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Abstract

The open circuit voltage (OCV) model of the solid polymer electrolyte (SPE)/salt system in lithium batteries is
established by combining concentrated solution theory with the modified double lattice—non-random (MDL-NR)
model which describes the non-ideal behavior of the salt activity in the polymer electrolyte. The activity parameters
are obtained from the phase diagram for the given systems and used to describe the OCV of the corresponding
systems with one additional parameter, transport number, ti. The proposed model agrees very well with the OCV

data for various PEO/salt systems.

1. Introduction

The research and development of solid polymer electro-
lyte (SPE) began when Wright found ion conductivity in
a PEO-alkaline metal ion complex in 1975 [1]. The
conductivity then was 1 x 1077 S cm™" at room temper-
ature. A lithium polymer battery has features such as
flexibility in the shape of a cell design, leak proof
electrolyte, high safety, etc., but poses the challenge of
how close its electrical performance can be made to that
of a liquid electrolyte cell. Therefore, various efforts
have been made to improve the ionic conductivity of the
SPE. Recently, such efforts have also included the
development of gelled SPE and porous SPE, especially
in the consideration of its practical application, in
particular the use at low temperature. The ionic con-
ductivity of such SPEs now reaches 1 x 107> S cm™! at
room temperature [2].

There has been much work on modeling of electro-
lytes to predict their properties, for example, ionic
conductivity, apparent salt diffusion coefficient, glass
transition temperature, etc. A macroscopic model of the
transport process has many useful aspects. Modeling
may be used to understand [3] and describe the behavior
of batteries [4, 5] if their transport properties are known,
and also for the optimization of the battery design [6].

To describe the transport processes in the electrolyte,
there are two classes according to the theory used: the
dilute and the concentrated solution theory [7]. The
dilute theory is valid when non-ionic interactions take
place and when the electrolyte is ideal. Although battery
SPEs generally have high salt concentration, with non-

ideal behavior and strong ionic interactions present, the
theory for dilute electrolytes has been used in several
methods proposed [8—18]. The theory for concentrated
electrolytes, on the other hand, remains valid from zero
to high concentrations, taking non-ideality and ionic
interactions into account. Methods based on this theory
are preferred, because they result in a full description of
the ionic transport parameters that can be used for the
battery design.

In the modeling of electrolyte, the cationic transport
number, t0+, has been found to be a critical property for
batteries based on SPEs [19]. However, tﬂ’r has proven
difficult to measure correctly for SPEs and there are few
characterization methods available. As a result of the
different methods used, significant variations in trans-
port properties can be found for similar SPEs, especially
for the cationic transport number. While calculating the
transport number, it is important to know the salt
activity coefficient, f, in order to relate the transport
number to a concentration gradient.

The activity coefficient of salt in polymer has been
well established since Flory developed the lattice theory
[20]. The study of phase diagrams appears to be an
appropriate descriptive approach for a better under-
standing of conductivity, stability and mechanical prop-
erties, and as such have been the objective of several
studies to determine the domain of existence as a
function of salt type, composition and temperature.
Smith and Pennings [21] showed that, according to
Flory’s melting point depression theory, a eutectic point
might occur in an athermal polymer/diluent system if
the melting point of a diluent is not too low in
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comparison with that of the polymer. For example,
Gryte et al. [22] reported crystallization characteristics
of PEO/glutaric acid system, and Myasnikova et al. [23]
provided the phase diagram of the PEO/resorcinol
system in which resorcinol molecules form hydrogen
bonds to the polymer chain. Recently the Bae group
[24-26] has investigated this subject using various
thermodynamic models that describe phase behaviors
of SPE/salt systems. These theories can describe various
effects (pressure, free volume, etc) and agree with
experimental data quite remarkably.

In this study, we combine the OCV model [27] with
the thermodynamic model that describes the salt activity
of the given systems. The salt activity explains devia-
tions from the ideal behavior. To describe the non-
ideality of the systems, we employ the MDL-NR [28§]
model which explains the phase behavior of the real
systems comparatively well. Comparison of a theoretical
OCV prediction for PEO/LiCF;SO; and PEO/ZnBr,
systems with experimental data of the PEO/NaCF;SO;
system is made to examine physical reliability.

2. Model description

To describe the OCV of a concentration cell that
consists of two identical electrodes and PEO/salt elec-
trolyte, the variation of voltage in the electrolyte is
calculated from the concentrated solution theory of the
transport process. In this work, three theoretical aspects
are taken into account:

1. The concentrated solution theory to express OCV.

2. The MDL-NR model to describe the non-ideality of
the SPE system.

3. Flory’s melting point depression theory [20] to cor-
relate chemical potential to experimental melting
temperature data.

We assume that the salt is a particle to consider a salt

effect of the free energy of mixing in the calculation of

phase behavior.

2.1. Cell voltage model from the concentrated solution
theory

The flux density of each dissolved species restricted to
dilute solutions is given by

]\7,' = —zl-ul-FciVQ) — DI-VC,- + ¢V (1)

In a concentrated solution such as SPE, this flux
equation fails even in ternary solutions of non-electro-
lyte, since in such solutions there are two independent
concentration gradients and the diffusion flux of each
species can be affected by both concentration gradients.
Equation (1) can be replaced by the multi-component
diffusion equation by Maxwell-Stefan [29]
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where g, is the electrochemical potential of species i and
K;; is the friction coefficient or the interaction coefficient.
v; is the velocity of species 7, an average velocity for the
species but not the velocity of individual molecules. R
and 7T are the gas constant and temperature of the
system, respectively. cr is the total concentration, and
D;; is a diffusion coefficient describing the interaction of
species i and j. These diffusion coefficients are simply
parameters that can replace the drag coefficients Kj;:
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The gradient in electrochemical potential, Vy;, is used as
the driving force in Equation (2) including gradients both
in potential and concentration. For species 7, it follows
from [30]

VNI- = RTV lIl a; —+ ZiFV(I) (4)

where VO is the electrostatic potential difference and g;
is an activity which is supposed to be independent of the
electrical state of the phase. F is the Faraday constant
and z; is the charge of species i. VO is directly
measurable as the voltage difference of two similar
electrodes positioned in the electrolyte.

The property used in this study is the OCV of the
concentration cell. To enable calculations, it is neces-
sary to adopt an expression for the potential as a
function of the concentration profile. Equations (2) and
(4) can be combined and solved for the potential
difference, Equation (5). A full derivation can be found
elsewhere [7].
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where fi is the mean activity coefficient; c¢; is the
concentration of the salt; tg is the transport number of
the cation; i is the current density; k is the ionic
conductivity of the salt. From this equation, we see that
if i=0 we have the expression for the OCV of a
concentration cell, and the thermodynamic factor in the
first parenthesis can be expressed simply as the differen-
tiation of the salt activity:

vRT dlnay 0
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Thus the potential of this cell can be used to determine
t0+ if the activity of salt is known.

Vo =

VO =

2.2. Modified double lattice—non-random (MDL-NR)
model

In the previous work [28], we established the MDL-NR
model by introducing the non-randomness factor in the
MDL model proposed by Oh et al. [31]. In this model,
the expression for the Helmholtz energy of mixing for
binary polymer solutions is calculated as a sum of two
contributions
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The first term of Equation (7) explains the random
mixing of polymer/salt systems by using the MDL
model. Since the model has the secondary lattice which
takes into account the specific interaction between
particles, it can describe more kinds of phase diagram
than comparatively simple Flory—Huggins model [31].
The chemical potential [28] is given by
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where ¢; is the segment fraction of component i,
¢i:]v[ri/Nra Nr :ZMV[
segments in the systenll and r; is the segment number of
component 1 (salt) and 2 (polymer). C4 and C, are

universal constants having 0.1415 and 1.7986, respec-
tively. Reduced interaction parameter, &, is defined by
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The Helmholtz free energy of mixing for the secondary
lattice, A Ag,j, is given by
A Asec,ij _
N; kT

is the total number of

(10)
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where N;; is the number of i-j pairs, 0¢;; is the reduced
energy parameter contributed by the oriented interac-
tions and # is the surface fraction permitting oriented
interactions and C, is a universal constant of 0.4881.

We employ Panayiotou et al.’s local composition
expression [32] to describe the non-random contribu-
tion:

A\ _ zqi
(kT>NR21nF” (12)
where the surface factor zg; is calculated from
zqi=ri(z—2)+2 (13)

For the binary solution, the non-randomness factor
between i-j pairs in Equation (12), I';;, is given by

2
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where 0; is the overall surface area fraction of compo-
nent / defined as 6; = N;zq;/Nzq and the energy factor
G, is defined by

G;; = exp(aAde) (15)

(A5§ = 0&1 + déxn — 25512)

where N; and N represent the number of component i
and the total number of molecules, respectively. In
Equation (15), « is introduced to represent the degree of
non-randomness, that is previously introduced in the
NRTL equation [33]. The additional correlation to
define the non-randomness factor is given by

1 - Z erij

=
My=—7"" 16

. (16)
where I';i(i # j)s are considered to be independent
variables. Substitution of Equation (16) into Equation
(12) gives the right expression for the non-random
contribution.

2.3. Correlation the MDL-NR model to the OCV
equation

The salt activity of the given system is Ina = Au/kT. To
correlate the MDL-NR model to the OCV equation, the
chemical potential is replaced by sum of Equations (8)
and (12). For the concentration cells, OCV is given

oRT [P dlnay
1-4 Inc, 1
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where o and f§ are electrolytes of different concentration
and @ represents the voltage of x phase. If the

(@ - 07) =
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concentration dependence of the transport number is
ignored, Equation (17) is reduced to

vRT

(
_ 0
z+v+F(1 t,)In

(@ —07) =

(18)

2.4. The melting point depression theory

In a semi-crystalline system, the condition of equilib-
rium between a crystalline polymer and the polymer unit
in the solution may be described as follows [20]:

1o — 1y =, — 1 (19)
where g€, w,, and 10 are chemical potentials of the
crystalline polymer segment unit, liquid (amorphous)
polymer segment unit and chemical potential in the
standard state, respectively. Now the chemical potential
difference of the crystalline polymer unit appearing on
the left-handed side in Equation (19) is correlated to the
thermodynamic properties as follows:

C

W — i) = —AH,(1 - T/Ty) (20)
where AH,, is the heat of fusion per segment unit, 7,, and
7Y are melting point temperatures of the species in the
mixture and a pure phase, respectively. The right-hand
side of Equation (19) can be restated as follows:

o Vun (8A A)
'uu V1 r 8N2 T.V.N;

where V; and V/, are the molar volumes of the salt and
of the repeating unit, respectively. By substituting
Equations (20) and (21) into Equation (19) and replac-
ing T by T,,,, the equilibrium melting temperature of
the mixture is given by

L1k V;,n(uz—uS)

Tm,2 a Tm.zo T A Hu 715 kTm,2

oy — (21)

(22)

The subscripts 1, 2 and u refer to the salt, the polymer,
and polymer segment unit, respectively. Similarly, we
obtain for the salt (component 1)

R
Tm,l Tm.lo B A Hl kTm,l

3. Results and discussion

(23)

Figure la shows the phase behavior of the PEO/
LiCF3SO; system. Dark circles are experimental data
for the salt rich phase and triangles are for the polymer
rich phase reported by Minier et al. [34]. The solid line is
the calculated coexistence curve by the proposed model.
The crystalline complex melting curve is calculated from
Equation (23), and the polymer melting curve is calcu-
lated from Equation (22). Table 1 gives pure literature
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Fig. 1. (a) Phase diagram for the PEO/ LiCF;SOj3 system. The dark
circles and triangles are experimental melting point data reported by
Minier et al. [34]. The solid lines are calculated by the MDL-NR
model. (b) OCV of the concentration cell having the form Li |
PEO,LiCF3;S0O;3 | PEO,,LiCF3SO; | Li calculated by the proposed
model at 85 °C.

data of various PEO/salt systems and model parameters
for the given systems are listed in Table 2. We let the
number of the salt segment, r|, be a unity and calculate
the number of polymer units, »,, using molar volumes
and ¥, for solvent and polymer, respectively,

M
M

r (24)

where M, and M, are molecular masses for salt and
polymer, respectively. We set n = 0.3 and z =6 as
suggested by Hu et al. [35]. This phase diagram shows
the presence of a eutectic composition at the salt weight
% of 0.08. The advantage of using the MDL-NR model is
that it gives a comparatively better description of exper-
imental data than those of other model for the given
systems, specifically near the eutectic point [28]. Using
Equation (18) with parameters obtained from this phase
diagram, the concentration cell diagram is calculated
hypothetically at the salt weight % of the reference
electrolyte = 0.3 with various values of tﬂ. (Figure 1b).
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70 (/K) H (J mol™) M.W (g mol™") Density (g cm™?) V, (em® mol™)
PEO 338.15 8284.32% 900,000 1.21 36.60
LiCF;SO; 499.29 10516.48 156.01 2.69 52.66
ZnBr, 667.15 10466.82 225.19 4.20 53.60
NaCF;SO; 527.15 10554.85 172.06 1.13 36.00
LiTFSI 511.15 - 287.08 1.40 141.90
a : 8284.32*J unit™".

Table 2. Model parameters for the given systems

&lk (/K) de1o/k (/K) a )
PEO/LiCF;S0; - 12.477 1825.082 0.055 -
PEO/ZnBr, -197.412 7037.662 0.036 -
PEO/NaCF;S0; —228.843 2924.34 0.029 0.439
PEO/LiTFSI —204.225 3580.72 0.185 0.327

Negative t& values are best understood in the context
of Spiro’s definition of transport number [36]. They
indicate that negatively charged species, such as triplets
containing two anions and one cation that are com-
monly present in non-ideal solutions, are more mobile
than free cations (or positively charged ionic aggregates).
These negatively charged species, however, move in the
wrong direction under the influence of current (i.e., they
move toward the positive electrode during cell charge
and vice versa). Better performance can be obtained
simply by decreasing the initial salt concentration in the
polymer solution to a range where tﬂ is less negative.

The same procedure is conducted for the PEO/ZnBr,
system for which data were reported by Kim and Bae
[37], and OCV curves are calculated and shown in
Figure 2. It is well known that PEO forms a sta-
ble complex with divalent cations [38]. The ecutectic
composition, therefore, has a higher value of salt weight
% than that of the PEO/ LiCF;SO; system as shown in
Figure 2. When comparing the calculated OCV values
of the two systems, PEO/LiCF;SO; system has higher
values of OCV than those of the PEO/ZnBr, system at
the same t(j_. This is because the former system has
higher conductivity than that of the latter.

Figure 3a shows the OCV data of concentration cells
of the form Na | PEO, Sodium trifluorosulfonate
(NaCF;S03) | PEO,,NaCF3;SO; | Na at 85°C as a
function of the salt weight % where that of the reference
electrolyte is near 0.3 [39]. The solid line is calculated by
the MDL-NR model and adjustable model parameters
are in Table 2. The conductivity and diffusion coeffi-
cients of PEO/NaCF;SO; system are similar in magni-
tude to those of PEO/LiCF3;SOj; [40], and this agrees
with our result if the two systems have similar values of
t0+. We represent the hypothetical phase diagram of the
PEO/NaCF;SO; system using the same activity param-
eters (Figure 3b). This phase diagram shows a general
tendency of melting point depression in polymer/salt
electrolyte. The eutectic point is expected to exist at a

salt weight % of 0.05. The point shows a lower value
than that of the PEO/LiCF5;SO; system because the
molecular weight of PEO in this system is larger by one
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Fig. 2. (a) Phase diagram for the PEO/ZnBr, system. The dark circles
and triangles are experimental melting point data reported by Kim
et al. [36]. The solid lines are calculated by the MDL-NR model. (b)
OCYV of the concentration cell having the form Zn | PEO,ZnBr, |
PEO,,ZnBr, | Zn calculated by the proposed model at 85 °C.
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Fig. 3. (a) OCV of the concentration cell having the form Na |
PEO,NaCF;SO; | PEO,,NaCF;SO; | Na at 85 °C. The dark circles are
experimental OCV reported by Ma et al. [39], and the solid line is
calculated by the proposed model. (b) Phase diagram for PEO/
NaCF;SOj; system calculated by the MDL-NR model.

order of magnitude. According to the reported data by
Ma et al. [39], the maximum of the ionic conductivity
appears near the salt weight % of 0.13. This result agrees
with the fact that the salt weight % of the maximum
ionic conductivity is shifted from the eutectic point to
the more concentrated phase, which is also shown in
other systems [41].

Figure 4 shows the dependence of the OCV for the
concentration cell form Li | PEO, Lithium bis-trifluo-
romethanesulfonate imide (LiTFSI) | PEO,,LiTFSI | Li
at 85 ° [42]. LiTFSI is reported to act as a plasticizer
when complexed with PEO [43]. As with the case of the
PEO/NaCF;SO; system, the solid line is calculated by
the proposed model and the parameters are also given in
Table 2. The salt weight % of the reference electrolyte is
near 0.3.

4. Conclusion

We establish a new OCV model combining the
concentrated solution theory with the MDL-NR model
that describes the salt activity in the polymer electro-
lyte. The proposed model appears to be useful for
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This work
02 ® Experimental data [42]
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©
>
3 00 -
S
c
[
o
O -0.1 4
0.2
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0.0 0.1 0.2 0.3 0.4 0.5

Weight fraction of salt (/%)

Fig. 4. Open circuit voltage of concentration cell having the form Li |
PEO,LIiTFSI | PEO,LIiTFSI | Li at 85°C. The dark circles are
experimental OCV reported by Ludvig et al. [42], and the solid line is
calculated by the proposed model.

representing both OCVs and phase diagrams of various
PEO/salt systems. Model parameters are determined
from phase diagrams of the given systems and used
directly to calculate OCV values with one additional
parameter, transport number. The advantage of the
proposed model follows from its simplicity and
accuracy.
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