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The chemical diffusion coefficient of polycrystalline calcium-
doped lanthanum chromites, La,_,Ca,Cr0;_;, was measured as
a function of oxygen partial pressure, composition, and tempera-
ture by means of electrical conductivity relaxation. The measured
chemical diffusivity increased with increasing oxygen vacancy con-
centration, the mechanism of which was discussed in light of defect
chemical equilibrium. The derived vacancy diffusion coefficient
was independent of the vacancy concentralion, suggesting that
oxygen vacancics were randomlby-distributed. @ 1995 Academic Press, Ine.

1. INTRODUCTION

The chemical stability in both oxidizing and reducing
atmospheres al elevaled temperatures and the good elec-
trical properties of perovskite-type oxides based on La-
CrO, make them useful as high temperature electronic
conductors, including interconnectors for solid oxide fuel
cells (SOFCs). When used as an interconnector in the
SOFC, the existence of a large oxygen chemical potential
gradient makes knowing the oxygen diffusivity and under-
standing the diffusion mechanism important. Very few
studies, hawever, have been concerned with oxygen diffu-
sivity in lanthanum chromites. Yu et al. (1) measured the
chemical diffusion coefficient of sintered ceramics of Mg-
doped LaCrO, by means of the conductivity relaxation
technique and concluded that its high diffusivity and low
activation energy were attributable to grain boundary dif-
fusion. Van Dieten et al. (2) attempted to evaluate ionic
conductivily in dynamically compacted Mg-doped La-
CrQ, using semiblocking solid-state electrochemical cells
where ytiria-stahilized zirconia was employed as the solid
clectrolyte. They reported that it was difficult to definitely
assign the impedance spectra to particular physical pro-
cesses. The accumulation of data from various experimen-
tal techniques will be required to obtain the true oxygen
diffusivity in LaCrO,-based materials.

In this study, chemical relaxation experiments were
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conducted on sintered polycrystalline specimens of Ca-
doped LaCrO,, where an abrupt change in oxygen
chemical potential in the surrounding atmosphere was
imposed upon the sample and time change of electrical
conductivity was recorded. Following our previous re-
ports highlighting the details of experimental and analyti-
cal procedures (3, 4), this paper focuses on interpreting
the results in light of defect chemical equilibrium.

2. EXPERIMENTAL

Raw material powders of three compositions, x =
0.1, 0.2, and 0.3 in La,_,Ca CrO,_; (8 is the mole
fraction of oxygen deficiency), were synthesized by a
high-temperature solid-state reaction of mixtures of
La,0,;, CaCo0,, and Cr,0,; powders. Cylindrical samples
of 4 to 5 mm diameter and 25 to 30 mm length were
obtained by isostatically pressing the synthesized pow-
der followed by sintering at 1450 to 1600°C in air. The
density of the sintered samples was over 95% of the
theoretical density, and the average grain size was
about 5 um from the SEM observations. XRD analyses
confirmed the samples 1o be single phase with ortho-
rhombic perovskite-type structure. Four platinum wires
were wound around the sample to serve as current
leads and potential probes. The sample was placed in
the center of an alumina protection tube, through which
a mixture of CO and CO, was allowed to flow. Electrical
conductivity relaxation experiments were conducted as
follows. After the sample was fully equilibrated in a
selected atmosphere, a change in oxygen partial pres-
sure (F,) was imposed in an oxidizing or reducing
direction by allering the mixing ratio of CO and CO,,
and then de coaductivity was recorded as a function
of elapsed time until it reached a new stationary value.
The P, in the atmosphere was monitored by a zirconia
sensor placed close to the sample. The experiments
were performed at 900, 950, 1000, and 1050°C. The
principle of the technique and more details of the
experimental procedures were described in our previous
reports (3, 4).
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FIG. 1. Typical conductivity relaxation data of Lag ;Cay ;CrO_; pre-

sented in the form of fractional conductivity change as a function of
elapsed time. The solid curves were drawn by fitting the experimental
data to Eq. [1].

3. RESULTS AND DISCUSSION

Figure | shows five sets of raw relaxation data for the
composition of x = .30 at 1000°C in the form of fractional
conductivity change as a function of elapsed time. The
solid curves in the figure are drawn by nonlinear least-
squares fitting of the measured data to the equation
(see Ref. 4):
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where o,,, is the measured conductivity, Dy is the
chemical diffusion coefficient, ¢ is diffusion time, and a
and / are the radius and half-length of the sample, respec-
tively. L, and L, are dimensionless parameters defined
using the diffusion coefficient, D4, and the surface reac-
tion rate constant, o, as

L.=aalDy,.. 12]
L,=lalDy,.,, [3]
which serve as a measure of the contribution of the surface

reaction to the overall process. 8, and v, are respectively
the nth and mth positive roots of the equations

Bn"’l(ﬁn) - LC'IO(Bn) =0 [4]
Ymtany, =L, {5]

where J, and J, represent zeroth and first-order Bessel
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functions. The above equations are derived from the ana-
fytical solution of Fick’s second law for a cylindrical ge-
ometry with consideration of the effect of surface reaction
(4). Introduced for this derivation are the approximations
that the surface reaction rate is linear with oxygen concen-
tration at the surface, and that the carrier mobility is
constant within each relaxation step with not too large a
Py, change.

As can be clearly seen in Fig. 1, Eq. [1] fits very well to
the experimental data. This suggests that the conductivity
relaxation kinetics can be well described by a diffusion
mode] with consideration of partial contro! by surface
reaction. Looking through the series of relaxation curves,
it is found that the relaxation kinetics becomes faster as
the final P, decreases. This means that larger chemical
diffusion coefficients result as the final P, decreases.

The chemical diffusion coefficient, in general, is closely
related to the concentrations of moving defects in the
material. This means that the defect equilibrium in the
system of concern has to be made clear for discussing
the P, dependence of chemical diffusivity. The defect
equilibrium in La,_,Ca,CrO,_; was discussed in our previ-
ous paper (5) on stationary electrical conductivity as a
function of P, . using a simple point defect model which
is basically the same as those used to elucidate the defect
equilibrium in Mg- and Sr-doped LaCrO; (6, 7). The point
defect model is summarized as follows.

La,_,Ca CrO,_; shows oxygen-deficient-type nonstoi-
chiometry. The predominant point defects are Ca ions
substituting on La-sites (Caj,) and double-positively
charged oxygen vacancies (V') with the electronic de-
fects being holes (tetravalent Cr ions, Crg,). The symbols
in parentheses are the Kroger-Vink notations for point
defects (8) and will be used throughout this paper. The
interaction between the defects and the surrounding atmo-
sphere can be expressed as

O05+2Cr, =30, + V5 +2Cr§ i6]

and the equilibrium constant for this reaction is

[V CEPPY?
K= —m+——. |
[OKIICrE, 1

The following electroneutrality condition should be satis-
fied among the defect concentrations:

[Calad = [Cred +2[Vo ). (8]

The above pseudochemical reaction indicates that the
charge imbalance caused by the introduction of calcium
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FIG. 2. Simulated oxygen nonstoichiometry of La;_ ,Ca,CrO,._; at
1000°C as a function of ‘oxygen partial pressure.

is electronically compensated for by transforming part of
the Cr’* ions into a Cr** state at high P, , while ionic
compensation by the formation of oxygen vacancies be-
comes more significant as the P, decreases.

Figures 2 and 3 show the effect of Ca-doping and tem-
perature on the variation of oxygen vacancy concentra-
tion with Py, calculated by using the point defect model.
The values of the equilibrium constant used in the calcula-
tion are listed in Table [, which have been quoted from our
previous paper (3). The vacancy concentration increases
with a decrease in Pq, in proportion to Fg)? at high P,
and it asymptotically approaches the limiting value deter-
mined by the level of Ca-doping. Atagiven P, the higher
vacancy concentration is expected for the higher Ca-dop-
ing and higher temperatures.

In the conductivity relaxation experiments, the chemi-
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FIG. 3. Simulated oxygen nonstoichiometry of Lag,Cay;Cr0O; ; as
a function of oxygen partial pressure at 900, 930, 1000, and 1030°C.

cal diffusion coefficient can be obtained as a function of
the final P, of each relaxation run. As has been pointed
out, however, the variation in chemical diffusivity is to be
examined in relation to the change in defect concentration
rather than to the Py, change. The oxygen vacancy con-
centration corresponding to the final P, of each relaxation
run has been calculated using the point defect model, and
its relation to the measured chemical diffusion coefficient
is presented in Figs. 4 and 5. Open and closed symbols
represent the results from reduction and oxidation runs,
respectively. The figures clearly show that D, increases
with an increase in oxygen vacancy concentration, sug-
gesting that chemical diffusion proceeds via an oxygen
vacancy diffusion mechanism,

In the process of conductivity relaxation, the sample
surface first reaches equilibrium with a new atmosphere,
which generates a concentration gradient of oxygen va-
cancies within the sample. This is a driving force of oxy-
gen movement. The electroneutrality condition (Eq. 18])
requires a simultaneous setup of a concentration gradient
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FIG. 4, Relationship between chemical diffusion coefficient and oxy-
gen vacancy concentration in La,_ CaCr0;_; at 1000°C. Open and
¢losed symbols are for the results from reduction and oxidation runs, re-
spectively.
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FIG.5. Relationship between chemical diffusion coefficient and oxy-
gen vacancy concentration in Lay;Cay;CrO;_; at 900° (O, @), 950° (T,
W), 1000° (A, A), and 1050°C (<, 4). Open and closed symbols are for
the results from reduction and oxidation runs, respectively,

of electron holes in the opposite direction, which forces
the electron holes to counterdiffuse with the oxygen va-
cancies. The moving species in the chemical diffusion
process are thus oxygen vacancies and electron holes.
For a quantitative treatment of simultaneous motions of
charged species, Wagner's theory on oxidation of metals
{9-11) and the ambipolar diffusion theory (12} are known.
Assuming that the net current along the diffusional direc-
tion is zero (the so-called ‘‘coupled current condition™)
and that the electronic transference number can be ap-
proximated as unity, Wagner’s theory and the ambipolar

102 r ~=T =T ma 7 T ]
|'_ ------- Wagner's theory
03 ——- Ambipolar ditfusion theory 1

x=0.

o F Lay_xCayCrOa.g

e f.

1000°C

109 '
-18 -16 -14 -i2 -10 -8 -6

log {Po, / atm)

155

diffusion theory, respectively, formulate the chemical dif-
‘fusion coefficient as

61[1 P01
Dchem = _%DV—A [9]
[Vl

and
_ DDAV +p)

4[Vy1Dy + pDy
= thDV + [iDh

4[V5‘})
D L

D

chem

{10]

(i

where D, and D, are the diffusion coefficients of oxygen
vacancies and electron holes, ¢, and ¢, are ionic and elec-
tronic transference numbers, and p denotes the hole con-
centration. The vacancy diffusion coefficient, Dy, can be
considered constant when the interaction between defects
is negligibly small (the approximation of the dilute solu-
tion). Setting the Dy, as a point of reference, the enhance-
ment factor (e.f.) of D, is defined as

ef:Dchem"lDV- [“]
Using Eqs. [9] and [10] into Eq. [11], we get the e.f. as
a function of defect concentration and oxygen partial
pressure;
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FIG. 6. Calculated enhancement factor of La;_,Ca,CrO;_; at 1000°C as a function of (a} oxygen partial pressure and (b) oxygen vacancy concen-

tration.
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for the Wagner's treatment and the ambipolar diffusion
treatment, respectively. These values can be estimated
when the defect concentrations are available as a function
of Pg,. The defect concentrations calculated by using the
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FIG. 8. Oxygen vacancy diffusion coefficient of La,_,Ca,Cr0;_; at
1000°C. Open and closed symbols are for the results from reduction and
oxidation runs, respectively.
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Calculated enhancement factor of Lay,Cay ;CrOy_; at four different temperatures as a function of (a) oxygen partial pressure and (b)

equilibrium constants in Table I into Eq. [7] are substi-
tuted for the corresponding parameters in the above equa-
tions to give the e.f. Figs. 6a and 7a show the Py depen-
dence, and Figs. 6b and 7b show the relationships with
the vacancy concentration. In Fig. 7b, no distinct differ-
ences can be observed in the results for the four different
temperatures; four curves seem to merge into a single
curve. It can be seen that the e.f. asymptotically ap-
proaches unity as the Py, increases. This means that at
refatively high Pg,, Deper, is equal to Dy and does not
depend on Py . On the other hand, the e.f. increases as
the Py, decreases or the vacancy concentration increases.
This predicts that Dy is an increasing function of oxygen
vacancy concentration, which agrees well with the experi-
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FIG. 9. Oxygen vacancy diffusion coefficient of L.ay;Ca,;CrO,_4 at

900°, 950, 1000, and 1050°C. Open and closed symbols are for the resuits
from reduction and ¢xidation runs, respectively.
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FIG. 10. Temperature dependence of oxygen vacancy diffusion coef-
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mental results shown in Figs. 4 and 5. Higher tempera-
tures and increased Ca-doping have the effect of increas-
ing e.f. at a given Py and oxygen vacancy concentration.

The two theories introduced for discussing the enhance-
ment of 4., have provided very similar results. For
further analyses, the e.f. calculated by using the ambipolar
diffusion theory will be used, because this treatment is
more general than the other in that it requires no assump-
tions of local equilibrium (13). Figures 8 and 9 plot the
Dy converted from the measured D ., by using the calcu-
lated e.f. into Eq. {13]. Figure 8 clearly shows that Dy, is
constant at low oxygen vacancy concentrations, sug-
gesting that the oxygen vacancies are not interacting.
However, at relatively high vacancy concentrations, there
is a trend for Dy to decrease, which implies a reduced
mobility of oxygen vacancies resulting from interactions
between defects. The same trends can be observed in Fig.
9, although they are difficult to distinguish because of the
number of data points,

The average of Dy in the region of its insignificant de~
pendence on vacancy concentration is taken as a repre-
sentative value for a particular condition: Ca-doping level
and temperature. Figure 10 shows the temperature depen-
dence of Dy thus determined as compared with that of
typical mixed-conducting perovskites based on LaFeO,
and LaCoQO, (14). The Dy of Ca-doped LaCrQ; obtained
in the present study is similar to that of other perovskite-
type oxides, both in magnitude and in activation energy.
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4. CONCLUSION

The chemical diffusion coefficient of polycrystalline Ca-
doped LaCrO, measured by the electrical conductivity
refaxation method was found to increase with increas-
ing oxygen vacancy concentration. This suggests that in
the process of chemical diffusion, oxygen is transported
through lattice diffusion of oxide ions by the vacancy
diffusion mechanism. The dependence of chemical diffu-
sivity on the vacancy concentration was theoretically
elucidated by combining the Wagner's theory or the
ambipolar diffusion theory with the point defect model.
The enhancement factor of the chemical diffusion coef-
ficient calculated by using the ambipolar diffusion theory
allowed us to derive the vacancy diffusion coefficient.
The constancy of the vacancy diffusion coefficient ob-
tained at low vacancy concentrations suggests that the
vacancies are not interacting. Ca-doped LaCrO, exhibits
a vacancy diffusion coefficient comparable to that of
Fe- ar Co-based perovskites whose fast oxygen diffusion
has been experimentally demonstrated in the literature.
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