrode potential and

181that in the electrolyte at x = L are negligible.

182 At steady-state dc/dt = 0, and eq. 15 simplifies to
dinc,\dc . t.
D|{1- 0 1= == ——*
dinc |dx Isszwmm&b (©)

183The constant K is determined using the condition dc/dx = 0 when t. = 1. This
184gives

dInc,
dinc

dc_ —is
dx =z

ol

I8

V0l

185Collecting the concentration-dependent terms and integrating gives

C(f) D(c) = lsb
c(x=0) . B d|n CO Z+(,V+.F X).(.’Z’ (0)
" dinc o

186Eq. 23 is formally equivalent to eq. 8 due to the interrelations between c, r,

187and co.

188
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189Methods

190Experiment - Cell Preparation and Cycling

191 All sample preparation was performed inside an argon glovebox
192(MBraun) in order to maintain water and oxygen levels below 1 and 5 ppm,
193respectively. Electrolytes were prepared by mixing PEO purchased from
194PolymerSource (5 kg/mol with a polydispersity of 1.08) with LiTFSI salt
195purchased from Novolyte. The polymers were dried at 90°C under vacuum in
196the glovebox antechamber for 24 h. The salt was dried at 120°C under
197vacuum in the glovebox antechamber for 3 days. Electrolytes were prepared
198by dissolving dry polymer and LiTFSI salt into tetrahydrofuran (THF) at 55°C
199until completely dissolved. The THF was evaporated, leaving behind a
200polymer/salt mixture. After 12 hours of drying on the hot plate at 55°C, the
201electrolytes were transferred to the glovebox antechamber to dry under
202vacuum at 90°C for 24 h to remove any excess THF. The average salt
203concentration in the electrolyte is described as r.,, the molar ratio of lithium
204ions to ether oxygens on the polymer: r., = [Li*]/[O]. Electrolytes were
205prepared in a wide range of salt concentrations of 0.01 < r., < 0.30.

206 Lithium symmetric cells were assembled by pressing the polymer
207electrolyte into a silicone spacer with a diameter of 3.175 mm and a
208thickness of 508 um. The electrolyte was then sandwiched between two 150
209um thick lithium foils (MTI Corporation) backed with nickel foil. A stainless-
210steel shim was placed on either side of the sample to prevent the sample

211from deforming, which could lead to a change in electrolyte thickness or a

12



212cell short. Nickel tabs were secured to the stainless-steel shims to serve as
213electrical contacts. The assembly was vacuum sealed in a laminated
214aluminum pouch material (Showa-Denko) before removal from the glovebox.
215All samples were annealed at 90°C for 4 hours prior to electrochemical

216characterization.

217 Cycling was performed using a Biologic VMP3 potentiostat, and the
218cells were maintained at 90°C using a home-built heating stage. Cells were
219polarized at a low current density of is = 0.02 mA/cm? and the potential,
220®measured, Was recorded as a function of time for five charge/discharge cycles.
221Each cycle consisted of a 4 h charge, 45 min rest, 4 h discharge, and 45 min
222rest. Examples of cycling data (®@measwrea VS. t) obtained from lithium
223symmetric cells with electrolytes of different salt concentrations are shown in
224Figure 1. Between each cycle, ac impedance spectroscopy was performed to
225track the cell impedance as a function of time. For each of these
226measurements, complex impedance was acquired for a frequency range of 1
227MHz to 100 mHz at an amplitude of 80 mV. The data were analyzed in the
228form of a Nyquist plot and fit to an equivalent electrical circuit suitable for a
229symmetric cell with nonblocking electrodes to obtain Ri, the interfacial
230resistance of the cell, as described in previous publications.??> The value of
231R; taken immediately subsequent to a given charge/discharge measurement
232is used to correct ®messurea for the potential drop across the interface

233according to eq. 26.

13



234 Cells prepared with an electrolyte concentration of r., = 0.18 were
235cycled at higher current densities following the initial five cycles at iss = 0.02
236mA/cm?. In this case, one full charge/discharge cycle was performed at each
2370of the following current densities: iss = 0.05, 0.09, 0.12, 0.15, 0.20, and 0.25

238mA/cm?.

239 After the cycling experiments were completed, the cells were
240disassembled in the glovebox, and the final electrolyte thickness, L, was
241measured using a micrometer. These values are used in our analysis to

242normalize the potential of each cell according to thickness.

243

14



244Transient Model - Comsol Parameters

245 The transient model, based on a macro-homogeneous model by
246Newman and coworkers,!%2627 js ysed to calculate the time-dependence of
247the potential across a lithium-PEO/LITFSI-lithium symmetric cell during dc
248polarization. The governing equations for this model (eq. 15-20), are solved
249numerically using Comsol 5.3. The exchange current density, /., is taken to
250be 0.5 mA/cm?, and the anodic and cathodic transfer coefficients, a. and a,
25lare both taken to be 0.5, based on a previous report using similar

252materials.?*

253 To solve these equations, it is necessary to fit each transport property
254and the thermodynamic factor as continuous functions of salt concentration.
255The thermodynamic factor used in these equations is (1+dInf./dInc), which
256quantifies the change in the mean molar activity of the salt, f., with the
257molarity, ¢, of the solution; this parameter is different from (1+dIny./dInm),
258which is based on the molality of the solution. The polynomial expression

259used for fitting and the results thus obtained are given in Table 1.

260Table 1. Fitting parameters used for each transport and thermodynamic
261property used in the Comsol modeling. All parameters, P, are given as
262functions of concentration, ¢, in mol/L. Units for conductivity are S/cm and
263diffusion are cm?/s. Most parameters were broken up into two concentration
264ranges to obtain the most accurate fits.

Plcl=K,+K,c+K,c*+K,c*+K,c*+K >

P(C) range Ko K1 Kz K3 K4 K5
C=
2.53 x10* -1.48 x10° 7.73 x10° -5.69 x10° R
o 2C.5>8 -7.26 x10° 3 -2.24 x10- 3 1.16 x10
2 2 2 3
5 og 7.13 x10 2.29 x10
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Cc=

6.92 x10® -1.04 x10° 3.51 x107 -2.50 x10° 4.93 x10°¢

D zc'3>8 -7.87 x10° 7 -7.31 X100 7 -3.24 x10° 90'X10,7
5 1.21x10* 5 2.19 x10° 6 '
2.38
€= .8.95x10 3.08 x10°
; 258 7T 0.768 -0.258 T
¥ c> 59.9 -17.2
558 -68.2 1.63
Cc=
1+d|n f. 258 334x10° 0857 2.23 -0.785
dinc c> -352 295 -78.8 6.85
2.58
dinc,
1-— all ¢ 0.964 -0.108  -2.94 x10?
dinc
265Results and Discussion
266 In order to model concentration or potential profiles in an electrolyte,

267measurements of transport properties (conductivity, o, salt diffusion
268coefficient, D, cation transference number, t.) and the thermodynamic
269factor, (1+dlny./dlnm), must be obtained over a wide range of salt

270concentrations.” Table 2 shows the transport properties of an electrolyte

271composed of 5 kg/mol PEO mixed with LiTFSI salt. These measurements have

272been thoroughly discussed in recent reports from our group.?-22 Here, salt

273concentration is defined in two ways: r is the molar ratio of lithium ions to
274ether oxygens in the system, r = [Li*]/[O], and c¢ is the molarity of the
275solution. We have added the steady-state transference number, t. s, defined

276by eq. 13 in Table 2 as it convenient for the calculations given below.

277Table 2. Transport properties of a 5 kg/mol PEO/LITFSI electrolyte at 90 °C.

C

D P (1+diny./
r (c':gl)/ (cm?/s) (S/cm) t. dinm) trss
2.47 100 [6.0 = 0.8] [2.7 = 0.6] 0.07 = 018 =
0.01 s X107 x10% 0.02 0.43 0.009
4.73 x10©  [7.8 + 0.7] [7.5 + 0.4] 0.23 + 0.16 +
0.02 s x10° x10 0.03 0.69 0.015
8.71 x10©  [1.0 + 0.1] [1.8 + 0.5] 0.40 + 011 +
0.04 s X107 X107 0.13 1.70 0.019

16



0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.21

0.24

0.27

0.30

1.20 x10°
3
1.59 x10°
3
1.87 x10°
3

2.11 x10°

3

2.383x10'
2.583x10’
2.763x10'
3.053x10’
3.363x10'

3.49 x10

3

3.78 x10°
3

[1.3 £ 0.4]
x107
[1.1 £ 0.1]
x107
[8.4 +1.1]
x108
[7.0 £1.7]
x10%
[5.8 £ 0.9]
x108
[9.4 £ 0.8]
x10%
[9.0 £ 1.0]
x108
[6.5 £ 1.5]
x10%
[6.3 £1.0]
x108
[5.9 £ 1.3]
x10%
[4.2 £ 0.6]
x108

[2.0 = 0.2]
x1073
[2.2 £ 0.8]
x1073
[1.3 = 0.2]
x1073
[1.1 £ 0.0]
x1073
[9.9 + 2.3]
x10*
[1.3 £ 0.4]
x1073
[1.6 = 0.6]
x1073
[1.2 £ 0.4]
x1073
[6.4 + 2.4]
x10*
[4.0 £ 1.0]
x10*
[1.5 = 0.2]
x10*

0.33 =
0.11
0.43 =
0.17
0.20 =
0.05
0.08 =
0.02
-0.08 +
0.02
-0.38 =
0.13
0.10 =
0.04
0.41 =
0.16
0.33 =
0.13
0.18 =
0.06
-0.02 =
0.00

2.23

3.33

2.82

2.78

2.66

2.27

3.74

6.32

6.00

5.24

4.49

0CPo0CPo0PoPolPoPolPolololo”
P2 L2L2 o209 82 520252222
oNoPoPRoRoQPoQoloQolokto
Soglow o802 I18a38<N8x 2w lo8r
O NHORORHFHFIFURF @ WHNKF UG

278

279

To calculate concentration gradients in any system using eq. 8, the

280transport properties of the electrolyte must be fit as a continuous function of

281salt concentration. Based on the data in Table 2, we calculate the parameter

282(D c¢)/(r t) for our PEO/LITFSI electrolytes, shown in Figure 2.

283transference number, t, is equal to 1 - t..

284squares fit to the equation

Dc

rt,=ar’+bri+cr’+dri+er+f,i

285with fitting parameters

286
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The solid curve shows a least-



287where D is in cm?/s and c is in mol/cm?. Alternatively, one could fit each
288parameter (D, t, ¢) individually as a function of r. It is important to note that
289our data are limited to the range 0.01 < r < 0.3. Thus, our model can only be
290used to study symmetric cell data wherein the entire salt concentration

291profile in the cell falls within these bounds.

5)(10794”"[ |||||||| | BRI DAL LB

(D ¢)/(rt) (mol/cm s)

0.00 005 010 015 020 025 0.30

292 '
293

294Figure 2. Fit of the transport coefficient term, (D c)/(r t), with LiTFSI salt
295concentration. The solid curve shows the least-squares polynomial fit given by eq.
29624.

297

298

299 The concentration profile in a symmetric cell under steady-state
3000peration is governed by the initial salt concentration of the electrolyte
301which we call r., the steady-state current density, iss, and the thickness of
302the electrolyte, L. Before the cell is polarized, the salt concentration at all
303locations is ra.,. At steady-state, the salt concentration profile is governed by
304eqg. 8; solution to this equation gives the position-dependent salt
305concentration, r(x). It is convenient to determine the concentration profile as

306a function of x/L. Calculating the concentration profile for a given value of

18



307the product issL requires a three-step iterative process: (1) Choose a value for
308r at the point x/L = 0. (2) Calculate r as a function of x/L from 0 = x/L = 1
309using eq. 8. (3) Integrate r(x/L) from 0 to 1 to determine the average salt
310concentration, ra., of the electrolyte. The process is repeated, adjusting the

311value of r at x/L = 0, until the desired r., is reached.

312 Figure 3 shows salt concentration profiles for PEO/LITFSI electrolytes
313with different salt concentrations: r,, = 0.08, 0.10, 0.12, and 0.14. Each panel
314corresponds to a different value of isL. Figure 3 could represent three cells
315with the same thickness at different current densities (L = 500 um and () iss
316= 0.8 mA/cm?, (b) iss = 0.2 mA/cm?, and (c) iss = 0.02 mA/cm?) or with
317different thicknesses at the same current density (iss= 1 mA/cm?and (a) L =
318400 um (b) L = 100 ym and (c) L = 10 um). At the lowest value of jsL =
3190.001 mA/cm (Figure 3a), the concentration profiles are linear. Nonlinear
320concentration profiles are evident when isL is increased 0.01 mA/cm (Figure
3213b). Further increase in isL to 0.04 mA/cm results in highly nonlinear

322concentration profiles (Figure 3c). For the r., = 0.08 electrolyte shown in

323Figure 3¢, r(x) approaches zero at x/L = 1. The minimum value of r(x/L=1) is

324zero; this condition is defined as the Ilimiting current density of an

325electrolyte. The nonlinear concentration profiles in Figure 3b and ¢ are due to
326the concentration-dependence of t. and D. If t, and D were independent of
327salt concentration and ¢ were proportional to r, all profiles in Figure 3 would

328be linear. Interestingly, the concentration profile at a given current density

329does not depend on conductivity (see eq. 8); the values of the conductivity

19



3300only affect the cell potential required to achieve a given current density (see

331eq. 14).

332 Equation 7 indicates that the concentration gradient, dr/dx, at a given
333location, x/L, in the symmetric cell is governed entirely by the local salt
334concentration, r, regardless of the overall salt concentration, r., of the
335electrolyte. Thus, in Figure 3 if one moves horizontally from one curve to the
336next at any chosen value of r, the gradients of the concentration profiles are
337identical. At steady-state, the overall flux of cations, given by is, is
338independent of position (x/L). The migration and diffusion components of the
339flux will change with position due to the concentration dependence of t; and

340D. The slope of the concentration profile changes due to this effect.
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342Figure 3. Concentration gradients in PEO/LITFSI electrolytes predicted by the
343model at steady-state. These are calculated using eq. 8 based on the fit of the
344transport parameter in Figure 2.
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345

346 The limiting current density is an important characteristic of an
347electrolyte, as it defines the maximum current that can be drawn from a cell
348during operation. Traditionally, equations used to describe this characteristic
349are based on the assumption of transport properties that are independent of
350salt concentration.” We use our model to calculate the limiting current
351density as a function of salt concentration for PEO/LITFSI electrolytes. The
352limiting current density, iimt, is defined as the value of iis when the
353concentration profile exhibits r = 0 at x/L = 1. Our expressions for transport
354properties and the thermodynamic factor were derived from data in the salt
355concentration range of 0.01 = r = 0.3. In other words, r = 0 lies outside the
356parameter window. To overcome this issue, we use our model at a chosen
357value of r., to obtain r at x/L = 1 with increasing iss up to the limit of r = 0.01
358at x/L = 1. Typical data thus obtained at r., = 0.08 are shown in Figure 4a.
359Extrapolating these data to r = 0 gives the value of the limiting current
360density. Only the product iimitL appears in the governing equation (eq. 8); we
361thus report on this parameter. Figure 4b shows the product iimtl as a
362function of r,. It is evident that /imitL exhibits a nonlinear dependence on salt
363concentration due to the nonlinear concentration profiles observed in these

364electrolytes.
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366Figure 4. (a) Model predictions of issL as a function of r at x/L = 1 for an electrolyte
367with a salt concentration of r., = 0.08. Here, the dotted line shows the least-squares
368polynomial fit, which is used to extrapolate the data to a valueof r=0at x/L = 1 to
3690btain the limiting current density (here shown as iimiL). (b) The product iimiL for
370PEOQ/LITFSI predicted by the model as a function of electrolyte salt concentration.
3710ur predictions are limited to 0.02 = r,, = 0.12 due to the limited concentration
372range of the fits used in our model.

373

374 To calculate potential gradients in our electrolytes using eq. 14, we fit
375the transport parameter (D c¢)/(r t. 0 tis) as a continuous function of salt
376concentration, shown in Figure 5. A double exponential gives the most

377precise fit for this data, and is given by

Dc
rt ... =ko+A,exp (—T,r)+A,exp (—T,r), ¢ (0)

378with fitting parameters

379

380where D is in cm?/s, c is in mol/cm?3, and o is in S/cm.
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382Figure 5. Fit of transport coefficient term (D c)/(r t o t.ss) with LIiTFSI salt
383concentration. The solid curve shows the least-squares fit to the double exponential
384given in eq. 25.

385
386
387

Figure 6 shows the dependence of potential, ®, on position calculated
388for the electrolytes shown in Figure 3 (r.y = 0.08, 0.10, 0.12, and 0.14) at the
389same three values of issL. We define ® = 0 at x/L = 1. At the lowest value of
390isL, @ is a linear function of position (Figure 6a). Nonlinear dependences of @
391on position are evident at higher values of issL (Figure 6b and c). There is a
392close relationship between the nonlinearity in potential seen in Figure 6 and
393the nonlinearity in concentration seen in Figure 3. In an experiment, the
394value of cell potential measured experimentally corresponds to @ at x/L = 0.
3951t is clear that for a given value of isL, cells prepared with electrolytes of
396different salt concentrations will yield different values of ® at steady-state.
397Interestingly, the cell potential (® at x/L = 0) is a stronger function of salt

398concentration at isL = 0.001 mA/cm when compared to isL = 0.04 mA/cm

399(compare inset in Figure 6a with Figure 6c). This is because of the large

400concentration gradients that are obtained at high values of issL (see Figure
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4014c). The transport parameters of our electrolytes are strong functions of salt

402concentration, but when large concentration gradients are present in the

403electrolyte these properties are integrated over a wide concentration window

404that is not a sensitive function of r... Next, we examine the validity of our

405model by comparing theoretical predictions against experimental

406measurements of @.
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408Figure 6. Potential profiles in PEO/LITFSI electrolytes predicted by the model at
409steady-state. These are calculated using eq. 14 based on the fit of the transport
410parameters in Figure 5.

411

412

413 We use the calculations described above to interpret experimental
414data from lithium symmetric cells with PEO/LITFSI electrolytes. The cells were
415cycled at increasing values of is, and the measured potential, ®measured, Was

416recorded as a function of time. Typical time-dependent potential curves thus
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417obtained are shown in Figure 7a. These data correspond to an electrolyte
418with r., = 0.18 cycled at current densities ranging from iss = 0.02 to iss = 0.25
419mA/cm?. At each current density, the potential increases with time due to the
420formation of concentration gradients in the electrolyte, and then plateaus as
421the cell reaches steady-state. The measured potential, ®measurea, Cannot be
422directly compared to @ predicted by the model, as it has contributions from
423the lithium-polymer interfaces that are not included in the model. To correct

424for this, we subtract the potential drop due to interfacial impedance,

P (t)=® reasurea ()~ Rilss A, (0)
425where R; is the interfacial resistance obtained from ac impedance and A is
426the area of the cell. The time-dependent potential curves were obtained after
427the interfacial impedance had reached a steady value; thus, the product
428RiissA is taken to be constant at all values of t. For the case of the
429experimental data, we normalize ® by the measured thicknesses of the cells,
430which are in the vicinity of 500 um. In our comparisons below, all measured
431potentials are presented after correcting for interfacial impedance and

432normalizing by thickness (®/L). Figure 7b shows the data from Figure 7a with

433this correction applied.

434 The relevant metric for direct comparison between the experimental
435data in Figure 7b and the model based on eq. 14 is the potential obtained at
436steady-state, @ /L. In Figure 7c we show this comparison for an electrolyte
437with r,y = 0.18. The model results were obtained for an electrolyte with L =

438500 um at increasing values of iss. The experimental measurements
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439correspond to the same values of iss shown in Figure 7b; each point
440represents an average of three samples, and the error bars show the
441standard deviation. The data in Figure 7c are in good agreement with
442theoretical predictions at low values of is, but deviations are evident at
443higher values of iss. The explanation for this may be related to the
444mechanism of cell failure witnessed in the experimental measurements.
445Upon cycling at increasing iss, all three cells failed at iss = 0.25 mA/cm?, which
446is below the limiting current density predicted by the model. If the
447experimental samples had reached the limiting current denisty, one might
448expect the voltage profile to exhibit a spike indicating depletion of the salt at
449the electrode. Instead, we observe that cell failure is indicated by an
450unstable voltage that eventually drops to zero (iss= 0.25 mA/cm? in Figure 7a
451and b), pointing to a short circuit in the cell. Given the low modulus of 5
452kg/mol PEO at 90°C, we believe this can be attributed to the formation of
453lithium dendrites as the cell reaches high current densities, leading to a
454deviation of @./L from the model at high iss and eventually resulting in cell
455failure. This experimental constraint prevents us from studying our cells at
456high current densities. We thus limit the rest of our discussion comparing
457model and experiment to iss = 0.02 mA/cm?, where we expect dendrites are
458not affecting our results. At this current density, cell potential is a strong
459function of r,, as shown in the inset Figure 6a (isL = 0.001 mA/cm

460corresponds to iss= 0.02 mA/cm?, as L = 500 um).
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462Figure 7. (a) Time-dependent voltage profiles measured in r,,=0.18 at different
463steady-state current densities (iss=0.02 mA/cm? to is=0.25 mA/cm?). This cell failed
464at is=0.25 mA/cm?. (b) Same data as (a) with the interfacial impedance correction
465(eq. 26) and thickness normalization. (c) Comparison between predicted potential
466from model (dashed curve) and experimentally measured potential (markers) for
467r,,=0.18 at different current densities. The experimental measurements are carried
468out until cell failure, which is below the limiting current density predicted by the
469model.

470
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471 In Figure 8 we compare ®</L over a wide range of salt concentrations,
4720.01 = r,, = 0.3, at a current density of iss= 0.02 mA/cm?2. The model results
473correspond to a system where is,L = 0.001 mA/cm; the concentration and
474potential profiles shown in Figure 3c and Figure 6¢ are thus applicable to the
475data shown in Figure 8. In spite of the fact that the concentration and
476potential profiles are approximately linear, ®./L is a complex function of salt
477concentration exhibiting two local minima at r.y = 0.05 and r.y = 0.23 (model
478predictions in Figure 8). The optimal salt concentration for battery
479applications would correspond to the case where ®./L is minimized; thus the
480local minima in Figure 8 are of practical significance. Local maxima in ®@/L
48lare observed at r., = 0.01, ro, = 0.15, and r., = 0.3. These maxima
482correspond to salt concentrations where D is small and t, is close zero or
483negative (see Table 1). At these concentrations, steep concentration
484gradients result in larger values of ®@./L. The agreement between model

485predictions and experiments in Figure 8 is noteworthy.
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487Figure 8. Comparison of predicted potential from model (dashed curve) and
488experimentally measured potential (markers) in PEQ/LITFSI electrolytes at js=0.02
489mA/cm?.

490

491 We return to the time-dependent cycling curves shown in Figure 1. The
492complete data sets for r., = 0.02 and r.y = 0.14 are shown in Figure 9. The
493solid yellow and blue curves in Figure 9 show averaged potential versus time
494data from r,, = 0.02 and r., = 0.14, respectively, and the shaded regions
495signify the range of potentials obtained from three separate cells. The

496dashed curves in Figure 9 are transient model predictions obtained by

497numerically integrating eq. 15 - 20 using Comsol 5.3. We note that the

498transient model predictions are based on the same transport coefficients and

499thermodynamic factors (Table 2) as the steady-state model predictions

500shown in Figures 3, 4, and 6-8. It is evident from Figure 9 that the theoretical

501predictions are in good agreement with the time-dependent potential

502measurements made in lithium-polymer-lithium cells. Our model requires no

503adjustable parameters or simplifying assumptions. The agreement shown in

504Figure 9 justifies use of the model to explore current densities that could not

505be accessed experimentally due to dendrite growth.
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507Figure 9. Time-dependent potential curves for cells with r.,, = 0.02 and r,, = 0.14
508polarized at iss = 0.02 mA/cm? from experiment (solid lines) and our transient model
509(dashed lines). The experimental data is an average from multiple lithium
510symmetric cells (dark solid curves), and the error is given by the standard deviation

511(light shaded area).
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512Conclusions

513 Using concentrated solution theory, we derive a set of equations that
514can be used to model salt concentration and potential profiles in symmetric
515lithium-polymer-lithium cells. Our theory, which accounts for the salt
516concentration dependence of the electrolyte transport properties and the
517thermodynamic factor, requires no adjustable parameters. First, we present
518a steady-state model, used to predict salt concentration and potential
519profiles in the electrolyte under the application of a steady dc current. Then
520we present a transient model, used to predict the time-dependence of

521potential in a symmetric cell during cycling.

522 Polymer electrolytes are convenient model systems to study ion
523transport due to the absence of convection. The transport properties of
524mixtures of polyethylene oxide (PEO) and lithium
525bis(trifluoromethanesulfonyl) imide (LiTFSI) salt have been previously
526reported over a wide range of salt concentrations, 0.01 = r = 0.3, where r =
527[Li*]/[0].?**2? We use these data as inputs for our model to predict
528concentration profiles, r(x), and potential profiles, ®(x) in PEO/LITFSI
529electrolytes with varying current density, is, thickness, L, and average
530electrolyte salt concentration, r.,. Both r(x) and ®(x) exhibit nonlinearities
531due to the strong concentration dependence of the transport and
532thermodynamic properties of the electrolyte; the steepest gradients occur at
533values of r where both the diffusion coefficient and the transference number
534exhibit minima. These calculations enable determination of the limiting
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535current density. Using our model, we calculate the steady-state potential,
536@, across the symmetric cell as a function of r., and iss. These calculations
537are compared with experimental data without resorting to any adjustable
538parameters. At low /s, we find excellent agreement between the values of @
539predicted by the theory and those obtained experimentally in
540lithium-PEO/LIiTFSI-lithium cells. Comparisons at higher iss are prohibited by
541the propensity of lithium dendrites to form in the experimental cells. The
542time-dependence of @ obtained during cell cycling is consistent with
543predictions of the transient model, requiring no adjustable parameters or

544simplifying assumptions.
545

546
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547List of Symbols

PEO polyethylene oxide

LiTFSI lithium bis(trifluoromethanesulfonyl) imide

C salt concentration (mol/cm?)

Co solvent concentration (mol/cm?3)

Cr total solution concentration (mol/cm?)

D salt diffusion coefficient (cm?/s)

D diffusion coefficient of the salt based on a thermodynamic driving
F force (cm?/s)

fe Faraday’s constant (96485 C/mol)

i mean molar activity of the salt

o current density (mA/cm?)

Ie initial current density (mA/cm?)

fiimit exchange current density (mA/cm?)

Iss limiting current density (mA/cm?)

L steady-state current density (mA/cm?)

M, thickness of the electrolyte (um)

m molar mass of the solvent (g/mol)

Ne molality (mol/kg)

N. dimensionless number defined by Equation 12
n anion flux (mol/cm? s)

number of electrons

R gas constant (J/mol K)

r interfacial resistance (Q cm?)

Fav moles of Li* per mole of ethylene oxide, [Li*]/[O], local salt

T concentration

Th moles of Li* per mole of ethylene oxide, [Li*]/[O], average salt
t concentration

ts temperature (K)

tyss thermodynamic factor, equal to 1+dIny./dInm
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t time (h)

v cation transference number

Vi, V. transference number obtained using stead-state current method
X anion transference number

Zs) Z total number of ions into which the salt dissociates

the number of cations and anions into which the salt dissociates

da, Ac position (num)

Ve charge number of cation and anion

Me

He® anodic and cathodic transfer coefficients

o mean molal activity coefficient of the salt

o chemical potential of the electrolyte (J/mol)

@ chemical potential of the reference state (J/mol)
! ionic conductivity (S/cm)

®; potential (mV)

Pmeasured  jnitial potential (mV)
s potential of the electrode at electrode boundary (mV)
potential of the electrolyte at electrode boundary (mV)
measured cell potential (mV)

steady-state potential (mV)

548
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