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Investigation on Oxygen Chemical Diffusion Properties
of Perovskite Oxides (La1_XP rx)o_ﬁsr0_4000_3Feo_203_5
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Perovskite oxide samples of (La;_,Pr,)¢Sro.4CogsFeq,03-5 (x = 0.2, 0.4, 0.6, 0.8) are obtained by solid-
state reaction method. The oxygen chemical diffusion properties of (La;_,Pr,)y¢Sro.4CogsFey,05_5 are
determined by electrical conductivity relaxation technique. The results show that the conductivity of
(Lay_,Pry)p¢Sro.4Cog sFeg,05_5 increases with the increase of oxygen partial pressure. The
(Lay—Pry).65r0.4Co0¢ sFeg 2,035 samples have a high oxygen chemical diffusion coefficient, which decreases
linearly with a decrease in temperature and an increase in Pr content. The oxygen chemical diffusion
coefficient D e, remains fairly constant at high PO,. The oxygen chemical diffusion coefficient is the
highest for (La;_,Pr,)o.6Srg.4CoggFeg,05;_5 with x = 0.2, and attains a value of 9.41 X 1075 em? s ! at
600 °C. This shows the material’s promise as a cathode material for intermediate temperature solid oxide

fuel cells.
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1. Introduction

Doped ABOs-type perovskites are promising cathode mate-
rials for solid oxide fuel cells (SOFC) due to their combined
high electronic and ionic conductivities (Ref 1-4). The
electronic conductivity and ionic conductivity (oxygen chem-
ical diffusion) are very important parameters when describing
the transport properties in mixed conducting oxides. Therefore,
the study on how to improve the electronic conductivity and
oxygen chemical diffusion coefficient of mixed conducting
oxides is quite important (Ref 5-8).

Perovskite rare earth oxides La,Sr;_,Co,Fe;_,O3_5 (LSCF)
are promising candidate materials for solid 0x1de fuel cells but
their conductivity still cannot entirely meet the demands at
intermediate temperatures. In this article, doping of lanthanum
ion and praseodymium ion in LSCF’s A-site for changing
average A-site ion radius is attempted to improve the electronic
conductivity and oxygen chemical diffusion coefficient of
perovskite oxides. (La;_.Pr,),Sr;_,Co.Fe;_.O;_5 (LPSCF)
samples are prepared by solid state-reaction method, and the
oxygen chemical diffusion coefficient and total electrical
conductivities of LPSCF are determined by electrical conduc-
tivity relaxation technique and the van der Pauw method. It is
found that the LPSCF systems have high oxygen chemical
diffusion coefficient, which can be promising cathodes mate-
rials for intermediate temperature solid oxide fuel cells.
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2. Theory of Oxygen Chemical Diffusion
Coefficient Measurement

Electrical conductivity relaxation technique is the measure-
ment of the time variation of the electrical conductivity of a
sample after a stepwise change in the ambient oxygen partial
pressure. For the oxides, the sample responds to this change by
an uptake or release of oxygen, i.e., changing its oxygen
content, and through that, changing its mass and electrical
conductivity.

For one-dimensional diffusion in a flat sample with
thickness of 2L, it is assumed that the diffusion is controlled
by bulk diffusion and the diffusion coefficient is constant. The
starting point in the derivation is Fick’s second law:

dc d’c
E = Dchem@ (Eq 1)

where C is concentration of diffusing substance, ¢ is diffusion
time, and Dgpem is chemical diffusion coefficient.
The initial and boundary conditions are:

C(x,0) = Cy
l
dx x=0

where Cj, is the initial concentration of oxide ions in the sam-
ple. If surface effects are ignored, then the boundary condi-
tion can be expressed as

C(xL,t) = Cx

where C,, is the final concentration of oxide ions in the
sample.Then, the solution of Eq 1 is (Ref 9):

C(t) -G -
Coo — Co Z

exp (2n + 1)’ 12 Dehemt
n=0 (2]’1 +

42

(Eq 2)
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The relation of the change of apparent conductivity G,,, and
C(¢) is:

C)—Cy _ Gapp (1)
Coxo —Cy  Oapp(00) —

— Oapp(0)
Gapp(0)

This leads to the expression of time change of the apparent
conductivity as:

(Eq 3)

Gapp (1) — Tapp(0 o

Gapp(00) — cYapp

= ( 2n +1

(2 1 D ml
Xep|: n+ 7'5 chel :| (Eq4)
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Assuming that f'(¢) = Gﬂpi"( ) Glzp and then
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(Eq 5)

Least-squares fitting of time variation of the In[1 — f{¢)] to Eq 5
allows us to determine the chemical diffusion coefficient D pep.

3. Experimental

3.1 Sample Preparation

The samples of nominal compositions (La;_Pry)g¢Sro4-
Cop.gFep,03 5 (x = 0.2, 0.4, 0.6, and 0.8) were prepared by
solid state-reaction in air between La,03(99.99%, dried at
550 °C for 5 h), Prg0;1(99.95%, dried at 550 °C for 5 h),
SrCO3 (99.5%), Fey03(99.8%), and Co,03 (98.5%). After
calcination at 1100 °C for 2 h the powders were pressed at
200 MPa with 10 mm in diameter and 2 mm in thickness.
Sintering is conducted for 5 h at 1300 °C in air.

3.2 XRD Testing

The perovskite structures is analyzed by the x-ray powder
diffraction (Germany BRUKER, DS8-ADVANCE) using CuKa.
radiation (A = 0.154187 nm, voltage: 40.0 kV, current: 50 mA,
scanning rate: 10° min~', scanning range 20: (20° to 80°).

3.3 Oxygen Chemical Diffusion Coefficient Testing

The oxygen chemical diffusion coefficient at 500 to 800 °C
is measured by electrical conductivity relaxation method. The
conductivity relaxation measurements are carried out by using
the Mass Flow controller (D07-7A/ZM, Beijing, China). The
samples were mounted in a furnace. Step changes in PO, were
achieved using two separate nitrogen-diluted oxygen gas flows.
Relative changes in the electrical conductivity with a step
change in PO, were measured with a four-point technique using
gold electrodes. The flush time is just about 5 s.

The number of experimental samples is listed in Table 1.

4. Result and Discussion

4.1 Analysis of XRD

Figure 1 shows the room temperature XRD diffraction
patterns of (Laj_,Pr,)6Sro.4CopgFeq205_5 (x = 0.2,0.4,0.6,
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Table 1 Number of samples

Samples Number
(Lag 2Pro.8)0.6510.4C00.8F€0.203 LPSCF-28
(La0_4Pr0_6)0_(,Sr0_4C00_gFe0_203 LPSCF-46
(Lag.6Pro.4)0.65T0.4C00.8F€0.203 LPSCF-64
(Lag.gPro.2)0.6510.4C0 gFep 203 LPSCEF-82
e
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Fig. 1 XRD Pattern of LPSCF samples sintered at 1300 °C for 5 h

0.8) sintered at 1300 °C. It is discernible from Fig. 1 that
dominant phase structure of LPSCF systems is perovskite
structure. The peaks at 41° and 59° 26 both consist of two parts.
From the literature, PrySrg4CogsFep.03 should form an
orthorhombic phase, so we estimate that the left hand peak
belongs to rhombohedra phase of Lag Srp4Cog sFep .03, and
the right-hand peak belongs to orthorhombic phase of
Pro.6S19 4Co0 sFep»,03. The right-hand peak becomes increas-
ingly obvious with increasing Pr content. This shows that
component of orthorhombic phase is increasing. The peak at
32° 20 also increases with an increase in Pr content. It is found
by analysis that this peak belongs to Pr,Os. The appearance of
Pr,O5 might be attributed to the effect of sintering temperature
and time; Optimization of sintering temperature and time
shall require further research. The substitution of La*" by Pr’"
with a smaller radius leads to decrement of the average A-site
cation radius and distorts the original crystalloid structure.
The crystallite size of (Laj_,Pr,)gSro4CoggFeg,05_5 with
x=0.2, 04, 0.6, and 0.8 are 0.09543, 0.09537, 0.09512,
0.09499 nm, respectively.

4.2 Analysis of Total Electrical Conductivity

Figure 2 shows the total electrical conductivity of LPSCF at
700 °C as a function of oxygen partial pressure. As expected,
there is a good linear relationship between lg(c) and 1g(PO,) of
LPSCF samples, and the electrical conductivity increases with
the increase of oxygen partial pressure, namely /g(c)P
nl/g(PO,), where n is constant. It makes clear that the overall
reaction can be written as

Vet +1/204(g) = OF + 24" (Eq 6)
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As the PO, is increased, the equilibrium reaction moves
toward the right in Eq 6 and the concentration of vacancies is
reduced thereby increasing the number of electronic charge
carriers. As a result, the conductivity increases with the increase
of oxygen partial pressure.

It can be obtained from data fitting in Fig. 2 that the
electrical conductivities of samples with x = 0.2, 0.4, 0.6, 0.8
exhibit direct proportion with P0OY%2 pOY02 pOY97,
PO%°%°, respectively. The exponent is somewhat smaller, and
the change with oxygen partial pressure is slow. The electrical
conductivity of LPSCF-82 changes faster than that of other
samples with oxygen partial pressure.

Figure 3 shows the electrical conductivity as a function of
oxygen partial pressure for LPSCF-82 sample at different
temperatures. It can be obtained from the fitting of data from
Fig. 3 that the electrical conductivity of sample at 500, 600,
700, 800 °C are in proportion with POJ%%°, POJ%*, POJ-%%
POY*** respectively. The PO, dependence is more distinct at
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Fig. 2 Total electrical conductivity of LPSCF at 700 °C as a
function of oxygen partial pressure
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Fig. 3 Total electrical conductivity of LPSCF-82 at different
temperatures as a function of the oxygen partial pressure
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higher temperature. This property of LPSCF samples is similar
to that of Lag 4Srg sCo0O3_5 (Ref 5).

4.3 Analysis of Oxygen GChemical Diffusion Coefficient

Figure 4 shows the 1 — f{¥) as a function of time for LPSCF
samples at 800 °C and Fig. 5 shows the 1 —£{¢) as a function of
time for LPSCF-82 sample at different temperatures, with
oxygen partial pressure switching from 0.5 to 1.0 atm. It can be
seen clearly that the relaxation curves change exponentially,
and the measured data are in good agreement with Eq 5.

Least-squares fitting of time variation of the In[1 —f(#)] in
Fig. 4 and 5 allows us to determine the chemical diffusion
coefficient Dgper. The logarithm of the oxygen diffusion
coefficient of LPSCF samples as a function of reciprocal of
absolute temperature is shown in Fig. 6. The results show a
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Fig. 4 1—f{¢) as a function of time for LPSCF samples at 800 °C
with oxygen partial pressure switching from 0.5 to 1.0 atm
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Fig. 5 1 —f{(¢) as a function of time for LPSCF-82 sample at differ-
ent temperatures with oxygen partial pressure switching from 0.5 to
1.0 atm
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Fig. 6 Logarithm of oxygen chemical diffusion coefficient as a
function of reciprocal of temperature for LPSCF

linear relationship between 1gD ., and the reciprocal of the
absolute temperature, 1gDem, reduces with the decrease of
temperature. Relationship between Dpen and temperature fit
Arrhenius relation:

E,
Depem = Do €Xp <_KB T) (Eq 7)
where D, is pre-exponential factor, Kp is Boltzmann constant,
E, is activation energy. We can estimate the activation ener-
gies of LPSCF-82, LPSCF-64, LPSCF-46, and LPSCF-28
from Fig. 6 by using Least Square Method. The activation
energies are about (45.2+1.1), (44.6 +2.2), (40.9 £0.5), and
(40.6 £ 0.6) kJ mol ', respectively.

The linear relationship between Dy, and temperature
reflects that the oxygen ion diffusion in perovskite is controlled
by heat activation. The increase of temperature provides the
energy required for oxygen ions to overcome the bound of ions
all around, thus forming more positively charged oxygen
vacancies with negatively charged defects. This improves the
transfer ability of oxygen ions.

The logarithm of oxygen chemical diffusion coefficient as a
function of Pr content x at different temperatures is shown in
Fig. 7. The logarithm of oxygen chemical diffusion coefficient
decreases with increase of Pr content x at constant temperature.
The logarithm of oxygen chemical diffusion coefficient at 600,
700, 800 °C are in proportion with 0.36x, 0.42x, 0.46x,
respectively. The content Pr dependence is more distinct at
higher temperature.

The oxygen chemical diffusion coefficient of LPSCF
samples at 600 °C is listed in Table 2.

It can be seen that the oxygen chemical diffusion coefficient
of LPSCF samples is higher than that of Lag ¢St 4Cog gFep 2055
reported by Bouwmeester et al. (Ref 10). LPSCF-82 had
highest oxygen chemical diffusion coefficient. This might be
due to the fact that Pr has better catalytic activity to O atom in
perovskite structure than La, and its binding force on O atom is
weak. According to Ref 11, LSCFs ionic conductivity is better
than PSCFs, while PSCFs catalytic activity is better than
LSCFs. Therefore, the ionic conductivity of sample also
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Fig. 7 Logarithm of oxygen chemical diffusion coefficient as a
function of Pr content x

Table 2 Oxygen chemical diffusion coefficient of LPSCF
samples at 600 °C

Samples Chemical diffusion coefficient
LPSCF-28 548 x 107° cm? 57!
LPSCF-46 7.03 x 107° cm? 57!
LPSCF-64 8.07x 107> cm? s~
LPSCF-82 9.41 x 107 cm? 57!

decreases with an increase in Pr content. But on the other
hand, the increase in Pr content leads to the improvement of
catalytic activity of samples. We obtained the optimum
matching between ionic conductivity and catalytic activity
when x = 0.2. (we can makes further research on Pr substitution
when x =0.0-0.4 in the next step of work). The ionic
conductivity decreased with an increase of Pr content. The
improvement of catalytic activity cannot compensate the
decrease of ionic conductivity, so, the oxygen chemical
diffusion coefficient will be decreased.

Figure 8 shows the 1 — f{¥) as a function of time for LPSCF-
64 sample at 700 °C with oxygen partial pressure switching
from 1.0 atm to different final oxygen partial pressures. It can
be seen that the time to reach equilibrium increases as the
oxygen partial pressure is reduced. Also, conductivity relaxa-
tion plots are effectively identical for reduction steps if the final
PO, is the same as illustrated in Fig. 9. There is a good
agreement in the result of this experiment with the conclusion
reported by others for similar compositions (Ref 6-10, 12-15).

The chemical diffusion coefficient Dy, obtained from the
fitted data in Fig. 8 has been plotted in Fig. 10 as a function of
the final PO, in each PO, step change. It can be seen that Dpem
changed little when final oxygen partial pressure changed from
0.5 to 0.8 atm. The general trend is that Dy, remains fairly
constant at high PO,. The result from Wang et al. shows
that the values of Dpen, are constant when final PO, > 0.05
atm for perovskite oxides LagsSrysCoO;_5 (Ref 12). Also,
Bouwmeester et al. reported that the values of Dpen, are constant
when final PO, > 102 bar for Lag ¢Sro.4Co;_ Fe, O3_5 (Ref 10),
which is consistent with result of this experiment.

Journal of Materials Engineering and Performance



104 =
0.8 1
B 1005
0.6 1 ® 1006
) A10-08
L
~ 041
0.2 1 ‘\\5
Aj!l
0.0 1 lllllnnunuuum
T M T T T T T A T M T v T
0 50 100 150 200 250 300
t(s)

Fig. 8 1—f{r) as a function of time for LPSCF-64 sample at
700 °C for various oxygen partial pressure switches
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Fig. 9 1—f{Y) as a function of time for LPSCF-64 samples at
700 °C with final oxygen partial pressure of 0.5 atm

5. Conclusions

LPSCF samples with x = 0.2, 0.4, 0.6, 0.8 are obtained by
solid-state reaction method. The dominant phase structures of
LPSCF systems are perovskite structures and multiple phases
appear with an increase in Pr content. The electrical conduc-
tivity of LPSCF samples increases with the increase of oxygen
partial pressure. LPSCF systems have a high oxygen chemical
diffusion coefficient, which decrease with a decrease in
temperature and an increase in content Pr. The oxygen chemical
diffusion coefficient Dper, remains fairly constant at high PO,.
In intermediate temperature region (600-800 °C), the oxygen
chemical diffusion coefficient of LPSCF systems is higher than
548 x10° cm? s~ !, and the oxygen chemical diffusion
coefficient is the highest for the sample with x = 0.2, which
attains a value of 9.41 x 107> cm” s~ at 600 °C. This shows
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Fig. 10 Chemical diffusion coefficient versus oxygen partial
pressure for LPSCF-64

promise as a cathode material for intermediate temperature
solid oxide fuel cells.
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