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Oxygen diffusion coefficients in SrZrOs polycrystals were determined using the isotopic exchange method
with 80 as oxygen tracer. Diffusion treatments were performed at different temperatures between 1173 K
and 1473 K. Oxygen diffusion profiles were established by secondary ion mass spectroscopy (SIMS). Classical
diffusion equations were used to fit experimental results and to determine bulk diffusion (D) and surface
exchange (k) coefficients of oxygen in SrZrOs polycrystalline materials. From these values, bulk diffusion and
grain boundary diffusion coefficients as well as oxygen surface exchange coefficients were determined. The
activation energy of oxygen diffusion in the bulk is 2.1 eV, while for the diffusion in the grain boundary, 1.8 eV
was found. The surface exchange reaction has an activation enthalpy of 1.2 eV.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite type oxides ABOs are extensively studied and exhibit a
variety of unique physical properties making them very attractive
materials for many applications. Zirconates show high melting point,
low thermal conductivity, high thermal expansion coefficient, thermal
and chemical stability. Due to these properties, SrZrOs; materials are used
as thermal barrier coatings [1]. Acceptor doped SrZrOs is also known for
its proton conductivity at high temperature [2,3]. This property makes
SrZrOs-based perovskite oxides potential materials for electrolytes in
solid fuel cells and hydrogen sensors [4-7]. Another interest in SrZrOs
consists in application as gate material. Indeed, thanks to high dielectric
constant, low interface density and good thermal stability, StZrOs thin
films are studied in order to replace SiO, conventionally used in
microelectronics [8] or to form MIM structure on electrodes [9]. SrZrOs is
also a potential material for nuclear applications, such as inert matrix for
the destruction of excess plutonium or good host material for nuclear
waste storage [10]. Whatever the application concerned, interfaces
exist: between electrolyte and anode/cathode in solid fuel cells,
between substrate and layers in microelectronic. SrZrOs is also a
(unwanted) reaction product between the cathode of a SOFC based on
(La,Sry —x)Mn, 05 _ 5 (LSM) with the electrolyte, provided the composi-
tion of the LSM is improper [11]. For this reason, it is important to
characterize anion diffusion at this interface by studying oxygen
diffusion in polycrystalline SrZrOs. However, until now, no information
on oxygen diffusion in nominally undoped SrZrOs is known. Labrincha
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et al. [12] investigated the oxygen- and electronic conductivity on
undoped, A- and B-site doped SrZrOs at temperatures between 673 K
and 1173 K. The undoped material showed the lowest conductivity, both
electronically as well as ionically. However, the activation enthalpy of
ionic conductivity in undoped SrZrOs; was very low (0.47 eV, in contrast
to 1.6 eV for electronic and 1.4 eV for total conductivity), and was
questioned by the authors themselves. In another work, Belyakov et al.
[13] report conductivities of undoped SrZrOs obtained between 1273 K
and 1773 K. The authors found an activation enthalpy of 1.1 eV for total
conductivity. They investigated the influence of doping on the material
and observed that on doping with cations of higher charge (W, Nb...),
the conductivity can be reduced. By investigating the conductivity and
TGA of 5 mol% yttrium-doped SrZrOs single crystals, Miiller et al. [14]
came to the conclusion that the activation enthalpy of migration
of oxygen vacancies is 1.0 eV. However, their material contained
significant amount of protons. Other authors reported even very high
values: De Pretis et al. [ 15] give a value of 2.6 eV for total conductivity at
1073-1473 K. In a recent critical review, Slonimskaya and Belyakov
report 2.2 eV [16]. Haile et al. [17] pointed to the necessity to know the
nonstoichiometry of a perovskite conductor very well, since small
deviations may affect the properties of the materials dramatically.

However, determination of oxygen transport in doped or undoped
SrZrOs using tracer diffusion experiments is not done until now. De
Souza et al. investigated doped SrCeOs, CaZrOs, and BaCeOs [18,19]. For
CaZr0s, activation enthalpies of 2.3 eV for diffusion and 1.9 eV for surface
exchange are reported, while in SrCeOs, 1.9 and 1.4 eV were found and
for BaCeOs 0.9 and 0.6 eV, respectively. The activation enthalpy of
surface exchange reaction is 0.7-0.8 of the activation enthalpy of (bulk)
diffusion. On co-doping the cation-doped perovskites with hydrogen,
the oxygen diffusion is also affected [19].
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Fig. 1. X-ray diffraction pattern of SrZrO; sintered at 1773 K showing SrZrOs as the major
phase and traces of monoclinic ZrO,.

In this paper, oxygen diffusion coefficients in the bulk as well as in the
grain boundary and oxygen surface exchange coefficient are determined
by isotopic exchange ®0-'80 on highly dense, nominally undoped
SrZrOs ceramics. After different heating cycles between 1173 and 1473 K,
depth profiles were measured by secondary ion mass spectroscopy
(SIMS). These data should serve as a starting point for the investigation
of doped materials, either with lower or with higher conductivity.

2. Experimental
2.1. Elaboration and characterization

SrZrO5; powder was purchased from Alfa Aesar in 99.3% purity. Green
pellets were produced by cold isostatic pressing (CIP) at a pressure of
250 MPa. Sintering of the samples in static air was carried out in a Lenton
muffle furnace, using a linear heating ramp of 2 K min™ . At the end of
the ramp, the selected final temperature of 1773 K was kept for 24 h in
order to obtain pellets with a density close to that of the dense material.
Then samples were slowly cooled down to room temperature. Pellets
were finally cut with a diamond saw from the sintered material and the
surfaces were polished down to 1/4 pm with diamond pastes. An
additional annealing in air was performed at 1673 K for 10 h in order to
recover the damage resulting from the mechanical treatment and to
reveal the microstructure (grain boundary) by thermal etching.

The crystal structure of the sintered pellets was investigated by X-
ray diffraction (XRD). The XRD equipment consisted of a PANalytical
X'Pert Pro MRD diffractometer with nickel-filtered Cu-Ka radiation
(A=1.5406 nm). Data were collected with a step size of 0.02° (26) and
a time per step of 1.5 s. The bulk density of the sintered pellet was
determined by Archimedes' method on cooled sample. A scanning
electron microscope (SEM) LEICA 260 was used to characterize the
microstructure of pellets. Grain size was estimated by linear intercept
method on SEM micrograph.

2.2. Oxygen diffusion treatment

Oxygen diffusion was performed by means of the gas—solid isotopic
exchange method, using the 80 isotope as oxygen tracer. The sample
was heated at 5 K min™! up to selected temperature (1173 K, 1273 K,
1373 Kor 1473 K) and equilibrated under ambient air during 20 h under
a static atmosphere of dry air; thus, proton uptake can be excluded. Then
the atmosphere was changed to 20 kPa of 80, (Eurisotop, 96.7%
enriched '30,) at the same temperature and kept static for 8 h. The first

stage under air was longer than the second one under 0, in order to
ensure that the samples were thermodynamically equilibrated. Then the
samples were cooled rapidly to room temperature under '20,
atmosphere.

2.3. Depth profiling by secondary ion mass spectrometry (SIMS)

The depth profiles of the secondary ion intensities [I(1°07), 1(*¥07)]
were collected using a CAMECA IMS 5F SIMS device (Cs™ primary ion
source with a 10 KV accelerating voltage, analysis of positive secondary
ions, 5 kV secondary accelerating voltage). The diffusion profiles of the
isotope 80 were obtained using expression (1):
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The depths of the craters were measured after the SIMS experiments
using an Alpha Step 500 TENCOR surface profiler with a resolution of
~5 nm. Assuming uniform sputtering, the time data obtained from the
SIMS were converted to distance data using the results from the crater
depth measurements.

3. Results and discussion
3.1. Characterization

The XRD pattern of SrZrOs sintered at 1773 K for 24 h is shown in
Fig. 1. The XRD pattern exhibits the characteristic lines of orthorhom-
bic perovskite SrZrOs and has a high degree of crystallinity. Lattice
constants of SrZrO; determined from XRD pattern are a=0.582 nm,
b=0.821 nm, c=0.579 nm, which agree very well with reported
values (JCPDS 44-0161). Nevertheless, the weak line at 26 =28° does
not belong to SrZrO5 but to monoclinic ZrO, phase (JCPDS 37-1484). It
may be noted that it corresponds well to the purity of the commercial
starting powder. The theoretical density derived from the lattice
parameters is 5.45 g cm™>. This density is slightly higher than the
experimental density of 5.42 g cm ™ 3. Consequently the bulk density of
the sintered body is about 99.5% of the theoretical density. The
difference may be due to remaining closed pores in the sintered
material as can be seen on Fig. 2 which exhibits the SEM study on the
sintered sample. It is also observed from the micrograph that the
material has a bimodal distribution of SrZrOs particles having primary
particle sizes of ~2.5 pm and ~5.5 pm. However, such a microstructure
is well suited to carry out diffusion studies [11].

Fig. 2. SEM micrograph of SrZrOs sintered at 1773 K for 24 h.
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3.2. Diffusion in polycrystalline SrZrO3

3.2.1. Bulk diffusion

Under the conditions used for the isotopic exchange annealing, the
oxygen isotope diffusivity Do and oxygen surface exchange rate
constant k (for exchange at the interface between bulk and gas phase)
were determined by fitting the obtained profiles with the appropriate
solution of the diffusion equation given by Crank [21]:

C(x)— G
Crx) = SN " Cbg e X @)
G — Cig 2,/Dyqt
— eX] (hx + WD, t) - erfc X + hy/D,t
p vol 2\/Dv701t vol

where erfc=1 —erf (erf the Gaussian error function), C’(x) is the
normalized '®0 concentration, C(x) is the ®0 concentration derived
from the intensity ratio of SIMS secondary ion as defined in Eq. (1), Cpg
is the natural abundance of 0 (=0.002), G, is the '®0 concentration
in the gaseous phase which was fixed at C; = 0.967 in all experiments,
t is the annealing time, x is the depth from the surface and h is given
by Eq. (3):

h— k
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Fig. 3 shows diffusion profiles of 0 (using normalized concentra-
tion C’(x) as defined in Eq. (2)) for diffusion treatments of 8 h at
1173 K, 1273 K, 1373 K and 1473 K. On this graph, scatter graphs are
experimental results obtained by SIMS measurements and solid lines
represent a fit according to Eq. (2). This figure proves that oxygen
diffusion in SrZrOs increases with temperature. Profiles present
typical profile shapes in polycrystalline materials as described e.g.
by Philibert [22]: a first part which corresponds to a steep decrease of
the 80 concentration characteristic of bulk diffusion, and a second
part with a shallow decrease of the 80 concentration characteristic of
grain boundaries diffusion [20]. The oxygen isotope tracer diffusivity
Dy and oxygen surface exchange rate constant k were determined by
the fit to the part of the profile corresponding to the bulk diffusion
close to surface.

Fig. 4 shows the Arrhenius plot for the oxygen bulk diffusion
coefficients determined in polycrystalline SrZrOs samples. Bulk
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Fig. 3. Normalized concentration of 0 in SrZrOs after thermal treatments at 1173 K,
1273 K, 1373 K and 1473 K.
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Fig. 4. Arrhenius plot of bulk diffusion coefficient D, and surface exchange coefficient k.

diffusion coefficient of oxygen and surface exchange coefficient values
as plotted on Fig. 4 obey the following Arrhenius equations:

5

Dy = 2.5 x 10> exp(—2.1+ 0.3 eV / kyT) (cm2 s*‘) (4)

k=54x10"* exp(—1.2 + 0.03 eV/ ksT) (cm s_l) (5)

It must be noted that the activation energy for the oxygen surface
exchange is lower than for the bulk diffusion, in agreement with
reported data in other perovskite materials [23]. When comparing
with the results on ionic conductivity, it is clear that the oxygen
diffusion has an activation enthalpy much closer to the values
observed by Belyakov [13].

Being in the nominally undoped region, it is difficult to explain the
defect chemistry governing the concentration of oxygen vacancies. By
comparing with other perovskites in the literature [14], it is clear that
the oxygen transport in SrZrOs is by means of an oxygen vacancy
mechanism. However, it is not clear which is the concentration of
oxygen vacancies, since we do not know the type and concentration of
possible impurities. For undoped material, normally only oxygen
vacancies along with vacancies in the cation sublattice due to intrinsic
disorder (Schottky) should exist, formed according to Eq. (6):

Sty + Zry, 4+ 305 >V + Vi + 3Vy' + S1Zr0, (6)

In this case, the observed activation energies for oxygen diffusion
should be a sum of the activation enthalpy of formation of vacancies and
of the activation enthalpy of migration.

In the case of extrinsic doping, the concentration of oxygen vacancies
is fixed by the doping level. They can be formed by one of the reactions
(Eq. (7) or (8)), depending if there is A- or B-site doping.

B-site doping with 3-valent cations, leads to creation of oxygen
vacancies:

Me,0; + 2715, + 405—2Me}, + V3 + 2710, 7)

A-site doping with 2-valent cations does not create oxygen
vacancies:

MeO + Sr5,—Me§, + SrO (8)
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Fig. 5. InC(x) = f(x5/) for the sample heated at 1273 K.

Note that the presence of small amount of monoclinic zirconia in
XRD may lead to practically B-site doped samples.

The observed activation energy of diffusion should then consist
only of activation enthalpy of migration, and effects of doping may
affect the pre-exponential factor. According to Haile et al. [17], the
latter reaction should have a defect formation enthalpy of 0.7 eV. Since
all Arrhenius graphs are pretty linear in the investigated temperature
range, it is very likely that there is only one diffusion mechanism (in
contrast, for example, to BaCeO; where a change of diffusion
mechanism is reported [24]). However, as noted in the Introduction,
the activation energies observed in nominally undoped SrZrO; are
scattering significantly, suggesting that comparable, undoped SrZrOs
are not easy to achieve. Combining the here observed activation
energy of 2.1 eV with the activation enthalpy of conductivity
measured by Belyakov [16], 2.2 eV, a difference of 0.1 eV remains. It
should be noted that this value is much higher than typical values for
oxygen diffusion in fluorites, but not unusual for perovskites.

Kilner et al. [23,25,26] largely developed correlations between
oxygen diffusivity and surface exchange coefficient in a wide range of
ABO5 perovskite materials. They showed that if the activation
enthalpy of surface reaction has half the activation enthalpy of bulk
diffusion, then the oxygen vacancy concentration is mainly respon-
sible of the isotopic surface exchange intensity. This also may hint to
the conclusion that the samples investigated here are not undoped,
but intrinsically doped.

3.2.2. Grain boundary diffusion
Le Claire proposed the following relation between the grain boundary
diffusion coefficient and concentration at large sample depth [27]:

. 4D, \V/2[  o(InC(x))] ~>/3
ngb:O.661<T"°1> {_W} 9)

Here, Dgy, is the grain boundary diffusion coefficient, & the grain

boundary width, Dy, the bulk diffusion coefficient, t the annealing
time and ““Y) the slope of InC(x) =f(x%/°) curve.

Table 1
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Fig. 6. Arrhenius plot of grain boundary diffusion coefficient evaluated according to the
LeClaire equation (filled symbols) and to the Wuensch method (open symbols).

Fig. 5 represents InC(x) =f(x®/) obtained on a SrZrO; sample
heated at 1273 K. The linear part at higher depth of this curve
corresponds to grain boundary diffusion, and was taken to determine
the slope % for calculating Dgy, 6 at each diffusion temperature.
The resulting Arrhenius plot of the product Dgy, 6 is given in Fig. 6.

Assuming for 6 the typical value of 1 nm [28], Eq. (10) holds for the
grain boundary diffusion. An improved method for evaluating grain
boundary diffusion profiles is given by Chung and Wuensch [29]. The
results of a data analysis according to their method are also included
in Fig. 6, Eq. (11), and in Table 1.

3

Dy tectie = 44 % 1077 exp(—1.6 03 eV /kyT) (em’s™ ") (10)

Dy wuensch = 2.2 x 1072 exp(—1.8 = 0.3 eV / kgT) (cm2 s*l) (11)

As can be seen, the difference between the two methods is small;
however, the obtained activation enthalpy according to Wuensch is
slightly higher than according to LeClaire (but the difference of 0.2 eV
is within the experimental error of 0.3 eV for the two data sets). It has
to be pointed out that the parameter 3 at high temperatures is smaller
than the minimum value 10 given in reference [27], meaning that at
this high temperature, the bulk diffusion is becoming to be so fast that
the grain boundaries are no longer fully isolated.

Table 1 shows that the grain boundary diffusion coefficient of oxygen
is three to four orders of magnitude higher than the bulk diffusion D,
These results indicate that at temperature treatments below 1373 K,
grain boundaries are preferential diffusion pathways of oxygen in small-
grained SrZrOs; material. The activation enthalpy for grain boundary
diffusion is lower than for bulk diffusion, about 75-85%, depending on
the evaluation method in Egs. (10) and (11). For metals, but also for

Bulk diffusion coefficient D, surface exchange coefficient k and grain boundary diffusion coefficient D, of oxygen in SrZrOs samples according to the LeClaire evaluation (index L)

and the Wuensch Method (index W).

T (K) Dyor (cm* s~ ") k(cms™1) Dgp,. (cm? s~ 1) B Dgbw (cm?® s™1) Bw

1173 23x10~ ™ 3.6x10~° 9.9x10~© 85.6 43x10 1 7438
1273 12x10~ 13 9.7x10~° 2.0x107° 14.4 8.7x10~ 10 12.8
1373 29x107 13 2.0%x10~8 53%107° 10.2 62x107° 24.0
1473 19x10~ 12 41x10°8 25x1078 28 13x10°8 3.1

Also included are the 3-values (3.) according to [27].
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oxides [24], in general the activation enthalpy of grain boundary
diffusion is 0.6 to 0.8 of the value of bulk diffusion [24], which is in
agreement with the results obtained here.

4. Conclusion

In this study, dense SrZrOs polycrystalline materials were prepared
in order to perform an oxygen tracer diffusion study. Oxygen isotopic
exchange and SIMS characterization were used in order to determine
surface exchange coefficients as well as bulk diffusion, and grain
boundary diffusion coefficients of oxygen. Between 1173 K and 1473 K,
oxygen diffusion is not limited by surface exchange and grain
boundaries are fast pathways for oxygen diffusion. Activation energies
for oxygen bulk diffusion are 2.1 eV, while for grain boundary diffusion
1.8 eV was observed. It is suggested that the samples might not be
undoped, but contain some impurities acting as doping element.
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