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In recent work the ionic transportation properties of organic electrolyte in Li-ion batteries has been
described in detail by the present authors, taking into account ionic diffusion and migration processes.
Advanced battery electrolytes may, however, be composed of various salts. Therefore the ionic transport
properties of such complex electrolytes have been investigated from a theoretical point of view. Detailed
information about transient and steady-state behavior of the electrolyte has been simulated, including
potential gradients and the diffusion and migration fluxes for all ions. It was found that supportive elec-
trolytes are an effective way to reduce the electric field and, consequently, the migration overpotential.
Simultaneously, the diffusion overpotential, in general, increases. Nethertheless, supportive salts reduce

the total overpotential across the electrolyte, especially when high currents are applied for short periods

of time.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Improving the properties of advanced Li-ion batteries is chal-
lenging and a requirement for high power applications. It has
been reported that the electrolyte of Li-ion batteries is respon-
sible for substantial energy losses, especially under high current
(dis)charging conditions [1]. The reason for these losses is the
limited ionic conductivity of the non-aqueous Li-salt containing
electrolytes.

Mathematical modeling is traditionally used to investigate the
performance of rechargeable batteries [2-4]. In the case of Li-ion
batteries the ionic transportation properties of the organic elec-
trolyte has been described in detail, taking into account diffusion
and migration processes [4]. In recent work the present authors
have provided a detailed analysis of the various overpotential con-
tributions based on single salt electrolytes [5]. It is, however, known
that advanced electrolytes are often composed of various salt com-
ponents. The theoretical investigation of this specific and more
complex case is described in the present work.

A mathematical model describing multi-component salt con-
taining Li-ion electrolytes is proposed. The model consists of four
coupled parabolic-type Partial Differential Equations (PDE’s). A
practically important question of how to improve the ionic conduc-
tivity properties of Li-based electrolytes is considered. It is found
that adding supportive salts is an efficient way to reduce the electric
field and, consequently, the overpotential.
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2. Theoretical set-up

The elementary processes, occurring inside a conventional
Li-ion battery, are schematically shown in Fig. 1. The main elec-
trochemical storage reactions at the LiCoO, electrode can be
represented by

charge .
= Li;_xCoO, + xLi" +xe™,
discharge

LiCoO, (0<x<0.5). (M

describing the extraction of Li-ions from the positive electrode
during charging and the insertion of Li* ions during discharging. The
corresponding reactions at the negative electrode can be described
by
charge

= Li,Cg,
discharge

Ce +zLit +ze~ (0<z<1) (2)

As a result of these electrochemical charge transfer reactions,
Li-ions must cross the electrolyte under current flowing conditions
(see Fig. 1). The electrolyte in Li-ion batteries is based on a disso-
ciated Li-salt, e.g. LiPFg or LiClO4, which cannot be considered as
a well ionic-conductive medium. The ions in the electrolyte are
transported by both diffusion and migration, this latter process
being induced by the electric field between the electrodes across
the electrolyte.

Consider that a conventional electrolyte is composed of a sin-
gle salt, e.g. LiPFg. An interesting question is whether its properties
can be improved by adding a “neutral salt” which does not affect
the main electrochemical storage reactions. Consider the situation
that another 1 M neutral salt, such as KClOyg4, is added to the standard
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Fig. 1. Schematic representation of a conventional Li-ion battery, indicating the
movements of Li-ions inside the electrolyte during charge and discharge.

electrolyte consisting of 1.5 M LiPFg. Denote the initial concentra-

tion of Li* and PF; as c®, and 9 |, respectively, where c®, = c0__

6 Li PF, Li PF

and the initial concentration of K* and ClO; as cl% and CSIO’ ,respec-
4

glo; l% = CgFg + Cglo;'

The coordinate in Fig. 1 is defined from right to left and the
position of the negative electrode/electrolyte interfaceisaty =0and
that of the positive electrode interface at y =L. The Nernst-Planck
equation [6] relates the flux of all charged species in the electrolyte,

according to

tively, with cg . =c% . Furthermore,cq = CSiJr +c

Ji=-D d; zF 3¢

5y ~ RT3y 3)

where Jj(y,t) is the flux of species j [mol m? s] at position y at any
moment of time t, D; is the diffusion coefficient of j [m? s~1], d¢;/dy
the concentration gradient [mol m—4], dg/dy the potential gradient
[Vm~1]and zj is the valence state of j with j = Litor PF; in the case
ofadissociated LiPFg salt. Herewithitis assumed that no convection
takes place inside the electrolyte. Since, by definition the electric
field E(y,t)=d¢(y,t)/dy, —E(y,t) will be further used in this paper
instead of d¢p/dy.

The combined diffusion-migration process can be described by
the following system of partial differential equations (PDE’s)

aCLi+ . a]]_i+
o0 dy @D
ct (v, 0) =l (4.2)
Iicg(t)
Jii+(0,8) = - 2 FA (4.3)
_ liicoo, (1)
]Lﬁ(L, t) = ZLi*iFA’ (4-4)
8c1<+ _ 8]1(*
ot~ ay (5D
c+(y,0) = ng (5.2)
.]1(+(07 t) = 0, (5-3)
Jx+ (L, £) =0, (5.4)
and
BCPFg _ 8]PFE (61)

Cpp- (¥, 0) = chg, (6.2)
Jer(0,8) =0, (6.3)
Jor (L. £) =0, (6.4)
8C§]to; == 3]3;)4 ; (71)
Cero, ¥+ 0) = Cgo. (72)
Jeio;(0.0) =0, (7.3)
Jao (L. 1) =0, (7.4)

where Egs. (x.1), where index x runs from 4 to 7, represent the
mass balances, Eqgs. (x.2) reflect the fact that initially at t=0 no
concentration profiles have been developed yet and hence that the
concentrations across the electrolyte can be considered constant
(co). Egs. (4.3), (4.4) and Egs. (5.3), (5.4) represent the flux condi-
tions of Li* and K* ions, respectively, at both electrode/electrolyte
interfaces. Corresponding flux conditions for anions are given by
Egs. (6.3), (6.4) and (7.3), (7.4). Considering the charging process,
the reduction current at the negative electrode is defined as nega-
tive while the oxidation current at the positive electrode is defined
positive. Since no side reactions are considered to take place in the
present model, the current flowing through the battery (I) can be
represented by I(t) = —Iiico0, () = Iiicy(t). Obviously, for discharg-
ing the current definitions are reversed.

3. Overpotentials

The concentration and electric field gradients in the electrolyte
result in electrochemical potential gradients. The electrochemical
potential of Li* ions (it ;+ [J mol~1]) is defined as
_ 0 1 Crit+
R = My +RTIn et +2z,;+Fp, (8)

Lit

where ,ugﬁ is the standard chemical potential, ¢ the electrostatic
potential and c™f is the reference concentration of 1 molar for Li*
ions. The difference in electrochemical potentials between both
electrode/electrolyte interfaces represents the concentration polar-
ization across the electrolyte, according to

1

t) =
7]( ) ZLi+F

[/jLLﬁ(Ls f) - /:LL#(O» t)]

RT (L, t)
= —In| H2 < L, t)— ¢(0, 1)), 9
F (Cm(o, t)> + (@(L. 1)~ $(0.1)) (9)
This overpotential is solely attributed to the transport
limitations of the electrolyte and excludes the overpotential con-
tributions of both charge transfer reactions. By definition

Yy a¢ y
oy, t) = =, t)dy = - / E(y, t)dy, (10)
o W 0

where E(y, t) is obtained by numerical solution of Egs. (4.1)-(7.4),
thus

L
(L, t)— (0, 1) = —/ E(y, t)dy. (11)
0
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Consequently, n(t) can be obtained at any moment of time,
according to
L
RT (L, 1)
=" (555 - /O E(y, )dy. (12)

4. Results and discussions

Consider first the steady-state situation, where the theoretical
derivations are relatively simple. The ionic currents for each type
of ions can be defined by
I; = —z;FA]j, (13)
where the fluxes are given by Eq. (3) and the development of all
fluxes and concentrations is determined from Eqs. (4.1)-(7.4). By
definition I at any location in the electrolyte of a Li-ion battery
consists of contributions from all species and can, therefore, be
expressed by

+1n

_d d m
I_ILi++IF,+ILl++I +1d K-+ 180,

d
PF +1 cio; + I

g (14)

where the diffusion-related currents carried by Li* and K* cations
can be represented by

acy; acy;

18, =z, FAD 3—;* = FAD;+ aﬁf : (15)
Cy+ i+

Id ZK+FAD](+ a‘; =FADK+%, (16)

respectively. Similarly, the diffusion-related current of PF; and
ClO, anions are given by

d BCPF— acpl:—
— 6 _ 6
Tog = Zpr, FADpe, —5 & = —FADpe_ —3.t. (17)
d dccio; dccio;
Igio; = 2ci0; FADao; —5* = ~FADqio, —* (18)

respectively. The migration-related currents of cations and
anions can be represented by

2 p2
m o_ 2 FPAD G E- _FPADj¢t E (19)
Li* RT RT ’
m _ _Z§+F2ADK+CK+ E= _FZADK*CI(Jr 'E (20)
K RT RT ’
and

PF’ FZAD PFg CPF, F2ADpg Cp
m_— E=- 5 6 ., (21)
PFg RT RT

_F2AD(q-Coio- F2AD¢y0-Ccio-

c10 clo, ~clo, clo; tcio
m - E=-— 4 4 F (22)
clo, RT RT

Since Li* cations are the only charge carrying ions during battery
operation, the following conditions must hold under steady-state

e (23)
19, +I% =0, (24)
IS +1g;_ =0, (25)
I(G:‘IOZ +Igllo; =0. (26)

Performing trivial substitutions the following expressions are
obtained
aCLi+ F I

5 - ZratE = D (27)

ac

3;* RT%E 0, (28)
dpe-

6 e F—

% + mpCerE =0, (29)
dao; F

P4y T Eo

5+ R0, E=0 (30)

Defining the total concentrations of cations and anions as
Cy=C+ +cg+ and ¢ = Cpr + Caioy - (31)

and adding Eq. (27) to Eq.(28) and Eq. (29) to Eq. (30), this results

oc, F I

B R = b (32)

oc. F

W_FWC_E =0. (33)
Furthermore, when electroneutrality is assumed

cy=c_=c, (34)

where ¢ denotes the total concentration of charged species under
electroneutrality conditions. Substituting Eq. (34) into Eqs. (32) and
(33) leads to

ac F I

3y “RT® T FAD,:’ %)
and

ac F

ey + ﬁCE =0. (36)
From Egs. (35) and (36) it follows that

ac I

dy ~ 2FAD,: (37)

The following conclusions can be drawn from these deriva-
tions. In the steady-state the total concentration profile in the
electrolyte is linear and its steepness is determined only by the
current density and the diffusion coefﬁcient of Li* cations (Dj;+).

Indeed considering that ¢y = C Lt CK+ = PF, + CCIO, the steady-
state concentration profile is glven by

I L
cy)= m (y— 5) + Co- (38)

From Egs. (36) and (37
steady-state conditions is
RT_ 1

2F2AD;;+ c(y)’

) it follows that the electric field under

E(y) =- (39)
where c(y) can be described by Eq. (38). Now it becomes possible
to find not only the total concentration profiles but also those of
the individual components. For example, ¢+ can be obtained by
substituting Eq. (39) into Eq. (28), according to

aCK+ F E— 8CK+ L 1 I 2.
dy  RT®" = 5y T 3FAD . c(y) K"

Since there is only one space variable (y) we may write the usual
derivatives and obtain an ordinary differential equation (ODE),
which has the following solution

0. L 1

= 1] ’ 2CoFAD, .
co+ _ L 0 Lit
In 4FALDILi+ y—35+ ;
0~ 7FAD ¢

=0. (40)

(41)
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Fig. 2. Steady-state concentration profiles—black solid line: total concentration c(y),
black dashed line: cg, red solid line: ¢+ (y), blue solid line: c;;+ (y), blue dashed line:
¢+ (y) for case without neutral salt. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

Note that a similar normalization condition has been used
before [5]. After obtaining Eq. (41), ¢;+(y) is determined from
i+ (¥) = c(¥) — ¢+ (v), where ¢(y) is given by Eq. (38).

The results calculated under steady-state conditions are visu-
alized in Fig. 2. The used simulation parameters are: electrolyte
thickness L=2.8 x 10~4[m)], surface areaA=2 x 10~2 [m?2], constant
current/=0.5[A]and Dj;+ = 2 x 10" [m2~s~1]. The solid black line
in Fig. 2 shows the total concentration profile of all cations c(y). The
red line represents ¢;;+(y) and the blue line ¢+ (y). The black dashed
line shows the total initial concentrations of all cations cg. The blue
dashed line indicates the steady-state concentration of Li* ions for
the case when no supporting salt is present in the electrolyte. It can
clearly be seen that the concentration profile for the inert K* has a
slope opposite to that of Li* under steady-state conditions. It is also
clear that the gradient for K* is smaller than that of Li* as the result
of the lower initial concentration. Under steady-state, the concen-
tration profiles of both cations in the electrolyte are non-linear. cpp-

6
and Cclo, can be obtained by solving Egs. (29) and (30), using the
appropriate normalization conditions. Indeed, from Eqgs. (29) and
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Fig.3. Steady-state concentration profiles—black solid line: total concentration c(y),
black dashed line: cq, pink solid line: co- (y), green solid line: cpp- (v), green dashed
4 6

line: cpp-(y) for case without neutral salt. (For interpretation of the references to
6
color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Reduction in the steady-state electric field when support salt is added.
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Fig. 5. Development of the total ionic concentration profile c(y,t) inside the elec-
trolyte, during constant current charging (0.5 [A]) and relaxation upon current
interruption after 1 h.

(30) it follows that

BCPFg F BCPFg 1 I

o tRERE= "y " 2D, o) = (42)

20

t [min.]

Fig. 6. Development of the K* concentration profile cy-(y, t) inside the electrolyte,
under the same conditions as in Fig. 5.
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Fig. 7. Development of the E(y,t) under the same battery operation conditions used in Fig. 5. Left figure represents case without support salt, right one is with support salt
added.

which implies that The steady-state concentration profiles of the anions are shown
0 in Fig. 3. In contrast to the cation profiles, all anion profiles in
PFy I 0 the electrolyte are linear and the contribution of each individual
V) =—s577— (V-5 ) +Cp- (43) o . L L
6 Co 2FAD;+ 2 PEg species is proportional to the initial salt concentration in the elec-

trolyte.
From Eq. (39) it follows that the electric field E(y,t) is inversely
0 proportional to the total ionic concentration c(y,t). The simulation
_ doy I L 0 44 results are shown in Fig. 4 and reveal that the electric field can be
Cao-Y) = y +Co-+ (44) L. .
4 Co 2FAD;+ 2 4 significantly be reduced by more than a factor of 3 in the present

Similar derivations for 5~ result in
4
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Fig. 8. Overpotentials development with highlighted effects of support salt addition: (a) Case without support salt, (b) effect of salt on migration component, (c) on diffusion
component and (d) on total overpotential.
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Fig. 9. Pulse (dis)charging a Li-ion battery with the indicated current levels (a) and
the resulting calculated development of the total overpotential (b) with (red line)
and without (blue line) supportive salt (1 M KCIO4) added to a conventional Li-ion
battery electrolyte (1.5 M LiPFg). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

simulations. This decrease in the electric field is larger where E(y,t)
is most pronounced, i.e. at y=0.

The next four figures illustrate the development of the most rel-
evant concentrations and overpotentials by solving Egs. (4.1)-(7.4)
using L=2.8x 107*m, A=2 x1072m? Dj;+ = D+ =2 x 10°'" and
Dng = Dc10; =3x10""m2s-! during one hour charging with
0.5A. Figs. 5 and 6 show the development of ¢;;+(y, t) and ¢+ (y, t)
as a function of location and time. At the very first moment of
time the concentration profile is completely flat. After turning on
the current, a sizable concentration profile develops, to reach the
steady-state after approximately 30 min. Both concentration pro-
files are slightly non-linear in the steady-state. After 60 min the
current is switched off and the concentration profiles equilibrate
during the subsequent relaxation period. Note that for clarity rea-
sons the y- and t-axes are rotated in Figs. 5 and 6.

Fig. 7 shows the development of the electric field for the case
without (a) and with (b) supporting salt in the electrolyte. It can
clearly be seen that adding a supportive salt has a very beneficial

effect on the electric field, which is not only reduced in the steady-
state (compare with Fig. 4) but also under all transient conditions,
including t=0.

The above results show that adding supportive salts is an
efficient way to reduce the electric field across the electrolyte.
However, according to Eq. (12), the total overpotential across the
electrolyte not only depends on the electric field, but also on the
ionic salt concentrations. Fig. 8a shows the development of the
diffusion-, migration- and total overpotentials during first 10 min
of charging when no supportive salt is present in the electrolyte.
When the current is switched on at t=0, the contribution of diffu-
sion is zero and all overpotential is determined by migration only.
The diffusion component develops, however, more rapidly in time
to become almost equally important under steady-state.

Fig. 8b-d illustrates the influence of supportive salt onto the
various overpotential components. Fig. 8b shows how migration
overpotential is reduced by the addition of supportive salt. Fig. 8c,
on the other hand, unravels that the diffusion component grows in
time when a supporting salt is added. Both the migration and dif-
fusion effects combine in the total overpotential behavior (Fig. 8d).
It can be seen, in this example, that the addition of a neutral
salt reduces the total overpotential up to about 6 min charging to
become larger after that. These results imply that electrolytes with
neutral salt additives will operate more effectively when used in a
pulse (dis)charge mode, which is most important in, for example,
power tools and automotive applications.

Fig. 9 shows, as an example, the impact of such (dis)charging
current pulses (a) has on the development of the total overpo-
tential (b) for the case with (red line) and without (blue line) a
supportive salt containing electrolyte. An overpotential reduction
across the electrolyte of more than 40% has been achieved in these
simulations.

5. Conclusions

A one-dimensional model has been proposed to simulate the
ionic conductivity of advanced organic electrolytes in Li-ion bat-
teries, including the case that a supportive salt is added to
conventional electrolytes. The model consists of four coupled
parabolic-type of partial differential equations. Several cases have
been theoretically investigated. It was found that adding a support-
ive saltis efficient to decrease the electric field across the electrolyte
and hence to reduce the migration overpotential. The diffusion
overpotential may, however, become more pronounced, resulting
from the opposite concentration gradients build up by the “sup-
portive” ions. When batteries are subjected to short (dis)charge
pulses, significant overpotentials reductions has been calculated.
Consequently, significant energy loss reductions are predicted
under these conditions.
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