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Abstract
Nonstoichiometric perovskite-related oxides (e.g. ferrites and cobaltites, etc.) are characterized by fast oxygen transport at ambient

temperatures, which relates to the microstructural texturing of these materials, consisting wholly of nanoscale microdomains.

We have developed a heterogeneous diffusion model to describe the kinetics of oxygen incorporation into nanostructured oxides. Nanodomain

boundaries are assumed to be the high diffusivity paths for oxygen transport whereas diffusion into the ordered domains proceeds much slower. The

model has been applied for qualitative evaluation of oxygen diffusion parameters from the data on wet electrochemical oxidation of nanostructured

perovskite SrCo0.5Fe0.2Ta0.3O3�y samples.

Using Laplace transform methods, an exact solution is found for a ramped step-wise potential, allowing fitting of the experimental data to

theoretical curves (in Laplace transforms). A further model generalization is considered by introducing additional parameters for the size

distribution of domains and particles.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed ionic electronic conducting (MIEC) oxides, in

particular perovskite related materials, possessing high oxygen

mobility, are of interest for applications such as SOFC electrodes,

sensors and membranes for oxygen separation and partial

oxidation of hydrocarbons in catalytic membrane reactors [1]. It

is evident that the basic knowledge on the mechanism of oxygen

transport in perovskites is necessary for the development of these

devices and for modelling of their functioning.

In order to describe oxygen transport properties usually

homogeneous diffusion of oxygen ions through random

distributed vacancies is suggested [1]. It should be mentioned,

however, that MIEC perovskite-related oxides are grossly

nonstoichiometric and doped materials which can be considered

as homogeneous solid solutions with a high concentration of

structural defects (oxygen vacancies, dopant ions, etc.) only at
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temperatures higher then point of order-disorder transition

(T > Tt). At T < Tt structural ordering is observed in these

materials, either a total one with the formation of superstructures

where the defects are assimilated as structural elements, or a

partial one with the formation of stoichiometric microdomains

separated by disordered interfaces (domain boundaries, extended

defects, etc.). In the latter case, defects, e.g. oxygen vacancies,

are redistributed inhomogeneously along the material: some of

them are ordered inside the microdomains as structural elements,

whereas the rest of the overstoichiometric defects are ejected to

the vicinity of the interfaces where they have higher mobility.

Such a situation has been described in the microdomain concept

by J.C. Anderson [2] and was confirmed experimentally in the

works of M.Á. Alario-Franco, J.-C. Grenier and P. Hagenmuller

[3–5]; unmixing of nonstoichiometric and doped oxides with

perovskite-related structures at T < Tt results in the formation of

coherently stacked microdomains of 5–50 nm in size and mobile

oxygen ions situated in the vicinity of the microdomain

boundaries.

Another reason for the intrinsic inhomogeneity of non-

stoichiometric and doped MIEC perovskites relates to a strong

tendency toward phase separation in systems with strongly

mailto:zhogin@inp.nsk.su
mailto:nemudry@solid.nsk.su
http://dx.doi.org/10.1016/j.cattod.2006.02.088


I.L. Zhogin et al. / Catalysis Today 118 (2006) 151–157152

Nomenclature

U(t) voltage pulse between the sample and refer-

ence electrodes (V)

t0 time of linear growth of voltage pulse (s)

h dimensionless parameter of the (step in) vol-

tage pulse

J(t) current passing through the electrochemical

cell (A)

t time measured after start of the voltage pulse

(s)

p parameter of Laplace transform (1/s)

Û( p), Ĵ( p) Laplace transforms

Q = Ĵ(0) total charge serving as normalizing factor (C)

x radial coordinate in a sphere (m)

R radius of sample particles (m)

r radius of nanodomains (R� r)

nd concentration of nanodomains (1/m3)

v1; v2 volume fractions occupied by nanodomains

and interfaces (v1 ¼ 4pr3nd=3; v2 ¼ 1� v1)

D1 coefficient of slow diffusion in nanodomain

(m2/s)

D2 effective fast diffusivity (due to interfaces)

c1, c2 oxygen concentration in nanodomains and

interfaces, respectively

c1 = gc2 condition at boundary between nanodomain

and interface (inter-domain region)

t1 = r2/D1 first diffusion time (s)

t2 = R2/D2 second diffusion time (for ‘‘fast’’ diffusion)

a ¼ gv1=v2 dimensionless parameter of the model (a, t1,

t2 form full set of fitting parameters)

k ¼
ffiffiffiffiffiffiffiffiffiffi
p=D

p
useful parameter to write current transform

(1/m)

F(y), f(y) functions of dimensionless argument used to

write solution to the model of heterogeneous

diffusion ½y ¼ pt; f ðyÞ ¼ Fð ffiffiffiyp Þ�
n = QM/mF charge transfer (e�/formulae unit); here M is

molecular weight of the sample, m weight of

the sample, F Faraday constant

n/2 a number of intercalated oxygen ions per

formulae unit

Tt order-disorder transition temperature
correlated electrons. Electron conducting oxides with transition

metals having different charges (for example, Mn3/4+, Co3/4+,

Cu2/3+, etc.) and magnetic states can break into a stable state

made of nanoscale coexisting clusters because of complicated

electron-phonon and magnetic interactions [6].

So, at T < Tt MIEC oxides can be considered as

nanostructured materials which are known to be able to show

enhanced ionic transport properties owing to the high density of

disordered interfaces [7]. In order to develop an adequate

mathematical model describing oxygen transport at T < Tt, it is

necessary to take into account heterogeneous character of

oxygen diffusion in nanostructured perovskites.
Previously, as reported by Goldberg et al. [8,9], one of us

proposed a model for oxygen diffusion in microdomain

textured perovskites in which the domain boundaries are high

diffusivity paths and changes in the oxygen stoichiometry in

domains occurs due to a two-phase reaction. In the present work

we continue modeling the oxygen transport in nanostructured

materials having the channels for enhanced oxygen diffusion,

however, unlike the previous papers, here we assume that

oxidation of microdomains occurs as a result of one-phase

reaction. To describe oxygen transport in such a system, we

generalized the model of heterogeneous diffusion proposed by

Bokshtein et al. [10] for description of diffusion processes in

polycrystalline metals.

Since MIEC perovskites exhibit fast oxygen transport even

at room temperature [11], the model was applied for the

evaluation of oxygen diffusion parameters from the data on wet

electrochemical oxidation of nanostructured perovskite

SrCo0.5Fe0.2Ta0.3O3�y samples in 1 M KOH at ambient

temperatures. The choice of the material is because

SrCo0.5Fe0.2Ta0.3O3�y samples possess high oxygen transport

properties and enhanced chemical stability in reducing

environments and can be considered as promising membrane

materials for partial oxidation of hydrocarbons [12].

Thus, the objectives of this work are: (1) the development of

a mathematical model describing oxygen transport in

nanostructured oxides in which the domain boundaries are

the channels for enhanced oxygen diffusion, whereas oxygen

penetration into domains occurs as a result of one-phase

reaction; (2) its adaptation for the analysis of current transients

under electrochemical oxidation of nanostructured materials;

and (3) experimental verification with the samples of practical

interest.

2. Experimental

The samples of SrCo0.5Fe0.2Ta0.3O3�y nonstoichiometric

perovskite were synthesized by solid-state reaction from the

corresponding metal oxides and carbonates with preliminary

homogenization of the starting materials in a planetary ball

mill. A stoichiometric mixture of the powders was calcined at

900 8C, pressed in pellets, annealed in air at 1400 8C for 6 h and

cooled in the furnace. Different oxygen stoichiometry of

materials was achieved by (a) slow cooling in the furnace, (b)

annealing at 950 8C in a quartz ampoule under dynamic

vacuum (P � 103 Pa) and quenching of the sample in the

ampoule to room temperature in water.

Phase analysis was performed by means of X-ray diffraction

with DRON 3, whereas the oxygen content was determined by

iodometric titration and thermogravimetry. Electron micro-

scopy was applied for microstructural studies.

Electrochemical experiments were performed at room

temperature by means of potentiostat/galvanostat PI-50-1

(three-electrode cell, 1 M KOH electrolyte, Hg/HgO reference

electrode) with working electrodes of SrCo0.5Fe0.2Ta0.3O3�y

polycrystalline material (17–18 mg) pressed into Pt grids along

with 1 wt.% of Teflon and 15–20 wt.% of acetylene black.
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Chronopotentiometric investigation of the anode oxidation

of SrCo0.5Fe0.2Ta0.3O3�y in the galvanostatic mode combined

with in situ X-ray diffraction was carried out to study the

mechanism of phase transformations under the changes in the

oxygen stoichiometry of the samples. For the kinetics studies

(potentiostatic mode) the working electrode was placed in a cell

at 25 8C and was maintained up to equilibrium potential U0. At

t = 0 a voltage pulse between the working electrode and

reference electrode is applied. Re-equilibration through

diffusion of oxygen into the working electrode material takes

place. The rate of re-equilibration can be measured easily by

monitoring the electric current passing through the cell. A more

detailed description of electrochemical techniques can be found

in refs. [13,14,11].

3. Theoretical model

Similar to the model of spheres filling a half-space (grains in

a thick metal plate, see [10]), we consider a model in which the

small spheres are inside large ones (nanodomains inside the

perovskite powder particles). The simple geometry of our

model allows us to derive an exact solution for the current

passing through the cell using the Laplace transform method.

The inverse Laplace transformation to determine the original

function is not possible in the analytical form (in analytical

functions; this is the reason why one usually analyzes only the

asymptotic current behavior at short and long times) [14].

Though there are computational methods to do the inverse

Laplace transformations [15], they require intensive calcula-

tions (double Fourier transforms). Therefore, we have chosen

another way to compare our experiment with the model. After

we perform numerical Laplace transformation of the measured

current function, Jexp(t), (as well as potential function, if it is

measured and is not given ‘‘analytically’’ with potentiostate)

we adjust the experimental transform, Ĵexp( p), with model

curves Ĵth( p) (which depend on the applied potential profile).

However, computer inversion of the Laplace transform may

be useful for verifying the best approximation, or for the better

choosing among several minima, if they occur.

A two-level model of spheres is used to describe the current

passing through an electrochemical cell under potential of a

chosen profile.

3.1. Diffusion in a spherical particle

The diffusion equation for a spherical particle, when the

space derivatives (Laplacian) are reduced to differentiation

over the radius, is written as follows:

@ðx cÞ
@t
¼ D

@2ðx cÞ
@x2

: (1)

here c(t, x) is the concentration of the diffusing species, R the

particle radius, and x the radial coordinate, 0 � x � R. For

initial and boundary conditions we have

cðt< 0; xÞ ¼ 0; cðt; x ¼ RÞ ¼ cRðtÞ:
Using the Laplace transform of c(t, x)

ĉð p; xÞ�
Z1

0

cðt; xÞe� pt dt

turns partial derivatives (1) into an ordinary differential equa-

tion

@2ðxĉÞ
@x2

¼ p

D
xĉ: (2)

Applying a boundary condition, ĉ( p, R) = ĉR( p), one can easily

find the exact solution to Eq. (2),

ĉð p; xÞ ¼ ĉRð pÞ
kR

sinhðkRÞ
sinhðkxÞ

kx
; k ¼

ffiffiffiffiffiffiffiffiffiffi
p=D

p
: (3)

Diffusion current (and electric one, if diffusing component

carriers charge q), passing through the whole particle boundary,

may be expressed as follows:

JðtÞ ¼ 4pq

ZR

0

@cðt; xÞ
@t

x2 dx;

Ĵð pÞ ¼ 4pq
pĉRð pÞR
sinhðkRÞ

ZR

0

sinhðkxÞx dx: (4)

One may expect that the diffusion coefficient to be independent

of the concentration, provided that the oxygen content in the

perovskite lattice changes only slightly, e.g. Dy < 0.1. For this

purpose the amplitude of potential pulse, UA, applied to the cell,

should be small enough. We assume that the access of oxygen

ions to the particles is not limited and, hence, there is a linear

dependence between concentration and the potential

cRðtÞ
cA
¼ UðtÞ

UA
:

In our experiments we used the potential steps of the following

form (see Fig. 6a):

UðtÞ
UA
¼

0; t< 0

hþ ð1� hÞt=t0; 0 � t � t0;
1; t> t0

8<
:

this gives the Laplace transform (0 � h � 1):

pĉRð pÞ
cA

¼ hþ ð1� hÞ 1� e� pt0

pt0

ð�!p! 0
1Þ: (5)

Introducing the value Q = Ĵ(0) = 4pR3qcA/3 for a total charge

passed through the cell, and using Eqs. (3)–(5) we obtain

(t = R2/D is a characteristic diffusion time for a sphere of

radius R;
ffiffiffiffiffiffi
pt
p ¼ kRÞ

Ĵð pÞ
Q
¼ pĉRð pÞ

cA
Fð ffiffiffiffiffiffipt
p Þ; (6)
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Fig. 1. Regions of slow (white) and fast (grey) diffusion.
where

FðyÞ� 3cothðyÞ
y

� 3

y2

�
�!y! 0

1� y2

15
þ � � �

�
: (7)

3.2. Heterogeneous diffusion model: spheres of two types

Let us imagine that the particles in the sample are

heterogeneous (see Fig. 1) and contain domains of a typical

size r, where the diffusion rate is small, D1, and interfaces

(regions neighboring with domains boundaries), where the

diffusion rate is high, D2. More exactly, let us consider D2 as an

effective diffusion coefficient for a porous particle, obtained,

when all domains are removed, as if they are non-permeable for

diffusion, i.e. D1 = 0. This effective coefficient may change not

only with temperature, but also with parameters related to the

nanodomain structure, such as oxygen content, quenching rate,

etc.

If diffusion coefficient D1 is small but not equal to zero, then

the diffusion equation should reflect oxygen incorporation

inside the domains. One may assume that the concentration

along the boundary of each domain is approximately the same

(since transport to the boundary is fast) and proportional to the

current local concentration:

c1rðtÞ ¼ gc2ðx; tÞ:

Therefore, we may write an effective diffusion equation in a

heterogeneous particle instead of Eq. (1):

qv2

�
@c2

@t
� D2

@2ðxc2Þ
x@x2

�
¼ �ndJ1ðt; xÞ:

Here nd is the concentration of domains, J1/q the diffusion

current into domains, v1 ¼ 4pr3nd=3; v2 ¼ 1� v1 are volume

fractions for regions of slow and fast diffusion, respectively.

After the Laplace transformation we obtain (taking into account

Eqs. (5) and (6)):

@2ðxĉ2Þ
@x2

¼ p

D2

xĉ2ð1þ aFð ffiffiffiffiffiffiffiffipt1

p ÞÞ; (8)

where a ¼ gv1=v2 is proportional to the ratio of above men-

tioned volume fractions (see Fig. 1).

As was mentioned in [10], the equilibrium concentrations

(of diffusant) along the boundaries and inside the domains (i.e.
grains in [10]) may not coincide. Therefore, the dimensionless

parameter a may include not only geometry but also the

concentration factor g.

One may derive the final expression for the current using

Eq. (8) (it is necessary to remember that the particle is

heterogeneous):

Ĵð pÞ ¼ 4pR2D2

@ĉ2

@x

����
x¼R

¼ Q
pĉ2Rð pÞ

cA
� 1þ a f ð pt1Þ

1þ a
f ð pt2½1þ a f ð pt1Þ�Þ:

(9)

Here notations f ðyÞ�Fð ffiffiffiyp Þ; t1� r2=D1; t2�R2=D2 (see

Eqs. (5)–(7)) are introduced.

3.3. Assembly of particles, particle size distribution

If powder particles are of different sizes, then the current

expression (6) and expression (9) should be integrated with the

function of volume (mass) distribution of particles, M(R) (norm

per unit):

Ĵð pÞ
Q
¼ pĉRð pÞ

cA

Z1

0

FðkRÞMðRÞ dR:

If the ‘relative’ dispersion of the distribution,

DR ¼
hðR� R0Þ2i

R2
0

ðR0 ¼ hRiÞ;

is small, we retain only the first correction term, changing

functions in (9) or (6) as follows (prime means differentiation

by argument):

FðkRÞ!F	ðkR0Þ ¼ FðkR0Þ þ
1

2
k2R2

0F00ðkR0ÞDR; (10)

where

y2F00ðyÞ ¼ 6

�
1þ y2

sinh2y

��
1þ y

tanhy

�
� 24

y2
:

One may obtain this correction by e.g. integration with formal

distribution (delta functions):

MðRÞ ¼ dðR� R0Þ þ
1

2
d00ðR� R0ÞDRR2

0;

which has proper first two moments. Saddle-point integration

with the Gaussian distribution M(R) / exp(�(R/R0�1)2/2DR)

gives the same result.

In a similar manner one may correct for the size dispersion

of nanodomains, Dr, and dispersion of parameter a, Da, as well.

4. Experimental results and computation

AccordingtotheX-raydiffractiondata,SrCo0.5Fe0.2Ta0.3O3�y

samples obtained either by slow cooling or by quenching in

vacuum are single-phase and have cubic perovskite structure
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Fig. 2. Diffraction patterns of samples SrCo0.5Fe0.2Ta0.3O3�y: (1) as prepared,

(2) after annealing in vacuum (P � 103 Pa) at 950 8C and quenching.

Fig. 4. In situ anodic oxidation of SrCo0.5Fe0.2Ta0.3O2.7+x: (a) potential U vs.

charge transfer n, (b) change of unit-cell parameters with n, n/2 = x.
with the parameters 3.934 Å and 3.952 Å, respectively (Fig. 2).

Iodometric titration showed that quenching of the samples in

vacuum causes a decrease in oxygen content (3 � y) from 2.92 to

2.70.

In spite of the fact that XRD suggests single-phase behavior,

the HREM data show that the quenched samples possess a

nanodomain texture (Fig. 3) with a typical domain size of about

10 nm. Such a situation is typical for the nanostructured

materials with coherent/semicoherent stacking of domains: in

terms of X-ray diffraction they behave as homogeneous single

phases [2–5].

In order to determine the mechanism of oxidation of the

nanostructured SrCo0.5Fe0.2Ta0.3O3�y perovskite, we carried

out chronopotentiometric measurements of the electrochemical

anodic oxidation of the samples in the galvanostatic mode,

combined with in situ X-ray diffraction studies. Measurements

of the potential of the working (sample) electrode versus the

charge that passed through the electrochemical cell (n = JtM/

mF), which is connected through a simple relation with the

amount of inserted oxygen x = n/2, provide evidence of phase

transitions in the oxide under the changes of the oxygen

stoichiometry. The character of phase transitions can be judged
Fig. 3. High resolution image of SrCo0.5Fe0.2Ta0.3O2.7 sample possessing

nanodomain texture.
about from the shape of U—n curve and in situ X-ray

diffraction data. Fig. 4 shows the results of chronopotentio-

metry and evaluation of the in situ XRD data.

Monotonous changes in the unit cell parameters and

potential versus charge transfer provide evidence of one-phase

mechanism of oxidation [11,16].

For kinetic studies, we used the powdered samples with

particle size distribution shown in Fig. 5.

So, in the course of preliminary studies nanostructured

SrCo0.5Fe0.2Ta0.3O2.7 perovskite samples were obtained,

particle size distribution for powdered samples and the size

of nanodomains were determined. It was shown that sample

oxidation occurs as a result of one-phase reaction; the potential

range within which the oxidation of the sample occurs was

determined.

After that, kinetic studies of potentiostatic oxidation of

SrCo0.5Fe0.2Ta0.3O2.7 perovskite were carried out according to
Fig. 5. Mass distribution of particles over size.
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Fig. 6. Applied potential (a) and current transient (b) vs. time.

Fig. 7. Normalized Laplace transform of experimental data (solid; Q = 0.44 C)

and fitting model curves for inhomogeneous (dot) and homogeneous (dash;

a = 0) model.
the procedure described in the Experimental section and in

[11,13,14]; the analysis of current transients was also carried

out (optimization of parameters t1, t2 and a) with the help of

the Laplace transformation.

Fig. 6 shows U(t) and Jexp(t) functions versus time, obtained

in one of experiments. The time of current measurement

averaging was 1 s. This obstacle somewhat distorted the current

plot at short times.

Computations were performed in MatLab. For the data,

presented in Fig. 6, potential step parameters are the following

(see Eqs. (5) and (9)):

h ¼ 7=55:25; t 0 ¼ 958; %t 0 in seconds:

After Ĵexp( p)/Q was calculated (exponential slope at long times

(t > 3000 s) was considered analytically), correction for the

time of microammeter integration (1 s) was introduced:

JeL ¼ JeL: 	 p:=ð1� expð� pÞÞ; %1s:

Then optimization over three parameters entering the model

function of current (Eq. (9)) was done.

Computing results are shown in Fig. 7, model parameters for

theoretical curve (dotted line) being as follows:

t1 ¼ 49 s; t2 ¼ 19� 103 s;a ¼ 4:8:
Using values r � 10 nm, R = 32 mm, one may estimate diffu-

sion coefficients

D1 ¼ 2� 10�13 cm2=s;D2 ¼ 5� 10�10cm2=s:

Let us note that fitting by the homogeneous model gives

essentially larger errors (see dashed curve in Fig. 7), and yields

another value: t2 = 15 � 104 s.

5. Discussion and conclusions

In the present work we suggest a model describing oxygen

transport in nanostructured materials having the channels for

enhanced oxygen diffusion. Formally, we generalize the model

of heterogeneous diffusion proposed by Bokshtein et al. [10] to

describe diffusion processes in polycrystalline metals. Unlike

the model of heterogeneous diffusion in which the grain spheres

closely fill the semi-space, we consider another version of

geometry: nanodomain spheres (r) form larger spheres which

are the particles (radius R, R� r) of the oxide under

investigation. So, the model proposed by Bokshtein et al. is

a particular case of our model when the radius R tends to

infinity. Changes in the geometry are due to the necessity of

adapting of the model to the experimental conditions. For an

express estimation of the oxygen transport properties of MIEC

materials, we proposed using relatively simple techniques of

wet electrochemistry. However, one should keep in mind that

the model is valid within the temperature range (T < Tt) of

existence of nanodomain texture. The question to what extent

the wet electrochemical data correspond to the high-tempera-

ture data obtained under actual performance conditions is the

subject of further investigations.

Using the Laplace method we have obtained an exact

solution in transforms to our model. The inverse transition to

the original is impossible in the analytical form; in such cases

the consideration is usually limited to the analysis of the

asymptotic behavior. Correspondingly, in the experiment one
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analyzes either the initial region for short time or the region of

long times (in comparison with the characteristic time of

diffusion for this geometry) [13,14].

To analyze the electrochemical data (current transients), we

realized a new approach allowing us to use the current

transients as a whole: we carry out the numerical Laplace

transform for the experimental current curve, then make the

fitting procedure, compare the obtained transform with the

analytical solutions of the model.

An important parameter of the model, along with the radius

of domains r and radius of particles R, coefficients of fast (along

domain boundaries, D2) and slow diffusion (inside domains,

D1), is a dimensionless parameter a which has a sense of the

ratio of fraction of inserted oxygen which finally (after

equilibration) gets into the region of slow diffusion (domains)

or into the region of fast diffusion (interfaces). According to our

calculations, the part of new oxygen connected with highly

conducting interfaces accounts for 100%/(1 + a) = 17% of the

all inserted oxygen.

With our developed model, we have shown that nanostructur-

ing results in heterogeneous oxygen diffusion in domains and

along the interfaces; the difference in diffusion coefficients may

attain several orders of magnitude. The most important issue is

that stationary flux of oxygen ions through nanostructured

perovskite membranes at temperatures lower than the point of the

order–disorder transition Tt is determined mostly by coefficient

D2. Since activation energy Ea, necessary for the oxygen ions

migration along the domain boundaries (d.b.), may be essentially

lower than that for the bulk (b.) diffusion, Ea(d.b.)�l/2 Ea(b.)

[17], oxygen permeable membranes made of nanostructured

oxides are able to provide several orders of magnitude higher

oxygen fluxes at the working temperatures below the order–

disorder transition point.

We shall further study the kinetics of nanostructured

perovskites oxidation at various temperatures to determine

the activation energy for oxygen ion migration along the

interfaces and inside the domains and develop the method for

measuring oxygen diffusion parameters in the nanostructured

materials. Comparing the data obtained at low temperature by

means of relatively simple wet electrochemical technique with

the data related to oxygen permeability at high temperatures,

we might define the mechanism of oxygen transport in
nanodomain textured oxides, elucidate the factors determining

the high values of oxygen fluxes in these materials and open the

strategies to develop new oxygen-conducting materials

operating at moderate temperature.
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