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Diffusion coefficient of Liq in solid-state rechargeable battery materials
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Abstract

Simple mathematical model of chargerdischarge process was developed, and the method of Liq diffusion coefficient determination
was elaborated based on the analysis of galvanostatic curves. The model and the method also enable the theoretical capacity of the
rechargeable material to be found. q 1998 Elsevier Science S.A.
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1. Introduction

Presently, a number of researches on lithium batteries
are devoted to the development of solid materials capable
of reversible electrochemical lithium intercalation. In par-
ticular, concerning the positive electrode, several com-
pounds with acceptable values of reversible capacities,
voltages and cyclabilities have been proposed. Among

w xthem, the layered oxides LiCoO and LiNiO 1,2 and2 2
w xspinel-structured LiMn O 3,4 are regarded as most2 4

promising. These materials operate at rather high, signifi-
cantly above 4 V vs. Li, working potentials, which may
cause the oxidation of common organic electrolytes and
thus, increase self-discharge. From this point of view, the
materials operating at ;3 V vs. Li, e.g., newly developed

w xoxides of Li O–MnO series 5 , could be preferable.2 2

The development of commercial rechargeable Li batter-
ies with solid electrodes demands the rates of electrochem-
ical Li insertion to be known, in order to determine such

Žimportant characteristics as charge regimes current and
.time . As far as the rate of intercalationrdeintercalation

are limited by Liq ion diffusion, the Liq diffusion coeffi-
Ž .cient value, along with the geometric size thickness , is

eventually responsible for these parameters. In this paper
we present a simple mathematic model that permits calcu-
lation of the Liq diffusion coefficient from the galvanos-
tatic experiments.

) Corresponding author. Ukrainian Natl. Acad. Sci., V.I. Vernadskii
Institute of General and Inorganic Chemistry, 32r34 Palladin Prospect,
252680 Kiev-142, Ukraine.

2. The model of galvanostatic chargerrrrrdischarge

The electrochemical insertion of Liq in solid material
Ž .and the reverse process is represented as filling of the
‘vacancies’, that is, the sites that exist in bulk material and

Ž .can be occupied or quitted by Li:

LiqqeqV™ Li , 1Ž . Ž .V

the electrons being commonly supplied by conductive
matrix formed with the addition of fine graphite particles.

Ž Ž .. qIf the process Eq. 1 is governed by Li diffusion,
Ž .then the concentration of Li or free vacancies varies in

time in accordance with the second Fick’s differential
equation:

E C E 2 C
sDP , 2Ž .2E t E x

with initial condition

ts0; CsC . 3Ž .0

Since the one-dimensional diffusion in the layer of
thickness l is considered under the galvanostatic regime,

Žthen the boundary condition at the plane xs0 at current
.collector is

E C i
DP s , 4Ž .

E x Fxs0

where iscurrent density, FsFaraday constant.
The second boundary condition can be written in the

form of integral equation of material balance:

l
Cd xsC P ly iP trF . 5Ž .H 0

0

0378-7753r98r$19.00 q 1998 Elsevier Science S.A. All rights reserved.
Ž .PII S0378-7753 97 02702-X



( )A.A. Andriiko et al.rJournal of Power Sources 72 1998 146–149 147

Ž . ŽEq. 2 , with initial and boundary conditions Eqs.
Ž . Ž .. q3 – 5 , describes the galvanostatic intercalation of Li
ions in assumptions that, first, the rate of electrochemical
reaction is high relatively to the rate of transport and,
secondly, the diffusion coefficient is independent on the
concentration of occupied sites.

Ž . Ž .From solution of Eqs. 2 – 5 , the dependence of the
achieved capacity on the current density can be obtained in
the form:

iPts f i , 6Ž . Ž .
where t is the time, when the process is finished. We
determine it as the time when zero concentration of free

Ž . q Ž .vacancies discharge or Li charge is achieved at the
plane xs0:

<C t s0. 7Ž . Ž .xs0

ŽIt was obtained for two limiting cases see Appendix
.A .

2.1. Thick layers, large currents

DPt
<1. 8Ž .2l

The solution in this case takes the familiar form of
Sand’s equation for transition time in chronopotentiome-
try:

1' 'iP t s P pPD PFPC 9Ž .02

or

iPtspPDPF 2 PC 2r4 P i . 10Ž .0

ŽThus, the achieved capacity under the condition Eq.
Ž ..8 varies inversely with current.

2.2. Thin layers, small currents

DPt
41. 11Ž .2l

Ž .The dependence Eq. 6 takes the form

iPts lPFPC y l 2r3 PD i . 12Ž .Ž .0

In this case, the achieved capacity increases linearly
with the decrease of the current, and tends to theoretical
capacity at i™0.

3. Experimental

The experimental verification of equations obtained was
carried out using the prepared earlier oxides Li O–MnO2 2
w x5 in button cells of 2325 size. The negative electrode was
made of Li–Al alloy, and 1 M solution of LiClO in4

propylenecarbonate was used as electrolyte.

The positive electrode was prepared as follows.
The paste contained 25 mass % of graphite powder, 50

of teflon binder and 25 of acetylene black was rolled to
form 0.5 mm thick ribbon which was then treated ther-
mally at 1508C. Round tablets of 3.2 cm2 area were made
from this strip, and 50 mg of active substance consisting of
85% oxide, 5% binder, 5% graphite and 5% acetylene
black were distributed evenly on the surface of each tablet.
After that, the tablets were pressed, heated at 2008C,
pressed into the metallic case of the cell, and the whole
cells were assembled by means of the common technologi-
cal operations. The thickness of the active layer thus
obtained was 3.8P10y3 cm, accuracy limits being "10–
15%.

Charges and discharges of experimental cells were ac-
complished by the potentiostat PI-50.1.1, the cells’ temper-
ature being maintained with thermostat at 25"0.28C.

4. Results and discussion

Fig. 1 shows the examples of galvanostatic potential–
time curves. Both charge and discharge curves exhibit
clearly tangible inflection points at the potential about 3.6
and 2.1 accordingly. The times corresponding to these
points should be attributed, evidently, to the end of the

Ž Ž . Ž ..processes t in Eqs. 6 – 12 .
The dependencies of capacity upon current density were

obtained in two different ways. First, the charge current
varied from cycle to cycle, and discharge current was

Ž .small and constant 1 mA in each cycle. Second, oppo-
Ž .sitely, the charge current was constant 1 mA and the

discharge current varied. Although both methods gave very
close results, it was established, that the second allows for
much wider range of currents to investigate. The fact is
that above 1.8 mArcm2, the cells become irreversibly
damaged, apparently, due to the growth of Li dendrites
through the separator.

Ž . Ž .Fig. 1. Typical charge 1 and discharge 2 curves of rechargeable
w xpositive electrode based on tetragonal 0.05 Li OPMnO oxide 5 . Oper-2 2

ating current 1 mA, surface area 3.2 cm2, total amount of the active
Ž .substance 42.5 mg. The inflection points on charge t and dischargec

Ž . Ž . Ž .t curves correspond to the transition times of Eq. 10 or Eq. 12 .d
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Fig. 2. The date of chargerdischarge experiments represented in terms of
Ž .Eq. 10 .

Figs. 2 and 3 show the galvanostatic dependencies in
Ž . Ž .the coordinates of Eqs. 10 and 12 . The diffusion coeffi-
Ž .cient calculated by Eq. 12 from the slope of the linear

Ž . y8 2part Fig. 3 is equal to 4.6P10 cm rs. By extrapolation
Ž .of the line Fig. 3 to is0, one can obtain the theoretical

value of capacity per unit surface of the electrode Q s lPs
Ž 2 2 .FPC in Crcm or mA hrcm and the total concentra-0

Ž 3.tion of active sites for Li, C molrcm , which is a0

characteristic physicochemical property of the material.
For the composition 0.025PLi OPMnO , to which the2 2

dependencies of Figs. 2 and 3 correspond, we obtain
C s0.015 molrcm3. Considering density and molecular0

weight, this gives the content of active vacancies per 1 Mn
equal to 0.04.

The dependency shown in Fig. 2 contains the linear part
at high current densities. The diffusion coefficient calcu-

Ž . y8lated from this value by Eq. 10 is equal to 5.8P10
cm2rs. Evidently, this value is in good agreement with the

Ž .above obtained by Eq. 12 from the data at small current,
Žconsidering the mathematical simplifications see Ap-

.pendix A , the assumption of the independence of D on
the degree of charge, and possible error in the determina-
tion of the thickness of the active layer.

It follows from the presented model that an efficiency
of a galvanostatic chargerdischarge, i.e., the ratio of the

Ž . Ž Ž ..Fig. 3. The data of Fig. 2 as a function of it i Eq. 12 . The theoretical
capacity and diffusion coefficient are calculated from the intersection of
vertical axis and the slope of the linear part.

real achieved capacity to the theoretical value, decreases
Ž .with current increase. From Eq. 12 , one can derive the

relation between charge current and prescribed efficiency
hsQrQ :m

3PDPQ 1yhŽ .m
i s , 13Ž .c l

where Q sFPC , is the theoretical specific capacity ofm 0

the material. Then, one of the most important service
parameters, full charge time, is calculated as follows:

l 2 h
t shP lPQ ri s P . 14Ž .c m c 3D 1yh

It particular, for 1 mm thick rechargeable cathode based
w xon Li O–MnO oxide 5 , theoretical capacity is ;1002 2

Ž 3.mA hrg FPC s0.4 Crcm . Suppose the desired effi-0

ciency is hs0.9, we obtain charge current i s0.025c

mArcm2 and time t s180 h. Reducing the demands to,c

e.g., hs0.8, we could increase the charge current to
i s0.05 mArcm2 and decrease the time to t s80 h.c c

5. Conclusions

As follows undoubtedly from the above results, not
only the reversible capacity, but also the diffusion coeffi-
cient of Liq ions, are of great importance for the develop-
ment of commercial rechargeable lithium batteries. Some
methods exist to estimate this value. The most common of
them involves the calculation of D from the easily mea-

w xsurable electric conductivity 6 . This approach is unreli-
Ž .able for two reasons: 1 the Nernst–Einstein’s equation

Ž .should be used which is rather rough approximation; 2
strictly speaking, one must know not a total conductivity,
but only ionic part of it, which, for many solids, is much
less than electronic part and thus, is difficult to be mea-
sured. Among other methods, the calculation of D from
potential decay curves after the current being switched off

w xshould be mentioned 7 ; both theoretical capacity and
degree of charge of the electrode must be known for the
calculations, what is evidently the disadvantage. We be-
lieve that the method presented here, which permits the
simultaneous determination of both maximum capacity and
diffusion coefficient, will be useful in the researches and
developments in the field of rechargeable lithium batteries.

Appendix A

Ž . Ž .It is convenient to rewrite Eqs. 2 – 5 in the dimen-
sionless form:

E Y E 2 Y
s ; 1aŽ .2E T E X

Ts0; Ys1; 2aŽ .
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E Y
sJ 3aŽ .

E X Xs0

1
Yd Xs1yJPT . 4aŽ .H

0

The dimensionless variables X, Y, T and parameter J
Ž .dimensionless current are defined here as:

x
Xs ; 5aŽ .

l

C
Ys ; 6aŽ .

C0

DP t
Ts 7aŽ .2l

and

iP l 2

Js 8aŽ .
FPDPC0

After Laplace’s transform, we obtain the ordinary differen-
tial equation

d2F S, XŽ .
sSPF S, X y1 9aŽ . Ž .2d X

with transformed boundary conditions

d F J
s 10aŽ .

d X SXs0

and

1 J1
Fd Xs y 11aŽ .H 2S S0

We are interested in the solution at Xs0. It is as follows:

1 J 'F s y coth S , 12aŽ .0 'S S S

where

' 'S y Se qe'coth S s 13aŽ .' 'S y Se ye

is a hyperbolic cotangent.

Ž .The reverse transform of Eq. 12a is highly compli-
Ž .cated. That is why we shall use, for small S or large T ,

the approximate formula for hyperbolic cotangents:

1 z
coth zf q . 14aŽ .

z 3

Then

1 J J
F s y y , 15aŽ .0 2S 3SS

which corresponds to

J
Y s1y yJPT . 16aŽ .0 3

Taking Y s0 at the end of the process, and using again0
Ž .the natural variables, we obtain Eq. 12 .

Ž .For large S small T , we can use an approximation
coth 6Ss1. Then

1 J
F s y , 17aŽ .0 'S SP S

the reverse transform is equal to

2 'Y s1y PJP T . 18aŽ .0 'p

Once again, taking Y s0 and going over natural vari-0
Ž . Ž .ables, we obtain Eq. 9 or Eq. 10 .
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