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Application of A-C Techniques to the Study
of Lithium Diffusion in Tungsten Trioxide Thin Films
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ABSTRACT
The small signal a-¢ impedance of the cell

Li|LiAsF¢ (0.75M) in propylene carbonate|
LiywOg3 thin film on tin oxide covered glass substrate

has been measured at room temperature as a function of frequency from
5 wx 104 Hz to 5 x 1038 Hz at various open-circuit voltages. The diffusion
equations have been solved for the appropriate finite boundary conditions, and
analysis of the impedance data by the complex plane method yields values for
the chemical diffusion coefficient, the component diffusion coefficient, the par-
tial ionic conductivity of lithium, and the thermodynamic enhancement factor
for Li,WO;3; as a function of . The films of WO3; were prepared by vacuum
evaporation and were largely amorphous to x-rays. The chemical diffusion
coefficient has a value of 2.4 X 10712 ecm?/sec at y = 0.1, increasing to 2.8 X
10—11 cm?/sec at y = 0.26. At short times (t < 0.5 sec) the interfacial charge
transfer reaction is important, but at longer times the rate of lithium injection
is determined by the diffusion kinetics.

Considerable interest has developed recently in the
possibility of fabricating display devices based on the
electrochemical injection of metal or hydrogen atoms
into transition metal oxides, usually WOQOj3. The reac-
tion may be written

WOj3(colorless) 4 yM* 4 ye~ £ My;WOj; (colored)

For each atom injected an electron enters the con-
duction band of the host oxide and a deep blue colora-
tion develops. At the same time, the electronic con-
ductivity of the oxide rapidly increases. The range of
solid solubility of M in WOz may be quite extensive;
typically a y value of about 0.1-0.2 is necessary for
good optical contrast. The activity of M in MyWOs,
and hence the electrode potential of the electro-
chromic oxide will vary continuously with y as long
as a single phase solid solution is formed. If the reac-
tion proceeds rapidly and reversibly, then the metal
atoms may be repeatedly injected and removed by
controlling the electrode potential of the oxide elec-
trode with respect to a counterelectrode which acts
as a source and sink of M.

Although reactions of this type have been known
for several years, few data are available on basic
electrochemical parameters, such as diffusion coeffi-
cients of M in the oxide or exchange current densities,
even though the eventual response time of the device
will be largely determined by these parameters. It is
not even clear whether the rate of injection is limited
by diffusion or by charge transfer at times of iriterest
for display applications.

* Electrochemical Scciety Active Member.

Key words: diffusion, WQs, lithium injection, electrochromic
films, a-c technique.

This paper describes a steady-state a-c¢ technique
which may be used to determine the rate-limiting
process and the important kinetic parameters of an
electrochromic system. It is illustrated by results ob-
tained for the lithium-tungsten trioxide system.

Although any of several transient techniques could,
in principle, be used to study this system, an a-c
method was chosen since it seemed likely that, using
complex plane methods, data analysis could be much
simplified, especially since semi-infinite diffusion con-
ditions cannot be assumed for the case of thin film
electrodes.

Few studies of the electrochromic effect of alkali
metals in WOj3; have been reported (1-10). Green et al.
have studied sodium and lithium injection in WOs;
using both liguid and solid electrolytes (2-5, 10).
The diffusion coefficient of lithium was estimated to
be 2 x 10-12 cm?/sec (3). Mohapatra (8), however,
has recently reported a much higher value of 5 X
10—9 cm?2/sec. Thermodynamic data for lithium in
amorphous WO; films have recently also appeared
9, 10).

Theory of the A-C Method

Alternating-current and voltage methods have, of
course, been extensively used in many kinds of elec-
trochemical systems, and several review articles are
available (11-13).

In general, either current or voltage may be the
controlled variable, and the phase and magnitude of
the dependent variable (voltage or current, respec-
tively) are determined with respect to this. If mea-
surements are made over a wide-enough frequency
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Fig. 1. The Randles equivalent circuit for the a-c response of a
system with charge transfer ond diffusion of the electroactive
species.

range, then different physical processes may be sepa-
rated through their different time constants,

The problem of the a-c response of a simple elec-
trochemical system with either charge transfer or dif-
fusion-limited kinetics has been considered by several
authors. The equivalent circuit for this situation is
due to Randles (14) and is shown in Fig. 1. This cir-
cuit will also be valid for the diffusion of a metal into
an oxide electrode, if it can be assumed that diffusion
is driven by a gradient in composition and not by an
electric field.

In Fig. 1, R; is the uncompensated ohmic resistance
of the electrolyte and electrode, Cpr is the double
layer capacitance of the electrode-electrolyte inter-
face, ¢ is the charge transfer resistance, and Zw* is a
complex impedance arising from the diffusion of the
electroactive species.

For the case of semi-infinite diffusion

Zw* = Aw™% — jAn— % 1]
where » is the radial frequency, j =/ — 1, and 4
is a constant which contains a concentration inde-
pendent diffusion coefficient. Zw* is often known as
the Warburg impedance (15). The explicit form of
A, and a more general expression for Zw?*, which is
also valid for a finite diffusion situation, are derived
below.

The charge transfer resistance ¢, is related to the
exchange current density (I,), through a linearization
of the Butler-Volmer equation for small overpoten-
tials (3E)

, OE RT SE RT 2]
i nlF << F L

It is assumed in the derivation of this equivalent cir-
cuit that small signal conditions are met, since Cpr, ¢
and A are in general voltage or concentration depend-
ent and lead to nonlinear behavior.

The frequency response of this circuit will be
governed by the relative importance of charge trans-
fer and diffusion in determining the current: for very
slow diffusion Zw* > 6, and for very slow charge
transfer kinetics Zw* < 6. Since Zw* is a function of
frequency and ¢ is not, then an electrode reaction rate
may be conirolled by diffusion at low frequencies
(long times) and by charge transfer at high fre-
quencies (short times).

Derivation of Zw* for a thin film electrode—The
magnitude of the Warburg impedance Zw* is deter-
mined by the chemical diffusion coefficient of the
neutral electroactive species (A) in the elecfronically
conducting oxide electrode (B), and the explicit form
of Zw* can be derived by solving Fick’s laws with
suitable initial and boundary conditions. The situation
is fully analogous to the determination of chemical
diffusion coefficients in solid solution electrodes by a
transient galvanostatic technique discussed previously
by Weppner and Huggins (16, 17).

February 1980

Experimentally, the electrode is held at a constant
potential E, with respect to a reference electrode of
pure A, until equilibrium is reached. The composition
of the sample at equilibrium is uniform and equal to
AyB. The chemical potential of 4 in A,B is

pa = pA® - RT InvaXy [3]

Here X4 is the mole fraction of A, and v, is its activity
coefficient. If we choose y4 = 1 as X — 1 then g0 is
the chemical potential of pure A at the same tem-
perature. Thus

RT
E= ———InyaXy [4])
zF

z is the charge carried by A cations, F and R are the
gas constant and Faraday, respectively.
A small alternating voltage

8E = vy sin wt [5]

is now applied between the A,B working electrode and
the reference electrode, which drives the surface of
the working electrode to a new time dependent con-
centration X 4 0Xa (which corresponds to a stoi-
chiometry of Ay:s,B). Eventually, a steady state is
reached and we require an expression for the am-
plitude and phase of the current flowing through the
cell. Since the current density depends on the gradi-
ent in concentration at the interface, through Fick's
law, and the voltage depends on the chemical poten-
tial at the interface, it is necessary to either make di-
lute solution assumptions or else to have knowledge
of the activity coefficient of A in A,B. Since the solid
solutions under consideration here are quite concen-
trated (X, may be as high as 0.3) dilute solution be-
havior cannot be assumed and an alternative ap-
proach is adopted here which is equivalent to a knowl-
edge of y4 as a function of y. If we can assume that
for very small changes in voltage

$E  dE 6
8Xa dXa 18]

We can substitute Eq. [6] into Eq. [5] and obtain
8X4(t) = (AdE/dX ) x4~ ! * Do Sin wt [71

This equation describes the change in mole frac-
tion of A at the electrode-electrolyte interface for a
very small change in applied alternating voltage.
(dE/dXA)x, may be obtained by differentiation of
the coulometric titration curve at the appropriate
composition (X,), or as will be seen later, may, in
the present case, be obtained directly from very low
frequency measurements. Equation [7] represents a
linearization of the dependence of concentration on
voltage. The mole fraction of A at the interface is
therefore a sinusoidal function of time as long as
(dE/dXA) x, is constant over the range of composition
8X a.

For a diffusion experiment it is convenient to write
Eq. [7] in terms of the number of atoms per unit vol-
ume (Cj), and the stoichiometry (y)

dE \—1
( ) + Vo Sin wt 8]
¥

8Ca(t) =
S EYe \Vay

M

Here N is Avogadro’s number and Vy is the molar
volume of A,B, assumed constant over the range &y.
We therefore seek solutions of the equation

C ~ 2
d[8Ca (1)) =D 92[8C4] 191

at dx?

with the initial condition of uniform concentration
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8Ca(x,0) =0 10 ~ aC zF

A0 [10] id:_D(a[ A]) A (24]
and the £ = 1 boundary condition given by Eq. [8]. dx Ji=1 N

Here 1 is the thickness of the oxide electrode; the
coordinate system used is shown in Fig. 2. The second
boundary condition is

0l0Ca(0,8) /9 =0 [11]

corresponding to an interface impermeable to A.
The diffusion coefficient used here is the chemical
diffusion coetticient, which is appropriate for the diffu-
sion of a species in an activity gradient (16). With
certain assumptions, it can be related to the particle
diffusion coefiicient of the components (Az* ions and
electrons).

The solution of Eq. [9] for these conditions is given
by Carsiaw and Jaeger (18)

8Ca (2,t) = aB sin (ut + ¢) [12]
with
_ N ( dE )"1 13
B = {f] [14]
¢ = arg(f) [15]
and
. coshkx - (1 + .?) [16]
cosh ki - (1 4 §)
with
k = (o/2D)% [17]

Note that this is the steady-state solution. There is
also a transient caused by starting the sinusoidal oscil-
lation at t = 0. The form of this transient is given in
Ref. (18). )

In order to determine the current density in the sys-
tem, it is necessary to evaluate (9[0Cal/0X)z=1 From
Eq. [12] it may be shown that

C
(f_[a_;‘i) = vsin (ut + §) [18]
ox z=1
where _
1 = (ak/\/2d) (h? 4- s2) % [19]
and "
g = arctan ( +e ) [20]
h—s
with
h = sinh (2kl) [21]
s = sin (2kl) [22]

d = cosh2(kl) - cos?(kl) + sinh2(kl) - sin2(kl) [23]

Thus, the current density

8Ca
ELECTRO-
CHROMIC
MATERIAL ~, 3[8c
= - ap5 (2]
] N X -
ELECTRONIC ELECTROLYTE
CONDUCTOR
X=O X'—'+l + X

Fig. 2. The coordinate system used for the solution of the diffu-
sion equations.

has an amplitude

zF ( dE )"1 ’ B)‘/ ( h2 4 s? )‘/: (26]
— Y 2
2Vy \ dy oM a

and a phase of g with respect to the applied voltage.
Note that both the phase and the amplitude are fre-
guency dependent.

‘I'wo extreme cases are of interest. First, consider the

lg = —

value of i, for high frequencies, small D, or thick sam-
ples, i.e., kl >> 1. Under these conditions (h2 + s2) %2/d
= 2, and so

2FV, ( dE )‘1 ( 5)!/ %]
= — — . ?
o Vor ay w. [
and
g = arctan (1) = n/4 [27]

Thus, the phase difference between the current and the
voltage is independent of frequency and is equal to
45°. Expressing this result as a complex impedance

Zw* = |Z] cos (%) — j|Z|sin (-:-)

PR [28]
V2
where
Vo Vum(dE/dy)
Z = —_— ot ——— e ® —’/a 2
12l 1o l zFD%a ¢ 28]

where a = surface area.

Comparison of Eq. [28] with Eq. [1] shows that for
these conditions the preexponential factor A in the
Warburg impedance has the form

Vu(dE/dy)
V2 2FD%a

The other limiting case occurs at very low frequencies,

[30]

for very thin samples or for large D

If
K<< 1 (i.e.y w << 2D/12) [31]
. 2Fv, [ dE \~1
fo = — Vo (—d—y-) low [32]
g = arctan (c0) = -;— [33]

Thus, under these conditions the current is 90° out of
phase with the voltage and is independent of the diffu-
sion coefficient.

Expressed as the imaginary (X) and real (R) parts
of the complex impedance for these conditions

1
X =|Z|sing=|{Z| = |V (dE/dy)/2Fula| = _C [34]
wCp,

R = |Z| cos 8 = | Z| 2Kk212/3a (351

= (w)(m) | o

where Cr, and Ry are the limiting low frequency ca-
pacitance and resistance. An interesting consequence
of Eq. [34] and [36] is that for thin samples, it is not
necessary to obtain a coulometric titration curve since
simultaneous solution of these equations yields values
for both the diffusion coefficient and (dE/dy),. Alter-
natively, if this last quantity is known independently,
then the sample thickness may be calculated. Of course,
no information about (dE/dy)y or | may be obtained

=Ry =
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from the high frequency data since the diffusion is

then semi-infinite in nature, and only D may be deter-
mined.

At intermediate frequencies, when neither of the
two limiting cases can be applied, the frequency re-
sponse of the electrode must be analyzed using the full
impedance expressions

Zw* = Rw — jXw [37]

with
Xw=|Z|sing [38]
Rw=1|Z|cosg [39]

where g is given by Eq. [20], and
|Zw| = |vo/ioa) [40]

where i, is given by Eq. [25].

Complex plane representation.—Since the form of
Zw* is now known, the impedance of the entire cir-
cuit of Fig. 1 can be computed as a function of fre-
quency. The most useful way of representing this re-
sult is by plotting the real (R) and imaginary (X)
components of the total circuit impedance wvs. one
another in the complex plane as functions of fre-
quency. Three such computer generated plots are
shown in Fig. 3.

In Fig. 3(a), the diffusional impedance is large and
a straight line of 45° slope is seen over most of the
frequency range. The kinetics of the system are lim-
ited almost entirely by the rate of the diffusional
process. The high frequency real axis intercept gives

the value of R; and D may be found by analysis of the
straight line portion of the curve using Eq. [28] and
[29].

In Fig. 3(b) a transition is obtained such that the
kinetics pass from diffusion control at low frequencies
to charge transfer control at high frequencies., The
semicircle at high frequencies is due to the parallel
combination of Cpg and 4, the values of which may in
principle be obtained by analysis of the high frequency
data. The extrapolated real intercept of the straight
line region lies at [11]

Rs=Ry46~1 [41]
r = 2CpLA2 [42]

with

where A is given by Eq. [30].

At very low frequencies the phase angle begins to
increase due to the onset of finite length effects. This
process is complete in Fig. 3(c), where R has reached
its limiting value given by the sum of Ry (Eq. [36])
and (R; 4+ ). If the diffusion kinetics are in the
proper range, there can be good separation between
the charge transfer semicircle at high frequencies, the
45° line of Zw* at intermediate frequencies, and the
vertical line at very low frequencies, due to the finite

thickness effect. 5 may be obtained from either the
45° portion of the line or from Ry, determined from the
limiting resistance, and Eq. [36].

Experimental Procedures

Sample preparation—The diffusion experiments
were carried out on thin films of tungsten trioxide
deposited on tin oxide (700A thick) covered glass sub-
strates. Amorphous WOj; films were prepared by ther-
mal evaporation of the oxide at a rate of 30 A/sec.
The substrate temperature during evaporation was
100-C, and the pressure was maintained at 2 x 10—¢
Torr of air. The method of preparation and the char-
acterization of these films was discussed in Ref. (19),
where it was also demonstrated that such films are
stable in the electrolyte/solvent system used in the
present experiments.

February 1980
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A
R’I (Rp+8+R)) R
Fig. 3. Computer simulation of the complex impedance of the
circuit shown in Fig. 1 for various values of the diffusion coefficient.

The results reported below were obtained on 15004
thick films which had been heat-treated in pure oxy-
gen for 6 hr at 350°C, This procedure was adopted in
order to dry the films and to ensure that the stoichiom-
etry was in fact WQj;. X-ray diffraction experiments
indicated that the initially amorphous films, which
sLowed only a broad diffuse scattering centered on a d
value of 3.6A, developed some crystallinity on under-
going this heat-treatmenti. Several sharp reflectioms
developed, which could be indexed on the same unit
cell as the high temperature tetragonal modification
of WO3 (in agreement with the observations of Green
[10], but with slightly reduced lattice parameters).
The sharp reflections were superimposed on a dif-
fuse background similar to that of the unheated,
treated films.

A densitly of 5.2 g/cm3 was used in the calculation
of the results below, based on a comparison of the
measured film volume (using interferometry) and
chemical analysis (19).

Electrochemical measurements,—Measurements were
made using a three electrode configuration. Both
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counter and reference electrodes were pure lithium
metal, and the electrolyte was 0.75M LiAsFs in propyl-
ene carbonate. The electrolyte was dried by prolonged
agitation with lithium chips. All materials and the
electrochemical cell were kept in a helium-filled dry
box. Measurements were made at 300°K.

The thin film working electrode was held at con-
stant voltage (and hence composition) by a Princeton
Applied Research Model 173 potentiostat. A small
alternating signal from a Hewlett Packard HP3110B
oscillator was then superimposed on the constant volt-
age and the current flowing in the counter-working
electrode circuit was monitored via a standard re-
sistance. The circuit is shown in Fig. 4. The amplitude
of the signal applied to the sample was always less
than 10 mV and the frequency range covered extended
from 5 x 10—¢ Hz up to 5 kHz.

Above 20 Hz, the amplitude and phase of the cur-
rent with respect to the applied voltage were mea-
sured directly using a PAR Model 5204 two-phase
lock-in analyzer, Above about 100 Hz, small correc-
tions were made to compensate for the attenuation
and phase shift introduced into the signal by the po-
tentiostat. This was achieved by comparing the a-c
perturbation of the potential difference between the
reference and working electrodes directly with the
output of the oscillator.

Below 20 Hz, the signals corresponding to current
and voltage were amplified using a PAR Model 113
preamplifier and fed to the analog-to-digital con-
verters of a Digital Equipment Corporation Lab 8e
computer, where the two signals were averaged over
several cycles and compared.

Results

The change in open-circuit voltage (E) with com-
position (y) is plotted in Fig. 5. The order in which
the points were taken is indicated, showing that the
measurements were in fact made at equilibrium. Re-
sults of the two other thermodynamic studies are
also shown for comparison (9, 10).

The complex impedance data are summarized in
Fig. 6 and 7. In Fig. 6, the higher frequency data are
shown for four open-circuit voltages. At the highest
voltage (2.6V with respect to pure lithium), a straight
line of slope 45° was obtained from about 0.01 Hz up to
5 kHz, corresponding to complete diffusion control
of the electrochemical insertion reaction over the
whole of the available frequency range. At lower
open-circuit voltages (corresponding to higher lith-
ium concentrations in the film), the separation of a
semicircular region is evident at higher frequencies
and, at the same time at lower frequencies, the 45°
line begins to give way to a vertical line under the
influence of finite length effects. The 5 Hz points are
marked on the plots, and it can be seen that at this
frequency a gradual transition from diffusion-con-
trolled to charge transfer-controlled kinetics takes
place as lithium is added to the film.

Complex impedance data for the lowest frequencies
are shown in Fig. 7. In this frequency range, the rate

OSGILLATOR ( )
REFERENGE DC SOURGE
INPUT POTENTIOSTAT
TWO - PHASE l
ANALYZER
OR SIGNAL

INPUTS

PRE-AMPLIFIER
8 COMPUTER

Fig. 4. Experimental circuit used for the A-C impedance measure-
ments.
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Fig. 5. Coulometric titration curve for LiyWO3. The numbers in-

dicate the order in which the data were taken. Results of Mohapatra
and Wagner (9) and Green (10} are shown for comparison.

200~
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{ 1 i

]
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Fig. 6. High frequency complex impedance data

of lithium injection is always diffusion-controlled.
The onset of finite length effects shifts to higher fre-
quencies and the low frequency limiting resistance
decreases as more lithium is added to the film, indi-
cating that the diffusion coefficient is steadily increas-

ing. Values of the chemical diffusion coefficient, D,
were obtained from either the 45° straight line region
or else from the low frequency limiting behavior, At
high voltages, in the semi-infinite diffusion regime,
data analysis presented no problems. Both the real
and the imaginary parts of the impedance are propor-
tional to w—'. This is illustrated in Fig. 8 for the high-

est voltage case. 5 was calculated from such plots

using Eq. [28] and [29]. Alternatively, D can be cal-
culated from the low frequency limiting resistance
(Eq. [36]). The low frequency limiting capacitance
(obtained from Eq. [34]) yields values of (dE/dy),

which were used in the computation of D. Relevant
data are given in Table L
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Fig. 7. Low frequency complex impedance data

Use of Ry, for the calculation of D, however, has a
disadvantage in the particular case of the data under
consideration here. Ry is measured from the point at
which the 45° straight line would intercept the real
axis (see Fig. 3b), and thus, if this point is not well-
defined, due to overlap of the diffusion- and charge
transfer-controlled regions, an inaccuracy is intro-

duced into the calculation of D, The overlap also pre-
vents accurate evaluation of Cpy, and 4.

These difficulties could, in principle, be overcome
by fitting the low frequency impedance data to the
full impedance expression (Eq. [38] and [39]). How-
ever, the complicated nature of these functions makes
this a difficult task which was not attempted here.

Values of the diffusion coefficients calculated for
lower voltages (2.2 and 2.3V) are, therefore, of lower
accuracy than those for higher voltages.

Discussion
The a-c method.—The technique described in this
paper shows itself to be a useful tool for the study
of diffusion in thin film solid electrodes, although it is
by no means limited in application to such systems.
The method appears to have a number of advantages
over alternative, transient techniques (such as voltage
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Fig. 8. Real and imaginory parts of the complex impedance
plotted vs5. w™1/2,

or current step experiments), the most important
being that more information is obtained through rela-
tively simple data analysis procedures using the com-
plex impedance plane method. Even in situations
where there is extensive overlap of the charge t{rans-
fer- and diffusion-controlled regions, or where the
diffusion coefficient is sufficiently high to introduce
finite length effects, much important information can
be obtained by inspection of the complex impedance
plot. The same information is, of course, also con-
tained in the transient response of linear systems, but
data acquisition (particularly at short times) and
integral transform analysis so complicate the pro-
cedure that often only data obtained over a limited
time period (for example, when the change in depend-

ent variable is proportional to \/t) are actually useful.
As may be seen from the present results, the region in
which the impedance is proportional to % (or in
which E would be proportional to t% in a current
step experiment) may be very limited or nonexistent.
Under these circumstances, the complex impedance
method at the very least gives an indication of the ex-
perimentally important phenomena contributing to
the time response of the system. Often a'useful limit-
ing region can be identified (for example, the very
low frequency response for thin films) which can be
used to extract numerical values for kinetic param-
eters,

A further advantage of using a steady-siate method
is that the response signal can be critically evaluated
at each frequency, and further averaging (at low
frequencies) or filtering (at high frequencies) can be
employed.

Like the galvanostatic intermittent titration tech-
nique described by Weppner and Huggins (16), the
a-c¢ method is capable of very high resolution with
respect to composition and is therefore applicable to
phases with rather narrow ranges of stoichiometry.

The application of this method is, of course, de-
pendent on the validity of a number of assumptions.

Table 1. Thermodynamic and kinetic data

Qpen cir- -~ dE \** d In et

Composition* cuit voltage D JE— ————— Dy LI

(¥ in LyWOQs3) (vs. L4) (cm? sec-1) dy 7y d 1n Cui (em? sec-1) (%1 cm-1)
0.687 2.60 2.4 x 102 5.0 18.9 1.3 x 108 1.04 x 19-®
0.138 2.50 4.9 x 10~ 3.6 19.4 2.5 x 10-3 3.0 x 10-°
0.170 2.40 15 x 10-15% 4.0 26.5 5.7 x 10-18 8.1 x 10-°
0.201 2.30 2.6 x 10-13% 3.8 29.8 8.7 x 10-18 1.5 x 10-8
0.260 220 2.8 x 10-1ui% 3.6 36.5 7.7 x 10-13 1.7 x 10-8

* Calculated assuming a density of 5.2 g cm-3.
** Calcuiated from Eq. [34].

t D calculated from Eq. [29).
tt D calculated from Eq. [361.
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The first of these is that the boundary conditions used
in the solution of Fick’s diffusion equation are correct.
The greatest difficulty will usually lie in the assump-
tion that the potential of the cell is a measure of the
lithium activity at the interface between the electro-
lyte and the electrode. This is only true if the elec-
trode is a predominantly electronic conductor. In the
present case, there seems to be good evidence that
this is so. The high electronic conductivity of tungsten
bronze phases is well-established (20); values are
much higher than ionic conductivities calculated from
previous or present measurements of diffusion coeffi-
cients, although direct measurements of partial ionic
conductivities have not been made.

A second assumption implicit in the derivation
given above is that the driving force for diffusion is
only a gradient in composition, and that the electric
field in the electrode is negligible. This, of course,
will be true in view of the high electronic conductivity
mentioned above.

Thirdly, in order for the solution of the diffusion
equations to be correct, it must be assumed that the
system is linear. In other words, the diffusion coeffi-
cient is assumed to be independent of concentration
over the range of alternating voltage applied. In prac-
tice, the applied voltage can be made very small, so
that the measured impedance becomes independent of
amplitude, This test is very easy to carry out due to
the steady-state nature of the experiment, It seems
likely that the diffusion coefficient will change rather
slowly with composition, and hence voltage, except in
very narrow phases where rapid variation of the
thermodynamic enhancement factor may be expected
(16). Similar considerations of linearity also apply
of course at higher frequencies where the double
layer capacitance and charge transfer resistance might
also show voltage dependent behavior.

Kinetic properties of WOz thin film electrochromic
electrodes.—The primary observation concerning the
kinetics of lithium incorporation into WOj3; thin films
is that both diffusion and interface kinetics are im-
portant. At long times (low frequencies), the inter-
face is essentially at equilibrium, and diffusion of
neutral lithium in a concentration gradient limits the
rate of coloration of the oxide. At times shorter than
about 0.5 sec however, charge transfer kinetics limit
the rate of injection. The following considerations
are relevant.

(i) Firstly, the thermodynamic and kinetic prop-
erties of WO; thin films are very dependent on the
method of preparation (6), and in particular are de-
pendent on the degree of crystallinity of the films.
The results given here, although typical of films which
show relatively rapid coloration on lithium injection,
must not be regarded as applying to all WOz films. A
detailed study of the thermodynamics and kinetics of
different kinds of films is currently underway and
the results will be published separately.

(i1) Secondly, the experiments reported here are
small signal experiments. In a practical device much
larger voltages or currents will be applied to the
samples with several consequences. First, the reaction
resistance ¢ will change with applied voltage due to
both the change in lithium concentration at the inter-
face and the inherent voltage dependence of the
heterogeneous charge transfer reaction. Secondly,
large voltage differences across the interface will have
in.portant effects on the rate of bleaching as discussed
by Faughnan et al. (21). If the potential of the sur-
face layer of WOj; is increased beyond about 3V with
respect to lithium, then the surface will become de-
pleted of lithium and, since the electronic conductivity
falls as lithium is removed, an electric field will de-
velop in the electrochromic which will tend to in-
crease the rate of lithium removal. This might happen,
for example, when the WOj3; is bleached under con-
stant current conditions, when the diffusion process
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cannot indefinitely support the current. A third effect
of higher voltages will occur under rapid coloration
conditions where the voltage falls to such low values
that a concentration driven phase change on the sur-
face of the oxide might be irreversible. Mohapatra
and Wagner (9), for example, found that the chemi-
cal potential of lithium in amorphous Liy,WO; was
constant for vy > 0.4 (approximately 2V w»s, Li). If
this constant activity corresponds to a two- or three-
phase region, then the new phase(s) formed may
have. very slow or irreversible kinetics.

In summary, therefore, small signal results should
not be taken as a definitive measure of how an elec-
trochromic device would operate under large signal
conditions.

The charge transfer resistance of the interface was
found to be 100-150 0/cm2. As discussed in the Results
section, an overlap of the diffusion response and the
charge transfer response prevents an accurate evalu-
ation of this resistance and its voltage dependence.
The corresponding exchange current density is 8 X
10-3-13 x 1074 A/cm2 a value which will depend
on the concentration of Lit in the liquid electrolyte
as well as electrode material parameters. Mohapatra
(8) has suggested a value as high as 2 x 10—23 A/cm?2
for lithium injection. Somewhat smaller values (5 X
10—6-3 x 10-5 A/cm2) have been found by Crandall
and Faughnan (22) for the injection of hydrogen into
amorphous WOs.

Chemical diffusion coefficients for low lithium con-
centrations are in good agreement with the value of
2 x 10-12 cm2/sec suggested by Green (3). An in-
crease with increasing lithium concentration of about
one order of magnitude is observed, but the values
are still much lower than the 5 X 10—9% cm2/sec re-
ported by Mohapatra (8). The thermodynamic results
given by Mohapatra and Wagner in Ref. (9), however,
were in very good agreement with the results of the
present study. More recent results by Green (10)

show a slightly smaller value for D of 4 X 10—13 cm2/
sec on films which also have similar coulometric titra-
tion curves. Green also suggested that rapid diffusion
along grain boundaries is followed by much slower
diffusion into the bulk of the grains, with an associ-
ated diffusion coefficient of about 6 x 10—16 cm2/sec.
In the present study, no evidence for two diffusion
processes, either in series or in parallel has been
found, as the form of the results is adequately ex-
plained by a single diffusion coefficient,

As discussed by Weppner and Huggins (16), the

chemical diffusion coefficient 5 is related to the com-
ponent diffusion coefficient Dy by the relation

B—D dInay 43]
-k dlnCLi

for the case where the electronic transference number
is close to unity. In this equation the activity and con-
centration terms refer to neutral lithium. Hence

D=_p m
kg7 7Y [44]
and since
Dy = kTb [45]
and
oLi = 22F2Cyib [46]

where b is the general mobility and ¢ the partial
conductivity of Li* ions

2FD (dE)—l "
oLl = Vo E-y— [47]

Numerical values for Dy and o1 are given in the table.
Like the chemical diffusion coefficient, these quanti-
ties appear to increase with increasing lithium con-
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tent, the most rapid rate of increase occurring around Solid Films, 38, 89 (1976).

y = 0.17. 4, M. Green and K. S. Kang, ibid., 44, 1,19 (1977).

In summary, a general steady-state a-c method 5 W.C. Dautremont Smith, M. Green, and K. S. Kang,
has been described which allows the diffusion co- Electrochim. Acta, 22, 751 (1977).
efficient of a species in an electronically conducting 6. H2§1 %193,17% and H. U. Beyeler, J. Appl. Phys., 13,
thin film electrode to be determined. In addition, :
qualitative information about the kinetics of the Z g }J{ ﬁolgi)e:‘érﬁp%kif .}Ilgqsﬁ?%aeltt.l’zgsl,zgg((1%)?%%)..
interface charge transfer reaction has been obtained, 9. S. K. Mohapatra and S. Wag’ner,’ibid., 125, 1603
and it is believed that in some situations detailed (1978).
interfacial kinetic data could be obtained. The method 10, M. Green, Thin Solid Films, 50, 145 (1978).
has a number of advantages over transient current or 11. M. Sluyters-Rehbach and J. H. Sluyters, in “Elec-

troanalytical Chemistry,” Vol. 4, A, J. Bard, Edi-
tor, pp. 1-128, Marcel Dekker, New York (1970).
12. D. D. Macdonald, “Transient Techniques in Electro-
c(kllgrrrr%istry,” p. 229, Plenum Press, New York
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13. D. E. Smith, in “Electroanalytical Chemistry,” Vol.
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method of analysis in the frequency domain which
allows a clear distinction to be drawn between in-
terface and bulk processes.
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Development of Sulfur-Tolerant Components
for the Molten Carbonate Fuel Cell

A. F. Sammells,* S. B, Nicholson, and P. G. P. Ang*
Institute of Gas Technology, Chicago, Illinois 60616

ABSTRACT

The sulfur tolerance of candidate anode and anode current collector mate-
rials for the molten carbonate fuel cell were evaluated in an electrochemical
half-cell using both steady-state and transient potentiostatic techniques. Hy-
drogen sulfide was introduced into the fuel at concentrations of 50 and 1000
ppm. At the higher sulfur concentration using low BTU fuel, both nickel and
cobalt were observed to undergo a negative shift in their open-circuit poten-
tials, and high anodic and cathodic currents were observed compared with clean
fuels. Exchange currents measured using the transient potentiostatic technique
were not greatly affected by 50 ppm HS introduced into the fuel. However,
at higher sulfur concentrations, higher apparent exchange currenis- were ob-
served, indicating a probable sulfidation reaction. Of the new anode materials
evaluated, Mgg.osLa0.95CrO; and TiC showed good stability in the anodic
region. With the former material, exchange current densities in low BTU fuel
were calculated to be ~8 mA/cm? at 650°C, lower values than found for
either nickel or cobalt anodes under similar conditions. Of the anode current
collector materials evaluated, high stabilities were found for 410 and 310 stain-
less steels. The implications and relevance of these results on fuel cell per-
formance are discussed.

The essential components which comprise the molten supported on a lithium aluminate matrix. These com-

carbonate fuel cell are a porous nickel or cobalt anode,
and a porous nickel oxide cathode, which are separated
by an ionically conducting molien carbonate mixture

¥ Electrochemical Society Active Member.
Key words: sulfur-tolerant anode, current collectors, molten
carbonate fuel cell.

ponents together are commonly referred to as the tile.
To date, these fuel cell components have shown good
elecirochemical performance and corrosion stability
under cell operating conditions over several thousand
hours in the absence of sulfur-containing species in the
fuel and oxidant. However, commercialization of this
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