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The tracer diffusion coefficient, D& of oxide ions in LaCoOj single crystal was determined over the 
temperature range of 700-1000°C by a gas-solid isotopic exchange technique using IsO tracer. For the 
determination, two methods, the gas phase analysis and the depth profile measurement, were em- 
ployed. Under an oxygen pressure of 34 Torr, the temperature dependence of D$ in LaCoO, was 
expressed by 

D6(cm* . set’) = 3.63 x lo4 exp i 
(74 2 5)kcal . mole-’ 

- RT 1. 

Dfj at 950°C was found to be proportional to Po;“. The diffusion of oxide ions occurs through a 
vacancy mechanism. The activation energy for the migration of oxide ion vacancies was estimated as 
18 kcal . mole-‘. 

1. Introduction 

Recently, applications of perovskite-type 
oxides have been extensively developed 
and the properties of these oxides have 
been intensively investigated. It is thought 
that many perovskite-type oxides have high 
oxide ion diffusivity (1-3). However, few 
measurements have been reported on the 
tracer diffusion coefficient of oxide ions in 
perovskite-type oxides. They are limited to 
titanates: SrTi03 (4-6), BaTi03 (7), and im- 
purity-doped SrTi03 (5) and BaTi03 (7). It 
has been suggested that the diffusion of ox- 
ide ions proceeds via oxide ion vacancies, 
but this diffusion mechanism has not been 
experimentally confirmed. 

The perovskite-type oxides, Lrz-,Sr, 
Coo3 (Lx rare earth elements), have been 
investigated for applications as oxidation 
catalysts (8, 9), electrode materials of fuel 
cells (Z&12), and chemical sensors (13). 
Substitution of a part of Ln3+ in LaCoOj by 
Sr2+ increases Co4+ and oxide ion vacan- 
cies. The increase of Co4+ leads to the high 
electronic conductivity, which has been 
considered to be important in applications. 
In addition, high oxide ion diffusivity re- 
sulting from a large concentration of vacan- 
cies in indispensable for the high reactivity 
observed in applications (9, 11, 12). How- 
ever, few diffusion data were reported. 
Only a chemical diffusion coefficient has 
been determined at lower temperatures on 
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polycrystalline samples of Ndr-,Sr,CoO& 
= 0.2, 0.5) (II) and Lao.&.&o03 (12) by 
means of electrochemical methods. There- 
fore the diffusion coefficients of oxide ions 
in these materials are needed for further de- 
velopment of applications of these materi- 
als. LaCoOJ has been chosen as a model 
compound in this work, because La,-,Sr, 
Coo3 is the most popular among these 
compounds. It has been reported that 
Lal-,Sr,Co03-s is characterized by a large 
oxygen deficiency, depending on tempera- 
ture and oxygen pressure (12, 14, 15). Ac- 
cordingly, care has to be taken to control 
the nonstoichiometric composition in the 
diffusion experiments. 

Oxygen has no radioactive isotope suit- 
able for use as a tracer in diffusion experi- 
ments. Most previous studies on tracer dif- 
fusion of oxide ions in oxides, therefore, 
have used the gas-solid isotopic exchange 
technique in which the amount of isotope 
taken up by a sample is determined by mon- 
itoring the isotopic composition in the at- 
mosphere. The analysis of exchange data is 
quite complicated if the surface exchange 
rate is low (16). Recent advances in perfor- 
mance of secondary ion mass spectrome- 
ters, SIMS, have made it possible to deter- 
mine the depth profile of isotopes with high 
accuracy, and the SIMS technique has be- 
gun to be used for the measurements of 
tracer diffusion coefficient (17-21). SIMS 
has the advantage of directly determining 
concentration profiles in solids. In the 
present paper, both methods, that is, the 
gas phase analysis and the depth profile 
measurement by means of SIMS, have been 
employed. 

2. Experimental Procedure 

2.1 Materials 

LaCo03 powder was prepared by a co- 
precitipation method. Using this powder, 
rods of single crystal of 4 mm in diameter 

and 40 mm in length were grown by the 
floating zone method utilizing a xenon arc 
image furnace (22); the details are de- 
scribed elsewhere (23). 

After single crystals were annealed at 
1200°C in air for 2 days, they were cut into 
blocks or slabs by a wire blade. Spheres of 
3-4 mm in diameter were fabricated from 
blocks using emery paper. They were used 
for the experiments of the gas phase analy- 
sis. For the depth profile measurement, 
slabs of 0.7-0.8 mm thickness were finely 
polished using 0.05pm alumina polishing 
powder. 

2.2 Diffusion Annealings and 
Measurements 

(a) Diffusion annealings. An infrared im- 
age furnace, Shinku-Riko RH-L, was em- 
ployed for the diffusion anneal. In the fur- 
nace four halogen lamps were employed as 
heating element, and infrared light was fo- 
cused by four concave mirrors at the center 
of the reactor. This furnace enabled us to 
heat up and quench a sample rapidly. 

The reactor is made of a silica-glass tube. 
A Pt-Pt13Rh thermocouple was set at the 
center of the reactor. A platinum crucible 
was hung right under the thermocouple. 
The sample was contained in the platinum 
crucible to avoid the direct irradiation by 
the halogen lamps. By a blank test it was 
confirmed that no isotopic exchange reac- 
tion occurred between the wall of reactor 
and the oxygen gas 

Diffusion annealings were made in 21.5% 
‘“O-enriched oxygen gas (Prochem., Cat. 
No. 00-409, B.O.C. Limited, U.K.), after 
the sample had been annealed at the desired 
temperature and oxygen pressure for lo- 18 
hr. The preannealing was carried out in or- 
der to equilibrate the defect concentration 
with the same oxygen atmosphere of diffu- 
sion annealing, and to remove mechanical 
damage on the surface of the sample. 

(b) Gas phase analysis. The decrease in 
r80/160 ratio in the gas phase was followed 
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FIG. 1. Calibration curve for the ‘80 concentration 
by means of SIMS. 

by a quadrupole mass spectrometer, Nichi- 
den Anelva NAG-53 1. For the conversion 
of peak intensities to 180/‘60 ratios, a cali- 
bration was carried out before and after 
each diffusion annealing, using 21.5% isO- 
enriched oxygen gas. 

(c) Depth profile measurement. A slab 
sample was annealed in i80-enriched gas 
for a predetermined time, and the depth 
profile of the oxygen isotopic composition 
was obtained by measuring the intensities 
of negative singly charged ions by means of 
a Hitachi ion microanalyzer, IMA-II (24). 
Operating parameters during analysis were 
as follows: the primay ions are Ar+, pri- 
mary ion energy 13 keV, spot size on the 
sample surface 100 pm, and rastered area 
of beams 300 x 300 pm. The At-+ beam was 
rastered to etch the sample surface and 
stopped at the center of the rastered area to 
measure the isotopic composition. Then 
this procedure was repeated. The depth of 
the ion-etched crater was measured by a 
Talystep profilometer after measurement. 

In the SMS measurement on oxygen iso- 
topic composition, the intensity ratios of 
isotopic peaks are influenced by the gas- 
eous oxygen in a SIMS chamber and the 
primary ion current density (25). As a 

result, the value of mass peak intensity ra- 
tio, r18 = ZXJ(Z~~ + 118) becomes small com- 
pared to the ‘*O concentration in solid, Cr& 
when the primary ion current density is 
low. Therefore, the following calibration 
was carried out in order to determine the 
relation between r18 and CiS: The slab sam- 
ples with uniform 180 concentration of 4.0, 
9.4, 11.2, and 15.6% were prepared by an- 
nealing them for 170 hr, which was suffi- 
cient for the complete isotopic exchange. A 
calibration curve was formed by plotting Yi8 
against cl& Utilizing the calibration curve, 
the intensity ratio, i+]8, was converted into 
the concentration, Cl& Typical results are 
given in Fig. 1. Calibration curves were car- 
ried out at every depth profile measure- 
ment . 

3. Results and Discussion 

3.1 Gas Phase Analysis 

The diffused amounts, MJM,, of 180 
against time were determined by the ratio 
of isotopic composition of 160 and 180 in the 
gas phase, as shown in Fig. 2, where M, and 
M, represent the total IsO amounts diffus- 
ing in the solid for a time t and infinite time, 
respectively. 

When the isotopic exchange process is 
rate-controlled by bulk diffusion, the solu- 

0.6 

t/ 0.5, 1000*c 

"'0 2 4 6 8 10 
t/h 

FIG. 2. Diffused amounts of oxygen against time in 
the gas phase analysis: Paz = 34 Torr. 
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tion of diffusion equation with the present sample, qn the nonzero positive root of Eq. 
boundary condition is given by (26) (2). 

exp [ - 9) (1) 

(2) 

where D is the diffusion coefficient, (Y the 
atomic ratio of oxygen in the gas phase and 
the solid phase, a the radius of the sphere 

Dt, corresponding to MI/M, were calcu- 
lated by using Eq. (I), and plotted against t 
in Fig. 3. Under the condition in which Eq. 
(1) is satisfied, the plots should show a 
straight line. However, slightly concave 
curves were obtained, as shown in the fig- 
ure. This indicates that the present isotopic 
exchange was partially controlled by the 
surface exchange reaction. 

Accordingly, the observed data were fit- 
ted to Eq. (3) in which the rate of surface 
reaction was taken into account (27); 

Mt p 6&P(l + a) 
M, - = l - n? a2q: + cxM{a(M - 1) - 6}q; + 9(1 + +P 

exp ( - 9) (3) 

tan qn = 
3Msn - ad 

aq;(M - 1) + 3M ’ 
M = kalD (4) 

where k is the rate constant of the surface 
exchange reaction, and q,,, the nonzero 
roots of Eq. (4). 

D and k were determined by a least-square 
analysis using SALS program package at 
the Computer Center of the University of 
Tokyo. The results are given in Table I. 
The solid lines in Fig. 2 are those calculated 
using the determined D and k. They agree 
well with the observed values. 

4 6 6 10 
t/h 

3.2 Depth Projile Measurement 

The I80 concentration profiles in the 
solid phase as determined by SIMS are 
shown in Fig. 4. 

The one-dimensional solution of the dif- 
fusion equation in a semiinfinite medium 

TABLE I 

TRACER DIFFUSION COEFFICIENT, D& OF OXIDE 

IONS AND DIFFUSION COEFFICIENT, &, OF OXIDE 

ION VACANCIES DETERMINED BY THE GAS PHASE 

ANALYSIS 

PO2 Dr, k 
(Tow) (cm* se-‘) (cm xc-‘) log P 

loo0 34 6.29 x lO-9 9.35 x 10-6 -2.90 
5.15 x 10-g 1.91 x to-5 
1.19 x 10-g 4.48 x 10-c -3.43 
1.35 x 10-g 5.34 x 10-x -3.33 
1.74 x 10-g 2.76 x 10m6 -3.26 
1.27 x 10-q 4.39 x 10-5 
2.04 x lO-9 2.26 x lO-e -3.10 
5.28 x 10-10 3.17 x 10-e -3.61 
5.85 x 10-1Q 8.64 x 10m5 
2.12 x lo-‘0 9.15 x 10-7 -3.98 
1.45 x 10-10 1.29 x 10m6 

950 80 
49 
34 

16 
900 34 

850 34 

DV 
(cm2 xc-9 

1.36 x 10m5 

9.61 x IO-” 
8.66 x IO-” 

8.52 x IO-” 

7.70 x 10-f 

6.81 x 10-e 

5.13 x 10-e 

FIG. 3. Plots of Dt gainst t for the gas phase analysis. ” Determined by thermogravimetry (31). 
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FIG. 4. Concentration profiles of I80 obtained by 
SIMS. 

with a boundary of constant atmospheric 
concentration is given by (28), 

- exp(hx + h2Dt) 

h = k/D (5) 

where C(x) and C, are the igO concentra- 
tions at a distance x from the surface and in 
the gas phase, respectively. D and k were 
determined by fitting data to Eq. (5) in the 

same way as for the gas phase analysis. The 
results are presented in Table II. 

3.3 Dependence of Tracer Diffusion 
Coefficient on Temperature 
and Oxygen Pressure 

In the measurements of depth profile us- 
ing SIMS, the diffusion length should be 
limited to less than 10 pm, because of the 
need for stability of the primary ion current 
for a long time and the uncertainty arising 
from the secondary ion current emitted at 
the bottom of the crater. As a result, there 
is an upper limit in D& which can be deter- 
mined by the depth profile measurement. It 
is considered that the shortest annealing 
time with satisfactory accuracy is 10 min. 
This penetration depth and annealing time 
limit the largest value of D$ to 5 X lo-lo 
cm2 * sec- l. Where 08 is more than 5 X 
lo-i0 cm* . set-‘, the gas phase analysis 
should be carried out. At a temperature of 
900°C and a pressure of 34 Torr, tracer dif- 
fusion coefficients were obtained by both 
the gas phase analysis and the depth profile 
measurement. Tables I and II show that 
both values agree with each other within 
experimental error. As discussed in the fol- 
lowing section, the diffusion coefficient, 
Dv, of oxide ion vacancies, which is calcu- 
lated from DT;, is independent of oxygen 

TABLE II 

TRACER DIFFUSION COEFFICIENT, D& OF OXIDE IONS AND DIFFUSION COEFFICIENT, Dv, OF OXIDE ION 
VACANCIES DETERMINED BY THE DEPTH PROFILE MEASUREMENT 

P% Annealing time 
(Tom) (min) 

%I 
(cm2 . sect) 

k D” 
(cm . set-I) log 6” (cm2 . set-I) 

10 5.31 x 10-10 -b 

5.41 x IO-10 -b 
-3.68 7.70 x 10-C 

34 10 5.96 x IO-lo 1.41 x 10-C -3.61 7.28 x 1O-6 
850 49 1.5 1.52 x IO-10 -b -4.05 5.12 x 1O-6 
800 34 30 2.41 x lo-” 3.47 x 10-7 
750 34 60 3.42 x lO-‘2 1.30 x 10-a 
700 34 150 9.20 x lo-” 4.57 x 10-Y 

a Determined by thermogravimetry (31). 
b Iteration did not converge in the calculation. 
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FIG. 5. Arrhenius plots of tracer diffusion coefficient 
of oxide ions in LaCoO, single crystal. 0; Determined 
by the gas phase analysis. 0; Determined by the depth 
profile measurement. 

pressure. At both temperatures of 900 and 
85o”C, Dv obtained by both methods were 
in good agreement. So far the tracer diffu- 
sion coefficient obtained using SIMS tech- 
nique have been determined independently 
of other methods. Comparisons of both 
results have been made for measurements 
by different workers on different sample 
specimens. In the present investigation a 
comparison was carried out on the same 
sample specimens. It is confirmed that the 
results by both methods agreed quite well. 
It is concluded that the depth profile mea- 
surement is as relevant as the gas phase 
analysis to the determination of diffusion 
coefficients. 

Di = NdDd (7) 

where Di is the self-diffusion coefficient of 
species i, Nd is the mole fraction of point 
defects in the crystal, and Dd is the diffu- 
sion coefficient of point defects. The con- 
centration of oxide ion vacancies decreases 
with an increase in oxygen pressure. The 
present dependence of 06 on oxygen pres- 
sure suggests that point defects which are 

-8.51 

The Arrhenius plot of tracer diffusion co- 
efficient at an oxygen pressure of 34 Torr is 

FIG. 6. Dependence of tracer diffusion coefficient of 
oxide ions of LaCo03 on oxygen pressure at 950°C. 

shown in Fig. 5. The temperature depen- 
dence is expressed by the equation 

D$zm* . set-’ = 3.63 x 104 
(74 * 5)kcal * mole-’ 

RT 
(6) 

(where the digit following t denotes 2~). 
Figure 6 shows the dependence of tracer 

diffusion coefficient on oxygen pressure at 
950°C. The data were obtained by the gas 
phase analysis. It is shown that 06 de- 
creases with an increase in oxygen pres- 
sure, and that 06 is proportional to 
p&R351o.o4) It . is well established that when 
diffusion proceeds via point defects and if 
the defects are randomly distributed, the 
self-diffusion coefficient should be propor- 
tional to the concentration of point defects 
(29, 301, 
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sured the nonstoichiometry in oxygen-defi- 
cient LaCo03-a at 1170-l 13 1 K by coulo- cI 
metric titration, using a solid electrolyte L 
emf cell (15). They have reported that the 
nonstoichiometry 6 is proportional to P$’ 
and concluded that oxide ion vacancies are > 
majority defects in oxygen-deficient La s 
CoO3-8. Their result indicate that the con- I’“-~ 0 
centration of oxide ion vacancies is propor- 2 
tional to P$‘. Also, the nonstoichiometric -5.5- 
isotherms were explained by a model in 
which oxide ion vacancies are randomly 1 I 

distributed and the interaction between 
8.0 8.5 9s 

T-'/10-4K-' 
them is very weak. Mima and his coinvesti- 
gators have carried out the thermogravime- 
tric study using a specimen cut from the 
same crystal as used in the present work, to 
determine the nonstoichiometry as a func- 
tion of oxygen partial pressure (31). They 
obtained the same result as Seppanen and 
his coinvestigators that the nonstoichiome- 
try 6 was proportional to P$‘. Considering 
the experimental error in the tracer diffu- 
sion coefficient and the experimental limita- 
tion of variable oxygen pressure range and 
using Eq. (7), it is concluded that the 
present result of 06 fx PO2 -(0.35~0.04) agrees 

with the two prior results on oxygen partial 
pressure dependence of nonstoichiometry. 

FIG. 7. Diffusion coefficient of oxide ion vacancies 
in LaCo03. 0,O; PO2 =34 Torr. q ,m; P@ = 49 TOIT. 
0,O; Determined by the gas phase analysis. l ,U; De- 
termined by the depth profile measurement. 

Tables I and II, which was determined by 
the thermogravimetry (31), was used. The 
calculated Dv are given in Tables I and II, 
and Fig. (7). The errors inherent in 06 and 6 
are of about lo-20%, and the error in Dv is 
of several tens of a percent. 

In Fig. 7, it is seen that the Arrhenius 
plots of Dv determined from the DT, by the 
different two methods and at the different 
oxygen pressure fall on the same line. The 
temperature dependence is expressed by 
the equation 

responsible for diffusion are oxide ion va- t/T 
cancies . -4 5 ‘O?O 950 900 850 

Seppanen and his coinvestigators mea- ’ 1 1 I I 

3 

3.4 Diffusion CoefJicient of 
Oxide Zon Vacancies 

Based on the defect model mentioned in 
the preceding section (15, 31), the diffusion 
coefficient, Dv, of oxide ion vacancies can 
be calculated from the tracer diffusion coef- 
ficient. For the perovskite-type AB03+ 
Eq. (7) is rewritten as 

DT,=iVvDv=;Dv (8) 

where the correlation factor is assumed to 
be unity and NV is the mole fraction of ox- 
ide ion vacancies in the oxide ion lattice 
sites. For the calculation of Dv, 6 shown in 

Dv(cm2 . set-*) = 1.59 x 10e2 
(18 + 5)kcal . mole-i 

RT ). (9) 

The activation energy of Dv, 18 kcal . 
mole- * , corresponds to the migration 
energy, AK,,, of oxide ion vacancies in 
LaCo03. 

The activation energy for the tracer diffu- 
sion coefficient is a sum of the formation 
energy, AHr, and the migration energy, 
AH,,, of point defects (32). The formaion 
energy of oxide ion vacancies may be cal- 
culated by the relation 
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d In 6 i ) A& 
a(W) poz = 

-- 
R . (10) 

The values of AHf obtained from the non- 
stoichiometric data by SeppSnen and his 
coinvestigators (Z5) and Mima and his coin- 
vestigators (31) are 52 and 50 kcal * mole-l, 
respectively. The sum of AHf and AH,,, are 
71 and 69 kcal * mole-‘. As expected, both 
values agree with the activation energy of 
Da, (74 ? 5) kcal * mole-‘, obtained in the 
present work. 
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