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Simultaneous Determination of Chemical Diffusion and Surface
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Oxygen diffusion is treated in 2 dense electronically conducting cobaltate pellet blocked jonically on one surface, electronicalty on
the other, and sealed on its cylindrical periphery. A procedure is developed for extracting the chemical diffusion and surface
exchange coefficients for oxygen by use of the asymptotic equations derived for the current response to a potential step at short
and long times. It is shown that, while the formation of interfacial phases by reaction between the sample and the electrolyte may
affect the surface exchange coefficient, the chemical diffusion coefficient data determined by the present approach are independent
of such interfacial phenomena. The consistency of data obtained from several specimens with varying thickness and manner of
interfacing with the electrotyte validates the diffusion model and the method used for data analysis. An oxygen permeation cell is
also developed in this work as a modification of the diffusion cell. The new cell allows monitoring of the permeation rate by elec-
trochemical means. The steady-state permeation data obtained by the permeation cell are consistent with the chemical-diffusion
and surface-exchange coefficients measured by the blocked diffusion cell as long as the assumptions of the related theoretical mod-
els are satisfted. This is a further validation of the diffusion model and the related methodology developed here for obtaining the
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necessary data for characterizing oxygen exchange and transport in such materials,
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Relaxation techniques are commonly used for the evaluation of
the chemical diffusion coefficient of oxygen in electronically con-
ducting perovskites, considered for applications as cathodes in solid
oxide fuel cells and membranes for the separation of oxygen from
gas mixtures at high temperatures.!”” These techniques involve the
measurement of time variation of weight or conductivity of the spec-
imen, or the flux of the diffusing species in response to a rapid
change in the surrounding oxygen activity, Diffusion coefficients are
obtained by fitting the relaxation data to the theoretical solution of
Fick’s second law, expressed in various forms depending on the
relaxation experiment. The accuracy and reliability of the diffusion
coefficients obtained depend on the methods of analysis used in fit-
ting the relaxation data to the theoretical equations, as well as on the
specimen quality.?

Among the relaxation techniques, electrochemical methods are
of particular interest, because they allow easy and accurate determi-
nation of oxygen activity and flux by measurement of potential and
current, respectively. In particular, the solid-state electrochemical
technique and cell design proposed by Belzner et al.! provide the
advantages of monitoring the oxygen activity at the specimen sur-
face by potential measurement with respect to a reference electrode
and the oxygen flux by measuring the ionic current due to one-
dimensional lattice diffusion of oxygen through the specimen. Fur-
thermore, the technique is suitable for the measurement of a large
amount of data as a function of temperature and oxygen activity ina
relatively short period from a single specimen. Since the diffusion
test in addition yields coulometric titration data, information about
the nonstoichiometry of the sample can also be obtained. The tech-
nique has successfully been applied for studying oxygen diffusion
and nonstoichiometry in manganates.?

However, when applied to the study of cobaltates, difficulties
were reported in the interpretation of data by using the solutions of
Fick’s first law for one-dimensional lattice diffusion, although limi-
tation on mass transfer by surface exchange of oXygen was taken
into account. It was concluded that the oxygen transport in these
materials occurred lhl‘mlgh high r‘lifﬁgrgjvity Faihﬁl whilo tho rclaxs
ation data were conirolled by intragrain diffusion and exchange reac-
tion at the grain boundaries.
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The importance of considering surface-exchange limitations-in
conuection with diffusion processes in solids has been pointed out
by several authors™® and various inetic models have been invoked
for the observed relaxation processes. The most commonly used
model,>? which is known as the linear rate law, assumes that the sur-
face exchange reaction obeys first-order kinetics. The advantage of
the latter in comparison with more complicated modeis'? is the con-
venience provided in the analysis of experimental relaxation data by
use of analytical solutions of the diffusion equations. Several ap-
proaches are used in the analysis of relaxation data, such as direct
fits to the complete solution of Fick’s law by nonlinear regression,’
or fits to particular solutions with lattice diffusion or surface ex-
change dominating,>® and more recently, complex plane analysis of
Fourier transformed data by use of equivalent circuit analogs.6”

In this paper, we investigate further the alternative of using sim-
ple asymptotic expressions for short and long time response for the
analysis of relaxation data obtained in the presence of surface ex-
change limitations, with suggestions to check the consistency of cal-
culated parameters. Certain modifications are introduced to the cell
design proposed by Belzner et al. in order to overcome the experi-
mental problems associated with the study of cobaltates.

The materials selected for the study are highly defective cobal-
tates SrCoq sFeq 50 5 #>!! and SrFeCoy s0,. 12 However, the pre-
sent study, rather than dwelling on the material properties, focuses
on the validity of the theoretical model for diffusion of oxygen in
such oxides and the proposed methodology for data analysis.

Experimental

Cell design and construction—One of the electrochemical cell
designs used in this study, the classical “blocked cell” proposed by
Betzner et al.,! is shown in Rig. 1a. It consisted of a specimen pellet
blocked electronically by an jonically conducting electrolyte slab on
one surface. The opposite surface was blocked ionically by a plat-
inum foil. The cylindrical surface of the peliet was coated with gold
and further sealed with glass, as described in earlier work,!- to pre-
vent direct Oxygen ingress from amhient air, The geld layer prevont
ed direct contact between the sample and the glass seal.

A-YSZ slab was used as the electrolyte. A thin layer of porous
platinum was added between the pellet and the YSZ as a spacer to
avoid undesired reaction between the components of the pellet and
the zirconia.® The platinum was also presumed to act as a catalyst for
the interfacial transport of oxygen. As alternative electrolytes, yitria-
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Figure 1. Cell designs used for the potential step measurements: (a) blocked
cell, (b) blocked cell with a gold ring spacer, (c) open cell with a gold ring
spacef.

and gadolinia-doped ceria, known to be less reactive to cobaltates,
were also used without the porous Pt spacer. The opposite face of the
electrolyte was coated with a thin layer of porous platinum in two
separate patches to act as the air counter electrode and the reference
electrode, as shown in the figure.

Figure 1b shows a variation of the previous design. Instead of
having the electrolyte in direct contact with the cobaltate specimen,
a gold ring (50 pm thick) was added as a spacer. The upper surface
of the electrolyte inside the gas spacer was again coated with a thin
layer of porous Pt, such that the electrolyte acted as an oxygen
pump.

The third variant, the “open cell design,” was similar to the pre-
vious cells except that the top surface of pellet was exposed to ambi-
ent air, with only a thin platinum ring on top acting as the current
collector, All cells were clamped between two alumina (or quartz)
tubes at the center of a cylindrical furnace.

Because of the thermal expansion mismatch between the con-
stituents of the cell, thermocyeling had to be avoided in order to pre-
vent cracking of the sample. Thus, the cells were heated up to the
temperature of measurement (800-975°C) only once. The cells, once
cooled back to room temperature, were not used again. This implies
that special care was required in the assembly of the cell to reach a
satisfactory seal quality once the cell was heated.

Materials—The SrCoqsFeqsOs.s powder was available from
carlier work S and SrFeCog O, powder was provided by Norsk
Hydro a.s. The powders were compressed into 6 mm diam pellets,
and the two compounds were sintered for % h at 1200 and 1180°C,
respectively. Both surfaces of the sintered pellets were metallo-
graphically polished through 1 pm diamond spray. The density of
$rCoq sFegsOa.5 specimens was 90 + 1% of the theoretical value.
Owing to the uncertainty regarding structure, no theoretical density
data are available for StFeCog sO,. However, the absolute densities
of the specimens were measured as 4.8 = 0.2 glem?,

The YSZ slabs were obtained by compression of Y2Q05-Z10;
(8 mol %) powder (Tosoh) into 15 to 20 mm diam pellets, which
were sintered for 4 h at 1450°C. Both surfaces were metailographi-
cally polished as above. The densities obtained were 98 * 1% of the
theoretical value. The gadolinia- and yttria-doped ceria (GdDC and
YDC) electrolyte slabs were prepared from Gd- and Y-doped ceria

&

powders, respectively, also available from earlier work. 13 The sinter-
ing and polishing procedure was the same as for the YSZ slabs. The
thickness of electrolyte slabs used in the cells were in the range 0.7
to 1.3 mm.

Theory

Since the specimens are good electronic conductors, the potential
gradient across the pellet is negligible. A potential step applied to the
specimen relative to the reference electrode by use of a potentiostat
is thus equivalent to a step in the oxygen activity at the electrolyte-
specimen interface under the conditions that the charge-transfer
reaction at the pellet-electrolyte interface is fast, and ionic transpott
through the electrolyte is not rate limiting. As a response to this
abrupt change in the interfacial oxygen activity, the concentration of
oxygen in the specimen will relax through chemical diffusion of
oxygen to a new equilibrium distribution fixed by the applied poten-
tial. The resulting time-dependent flux of oXygen across the elec-
trolyte-specimen interface manifests itself as an ionic current which
is monitored as a function of time. For the cell designs discussed, a
one-dimensional diffusion process is a reasonable assumption.

In view of the foregoing assumptions, it is possible to express
the transient diffusion of oxygen by Fick's second law

ac _ a(aoC
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where D is the chemical diffusion coefficient and C is the concen-
tration of the diffusing species expressed in moliem’. 14.15 For
SrCog sFey 5013, the diffusing species is believed to be oxygen
vacancies, whereas for StFeCog 5O, it is interstitial oxygen accord-
ing to Ref. 12. The coefficient I is related to the tonic diffusion coef-
ficient D; (which obeys the Nernst-Einstein equation) by
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where W (= 3 In &¥/0 In C¥) is the so-called enhancement factor.
The parameters a* and C* refer to the activity and the concentration
of the neutral species, respectively. Equation 2 indicates that D can
be a strong function of concentration. However, for small changes in
the nonstoichiometry, I can be considered as independent of con-
centration,

Blocked cell design—For the designs depicted in Fig. 1a and b,
the boundary conditions required for solving Eq. 1 are similar, i.e.,
the flux of the ionic species is blocked on the top surface (x = 0) and
is prescribed on the bottom surface (x = L, where L is the thickness
of the pellet) by a rate equation corresponding to the surface ex-
change reaction. If the latter obeys first-order kinetics, then the con-
dition at x = L can be expressed as

_(aC
D[-aﬂ — ey — O 3)

where k is the rate constant and Cq is the equilibrium concentration
to which the concentration of diffusing species within the solid will
tend at infinite time.

From the general solution to Eq. 1 satisfying the prescribed
boundary conditions, it is possible to derive for the measured current
the expression'®
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where Q is the total charge passed as ¢ tends to infinity, A, are the
positive roots of

Aytand, = A 5]

and A = kLID.
In its infinite series form, Eq. 4 is not convenient for routine data
analysis, especially at short times. It is thus desirable to obtain
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approximations for asymptotic cases. The solution to Eq. 4 at small
times can be expressed in the form??

- Ok K L
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Equation 6 can still be reduced to a simpler form by series expansion
of the complementary error function to obtain

Ko = %’.‘.[l — 2k f—ﬂ%] + Ot << DIE? {7]

As ¢ can be obtained by integrating the current with respect to time,
k and D can separately be found by plotting I(¢) vs. 12, The para-
meter & can be evaluated from the intercept of this plot at 7 = 0, and
D from the slope.

At long times, Eq. 4 reduces to the form

20k* ~NDr 2. = o
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The intercept and slope of In /- plots give an independent possibili-
ty of extracting the parameters k and D values from the experimen-
tal relaxation data.

The data for the blocked cell design in addition yields coulomet-
ric titration data since the change in the oxygen concentration AC
resulting from a negative potential step is directly related to the cor-
responding charge AQ extracted from the specimen. Assuming that
the specimen volume V does not change significantly during the
process, we can write the expression

- _AQ
¢= 2VF B)

where F is Faraday’s constant. For small amplitude potential steps,
t.e., small changes in nonstoichiometry, the slope of the coulometric
titration curve (dE/dC) can be approximated by

dE _ AE _ 2FVAE [10)

which in turn is related to the enhancement factor according to the
expression'®

_ _2FC*at (1
RT dC

where R is the ideal gas constant. Thus, estimation of the enhance-
ment factor from coulometric titration data requires the knowledge
of the concentration of neutral lattice oxygen in the specimen.

Open cell design—For the open cell design, the irreversible
boundary condition expressed by Eq. 3 has to be considered at both
surfaces of the pellet. In this paper we are concerned with the use of
this cell at steady state and close to equilibrium condition, i.e., for
small steady-state currents. The steady-state current resulting from a
difference of oxygen activity, attained by applying a é)otential differ-
ence V across the electrolyte in Fig. 1a, is given by!

_ 2FSAGq
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where S is the pellet area perpendicular to the direction of diffusion,
AC,, (= Gy — () is the difference in the equilibrium concentration
uf diffusing apcoios corronponding to the senditiens at v =0Nand r =
L, and k, and k; are the exchange rate constants at the two respec-

tive surfaces. The “polarization resistance” of the cell can be -

expressed as

dv dE i dC*
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By combining with Eq. 11 and 12, and since dC* = —dC, we obtain

_ RIW
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The linear polarization data obtained by use of the open-cell design
is of interest for comparison to the parameters extracted from the
blocked cell data and, thereby, for checking the consistency of the
results, as is shown in the remainder of the paper.

Results

Blocked cell—The seal quality of the cells was checked by
applying a potential across the diffusion cell, equivalent to a lower-
ing of the oxygen partial pressure at the pellet-electrolyte interface.
After equilibrizm was attained, i.e., the cell current decayed to zero,
the circuit was switched open, and the open-circuit potential was
monitored as a function of time. The ability of the cell to maintain
that potential within 1 mV over a period of I h was taken to indicate
a well-sealed cell. However, in some cases, especially when ceria
electrolyte was used, a leakage current was present, and it had to be
corrected for as described in the related earlier work. In this special
case, the leakage current was due to the electronic conductivity of
the electrolyte. At 850°C, an electronic leakage current of ~40 pA
was typically observed at an applied potential of —20 mV vs. air.
This corresponds to an electronic conductivit?r of ~7-10™* S/cm, in
agreement with the available data for GADC,1?

The long time and short time responses of the blocked cell design
with a gold ring spacer 10 a —20 mV potential step are shown in
Fig. 2 and 3, respectively. The long-time response displays a clear
exponential decay behavior as expected from the asymptotic Bq. 8.
For the short time response, the asymptotic behavior predicted by
Eq. 7 is less evident although a linear section but is apparent when
the cuprent relaxation data are plotted vs, 't ,as shown in Fig. 3. The
time domain in which this linear fit is valid is determined by the con-
straint t << D/&Z at large times (Bq. 7), and the capacitive discharge
of the oxygen in the gas space between the specimen and the elec-
trolyte at short times, as will be justified later in the paper.

We selected the following approach, among several possible, in
extracting the relevant parameters from the relaxation data

1. Obtain @ by integration of the /- data, corrected for the leak-
age current in the manner described earlier.?

2. Obtain k and the chemical diffusion ceefficient from the inter-
cept and slope of fitting the data to the asymptotic Eq. 7, as in Fig. 3,
Let these values obtained from the short time analysis be denoted as
k; and Dy, respectively.

[14)
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Figure 2, Current relaxation data corresponding to a potential step from 0 to
=20 mV vs. air for a pellet specimen of SrFeCoy 50, with the gold ring

design at 900°C. The straight line is a fit to Eq. 8 of the data collected at ¢ >.

10,000 s,
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Figure 3. The data in Fig. 2 plotted vs. / 7 . The straight line is a fit to Eq. 7
of the data in the range 100 to 1250 s.

3. By using the £, 53, and { values obtained as abave, evaluate
A and A, from Eq. 5, and calculate the chemical diffusion coeffi-
cient, this time from the slope of fitting the data to the asymptotic
Eq. 8, as in Fig. 2. This value is denoted as J,.

4, Calculate k from the pre-exponential factor of fitting the data
to the asymptotic Eq. 8 using the A, A, Q, and D, values obtained
above. This value is denoted as ,.

5. Check if the time domains used for the asymptotic fits satisfy
the ranges of validity for Eq. 7 and 8.

6. Fit the relaxation data to the general _solution of Fick’s second
law, Eq. 4, by using the values ks, Q, and Dy, as obtained above, for
a final validity check. This is an arbitrary selection of parameters; k,
instead of k, or D instead of D, can just as well be used,

The chemical diffusion coefficients obtained from several elec-
trochemical cells in this manner, using different cell designs, are
summarized in Table I. The consistency between the two values of k
and D, obtained separately, gives a first appreciation of the validity
of the theoretical model and methodology wsed for data analysis.

As an example for the validity tests suggested above, we investi-
gate whether the choice of time domains used for the asymptotic fits
represented by Fig. 2 and 3 agree with the time constraints of Eq. 8
and 7, respectively. By using the data given on the figures and their
captions, we calculate ¢ >> L¥Dn? = 3500 s and ¢ << Dk, ~
15000 s, respectively, for the two plots, and by inspection of fit
domains in the figures, it can be seen that the necessary time con-
straints are obeyed.

As a further example of the validity checks performed, the relax-
ation data are compared with the /-f curve calculated by using the

first three terms of the general solution of Fick’s second law, Eq. 4,
and the D, and k, values extracted by the procedure outlined above.
The result is shown in Fig, 4 by the dotted line, which is superim-
posed by the solid line along most of the time axis. The use of larg-
er number of terms in the series did not improve the fit significantly.
It can be concluded that there is an excellent agreement between the
data and the general solution, except at very short times, where the
relaxation behavior is controlled by the capacitive discharge of the
gas pocket as indicated earlier. The solid line corresponds to the gen-
eral solution corrected for this effect, as is discussed below.

The time constant of the short-time capacitive effect was investi-
gated by replacing the cobaltate specimen in Fig. 1c by a YSZ slab
{without the Pt ring current collector on top), thereby maintaining
approximately the same volume of gas pocket as in the actual runs
and, at the same time, eliminating the relaxation behavior related to
the cobaltate sample. The gold ring spacer was used as the current
coilector in this experiment. Although not shown, the current re-
sponse to an identical potential step as in the actual experiments ex-
hibited a pure exponential decay with a time constant of about 2 s,
i.e., the capacitive current became insignificant after about 50 s. This
result provided an appropriate lower time limit for the short-time
analysis.

Based on the foregoing, furthermore, the capacitive current could
be expressed by the equation

IC = QC_Q—UTC
Te

{15]

where the subscript ¢ refers to the capacitive relaxation due to the
&as pocket. This term was added to the right side of Eq. 4 as a cor-
rection term. The solid line in Fig. 4 corresponds to the fit by using
this correction term.

Figure 5 depicts an Arrhenius plot for the chemical diffusion
coefficients, based on the long-time analysis. It should be stressed
that this plot compiles values obtained from different specimens of
varying thickness and electrochemical cell designs (cf, Table D). Two
different electrolytes are also used. The details about these design
parameters are specified in the figure caption. Possible differences in
the specimen quality, known to result from the fabrication
process>*® have to be considered to explain part of the scatter, while
the use of different electrolytes must be of minor importance in this
respect. The activation energies obtained from the slopes of the Arrhe-
nius plot are 200 + 25 and 70 =+ 35 kJ/mol for SrCoyq sFey 50 5 and
SrFeCoy 50, respectively, in good agreement with the data reported
earlier for the two compounds.#3

The data in Fig. 5 correspond to specimens with varying thick-
ness, as can be discerned from the figure caption. It is not possible
to observe a specific thickness dependence of the diffusion coeffi-
cient from these data, contrary to earlier observations for
8rCo,Fe;_,03..s. * The earlier results had also suggested indepen-
dence of the relaxation time constant, obtained by the semilogarith-

Table I. Chemical diffusion and surface exchange coefficients obtained by fitting the relaxation data to the asymptotic flux expressions: a,

Blocked cell on YSZ with a gold ring spacer; b, blocked cell on ceria; ¢, blocked cell on YSZ.

a

Sample Cell L (mom) T°C) kg (crofs) k¢ (cmfs) D, (em?¥/s) B, [em¥s) wic
SrFeCoq 50, a 2,742 800 2.4:10°6 2.310¢ 9.5-1077 8.9-1077 2365
900 8.1-107¢ 8.5:10~5 1.17-10~¢ 1.32:107% 5670

b 1.085 900 9.9:10°¢ 8.6:10~¢ 3.8-107¢ 3.47-107% 945

b 1.36 975 1.9-1075 9.8-1076 411076 2.34-107¢ 1120

8$rCoq sFeq s0s_s a 1.837 800 7.6:1076 5.3107¢ 1.5-1076 L1-107¢ 1220
900 1.3-1075 1.3:10~3 2.1-1075 2.2:1075 1571

a 0.613 900 6.4:107% 631073 1.6:10™%8 1.5-1075 1153

¢ 0.373 888 3.6:107% 461075 1.36-1075 141073 1037

b 1.352 900 3.5-10°5 3.1-1073 2.5-107% 2.1-10~5 1462

This work.
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Figure 4. Current relaxation data carresponding to a potential step of —20
mV vs. air for a SrCoq,sFep 055 blocked cell, The dashed line is a fit of
complete data (0 < t < 10,000 s) to the first three terms of Bq. 4. The solid
line is a fit to the same expression with an additional exponential term for the
capacitive response of the interfacial gas pocket.

mic fit of the long-time data, on the specimen thickness, suggesting
the presence of high diffusivity paths combined with slow intragrain
diffusion.3 However, in this study, the relaxation time constant
shows a clear thickness dependence at a given temperature, as shown
in Fig. 6, also in disagreement with the earlier results, but as expect-
ed on our modei.

The other important kinetic and thermodynamic parameters eval-
uated from the potential step data are reported also in Tabie L. The
enhancement factor W for 8rCoyq sFeg 5045 can be calculated from
the W/C* data as about 85 and 110 at 800 and 900°C, respectively,
by assuming that 8 << 3. These values agree well with the previous-
ly reported data for the same compound by making the same as-
sumption.* The exchange coefficient & is expected to depend on the
particular conditions existing on the specimen surface adjacent to the
electrolyte. However, such an effect is not apparent from the values

IE4
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P d
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Figure §. fArtheuius plut fon Uustons 2oaMsients caleulated from current
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transients following potential steps of —20 mV vs, air, StFeCop 50, pellets

separated from YSZ electrolyte with a gold ring spacer {L = 2.742 mm (@)}
and in direct contact with ceria electrolyte [ = 1.085 mm (W), L= 1.36 mm
(¥3]. 8rCop sFey 5055 pellets separated from YSZ electrolyte with a gold-
ring spacer [L = 1.837 mm (O), L = 0.613 mm (A)] and in direct contact
with YSZ [ = 0.873 mm (0J)] and ceria [L = 1.352 mm (X)) -
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Figure 6. Thickness dependence of the relaxation time constant T for
§rCop sFey 5055 samples at 900°C.

for different types of cobaltate-clectrolyte interfaces in Table I, with-
in the scatter limits of the data.

Open cell—Limited number of runs were performed with the
open cell for the sole purpose of comparing the resuits with the data
obtained from the blocked cell. The current response of an open cell
10 a potential step reaches a steady state value Z after a long tran-
sient. An analysis of the transient data is outside the present scope.
The steady-state values corresponding to different applied potential
step amplitudes are shown in Fig. 7. At small potentials (<20 mV), a
linear relation between the steady-state current and applied voliage
can ¢learly be observed for SrCoq sFeq s0s_g, Wheteas a similar rela-
tionship is not evident for SrFeCoy 5O, The nonstoichiometry of the
compound SrCop sFeq 5045, expressed in the form W/C# , can thus
be estimated from the slope of the linear part and Eq. 14, by using the
k and D values obtained from the blocked cell data. If the same &
value is assumed to apply at both surfaces of the specimen, the WiC*
value obtained in this manner is about 700, which is to be compared
with the value of about 1000 obtained from the analysis of the
blocked cell data for the same compound at the same temperature
(888°C). A reasonable agreement is thus obtained for the W/C* val-
ues determined by use of two different cell designs based on two dif-

. VmV]

Figure 7. Steady-state polarization data obtained with the open cell for small
applied potentials. (@) StCoy sFe 5055 at $88°C (L = 0.873 mm), (&)
StFeCop 5O, at 850°C (L = 2.98 mm). The straight lines are the tangents to
the curves at [, = 0. ’
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ferent modes of operation. A similar analysis performed for the com-
pound SrFeCoqsO;, by using the slope of the tangent drawn to the
origin of Fig. 7 gave a poor agreement with the data obtained from
the btocked cell because the W/C* obtained in this manner was about
an order of magnitude lower than the values reported in Table I.

Interfacial structures.—The cross sections of two biocked elec-
trochemical cells were investigated by optical and scanning electron
microscopy (SEM). Close attention was given to the interfacial
region between the cobaltate pellets and the clectrolyte. For a
S$rCoq sFeq 5035 YSZ cell, which had previously been maintained
at 850°C for more than six weeks, the cobaltate specimen exhibited
a fragmented morphology close to the interface. Qualitative X-ray
EDX analysis of the interface witha 15 kV beam, revealed the pres-
ence of the constituents Co, Fe, and especially Sr in the YSZ slab,
within a 1 m region from the interface. Thus the formation of a dis-
tinct Sr-zirconate phase was suspected close to the interface, which
is in line with the observations reported in the literature.?! However,
the diffusion of strontium did not seem to have significantty altered
the composition of the pellet near the interface.

For a SrFeCoq s0,-YDC cell, similar investigations showed that
strontium had also diffused into the electrolyte, ~, pm from the
interface. Thus, the formation of an interfacial Sr-cerate phase can-
not be excluded. At the same time in the cobaltate, close to the inter-
face, a significant amount of Ce and relatively small Fe and Co were
detected. However, the interfacial morphology and structure of the
pellet were not altered; EDX analysis of a 10 pum region adjacent to
the interface indicated the expected stoichiometric ratios of the com-
ponents of the SrFeCog 5O, compound.

Discussion

Chemical diffusion coefficients—This work has demonstrated
the usefulness of using asymptotic expressions in fitting relaxation
data due to diffusion, particularly in ascertaining whether the math-
ematical model is fully representative of the physical phenomenon
under investigation. This is especially true for the present study,
since any diffusional process can be fitted to a series of exponentials
regardiess of the extent of irreversibility of the interface. The short-
time analysis in the present study was found to be very useful in ver-
ifying the surface exchange limitation and identifying the presence
of a short-time capacitive effect resulting from the exchange of gas
from interfacial pockets. At the same time, the long-time response,
as long as properly corrected for the surface irreversibility and leak-
age, gives a reliable chemical diffusion coefficient, since the con-
centration dependence of this parameter diminishes with vanishing
concentration gradient.

The present approach validated that oxygen transport within the
samples occurs by lattice diffusion, and that the overall transport rate
is partially controtled by the surface exchange reaction, in the mate-
rials investigated. This is supported by the consistency of results for
the compound $rCogsFeqs03—5 obtained from the blocked and
open cells. For example, if high-diffusivity paths were present, as
claimed by Sunde et al.5 in specimens of the SrCo,Fe; 05 fam-
ily, then the blocked cell would give data characteristic of intragrain
diffusion,” while the open cell would give results characteristic of
diffusion along the high diffusivity paths, two phenomena associat-
ed with widely different diffusion rates. As discussed at length in
Ref. 5, the long time data correspond to the process with the Jargest
time constant, which in turn corresponds to transport of oxygen from
the individual grains. Since the oxygen drawn in response t0 the
potential step is provided by the specimen, the current is limited by
transport of vacancies in the grain bodies and exchange at the grain
surfaces. In the case of the open cell, the oxygen flux is determined
by the path providing the highest diffusion rate through the speci-
men, as the sample itself contributes only a small fraction of the total
measured flux.

As an additional evidence to the present claim, we found that the
time constants for relaxation are dependent on the thickness of the pel-
let, whereas the time constant should depend on the grain size rather
than the pellet thickness in the presence of high diffusivity paths.®

It was not possible to obtain a linear [-V relationship for SrFe-
Cogs0, in open cell measurements. Lower enhancement factors
estimated from the slope of the [-V data in the limit of zero current
would suggest a higher chemical diffusion coefficient for oxygen
than indicated by the blocked cell data. Similarly, the ionic conduc-
tivity of the material estimated from the chemicai diffusion coeffi-
cient and enhancement factor {or nonstoichiometry) data of the
blocked cell, by use of Eq. 2 and the Nernst-Einstein relationship,
cannot be reconciled with much higher values measured by direct
conductivity measurements of Ma et al.}2 A possible cause of these
inconsistencies is the presence of high diffusivity paths as discussed
above. Another possible explanation of the anomalous behavior of
SrFeCoy 5O, is decomposition or the multiphase nature of this mate-
rial as reported by Gugilla and Manthiram.?® The present data with
the open cell are too scarce to reach any conclusions about the
behavior of StFeCoy50,. In any event, the blocked cell data for
SrFeCoy 50, are consistent with the relaxation data of Ma et al.. in
view of the similarity of the chemical diffusion coefficients (with
reservation discussed below) and activation energy reported in the
two studies by use of two different, but related, methods.

I the surface exchange process were assumed to be reversible,
the time constant for the current relaxation at large times would be
expressed as (2L/m)YD > where Dy is the effective diffusion coef-
ficient which would be calculated with this assumption. When com-
pared to the true time constant indicated by Eq. 8, the error in the
measured diffusion coefficient can be expressed as®

Dy _ (_23_)2 (16]
D ar

Thus, the error incurred by assuming reversibility of the surface ex-
change reaction can be visualized by plotting the right side of Bq. 16
as a function of kL/D as shown in Fig. 8. There is no error in the limit
as kL/D — ¢, i.e., for a reversible boundary condition. As kL/D
becomes small, however, corresponding to increasing irreversibility
of the surface, the measured diffusion coefficient becomes smaller
than the true value. For the specimens used in this study, the ratio
D /D lies in the range 0.07 to 0.26 for $rCoqsFeg sO5-5, and 0.11
to 0.5 for SrFeCog 50,

Significantly lower diffusion coefficient values reported by
Nisangioglu and Giur* may thus testify to the presence of surface
irreversibilities. However, since the measurement on powdered and
sintered specimens gave similar responses,” their results may have
been affected by the presence of microcracks, which can easily
result from thermal cycling, as indicated by the present study, espe-
cially in the presence of interfacial reactions between the specimen
and the electrolyte.
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Figure 8. The effect of reaction rate fimitation at the surface on the chemical
diffusion coefficient estimated with the assumption of surface reversibility.
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Table I, Comparison of the data for chemical diffusion and surface exchange coefficients and activation energics for different types of

cobaltates and ferrates,

Material T(°C) D (em¥s) E, (kJ/mol) k {cmis) Ref.

SrCoy sFeq 5035 800 22:1076 200 % 25 $.9:107¢ This work
900 1.9-1079 52:1073

StFeCoy 50, 800 9.2-1077 70 + 35 2.3-107¢ This work
900 2.4-107¢ 3.3-1076

StFeCog 0, 800 2.5-1077 89 — 3
9500 391077 —

Lag 6810 4FeO3_g 200 1E1073 80 £ 25 6.8:10762 6
875 1.9-1073 1510752

LaolgSr0_2C003_5 300 1.5‘10—6 13527 - 7
900 7.5-107¢ -

Lay ¢S13,4C0p 6Fe0.403-5 7820 561076 95+ 40 1.0-10732 2
8ooP 1-10™3 117 £5¢ —_
8§75° 2.5-1073 -
§820 1.3-1078 2.0-10-52

2 Data for an oxygen partial pressure of ~10~1 bar,
b Blectrical conductivity relaxation measurement.
© Coulometric titration relaxation measurement.

Sutfuce exchange coefficients.—As mentioned ecarlier in the
paper, the k values obtained from blocked cells with gold ring spac-
ers can only be considered as representative surface exchange coef-
ficients. Furthermore, no platinum deposition, which would have
influenced &, was detectable from EDX investigation of the surface
of the specimen, even if such an analysis cannot be regarded as con-
clusive. The k values obtained from blocked cells without spacers
should be viewed with care in the light of the SEM interfacial exam-
inations. However, the chemical diffusion coefficients obtained from
such cells are still valid, since the bulk transport properties should
not be affected by the variations in the surface properties, as long as
the data analysis takes into account such surface limitations.

Comparison with literature data—Since data related to the same
materials are scarce, we include data for other types of Sr-doped
cobaltates and ferrates in the comparison given Table II. Further-
more, since the surface exchange coefficients depend strongly on the
oxygen partial pressure,%?2 values similar to the conditions used in
the present study were chosen for a consistent comparison. The par-
tial pressure corresponding to a —20 mV reduction step is ~0.17 bar
at 800°C and ~0.16 bar at 900°C.

As mentioned above for SrFeCoys0,, the chemical diffusion
coefficients obtamed in this study agree well with those reported in
the literature,? if one takes into account the fact that the model con-
sidered in Ref. 3 for the data analysis assumes reversible surfaces.
The values calculated for the chemicat diffusion coefficient with this
assumption is expected to be lower than the actual value as discussed
above with reference to Fig. 8, For the other compounds, the agree-
ment is good with the results reported in this paper within the limits
of scatter.

Conclusions

Potentiostatic relaxation data obtained from a blocked electro-
chemical cell for the compounds SrCoy sFeg sO;..5 and StFeCoq 5O,
were analyzed by using a one-dimensional diffusion model for oxy-
gen including surface exchange limitations, The methodology devel-
oped involves curve-fitting the experimental relaxation data to
asymptotic forms of the transient flux expression valid at short and
long times, and this approach gives the possibility for various con-
s:stency checks to ascertain that the theoretical model is satisfied.
Chemical diffusion coefficients could be obtained, despite the for-
mation of interfacial phases due to the reaction between the speci-
men and the electrolyte. By avoiding interfacial reactions with the
use of a gold ring spacer between the specimen and the electrolyte,

reliable data were measured for the surface exchange coefficient. .

The comparison with data obtained from steady-state measurements
performed on an oxygen-perrneation cell showed a good agreement
for the first compound. This further confirmed the validity of the
electrochemical approach and the assumption of one-dirmensional
lattice diffusion in data analysis.
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