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Abstract

Acceptor doped lanthanum chromites are potential interconnect materials to be used in high
temperature Solid Oxide Fuel Cells (SOFC). However, instability of these materials when ex-
posed to low oxygen partial pressure causes a volume expansion that can be detrimental to the
SOFC performance. The stability of La g8ty ,Cry 67V 0305 is determined as function of pO, and
temperature by isothermal thermogravimetry and dilatometry. The experimental data are ana-
lysed using a simple model for the defect chemistry. The relation between expansion behaviour
and change in defect chemistry is discussed using a simple structural model.
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Introduction

Acceptor doped lanthanum chromites are currently being investigated as ce-
ramic interconnector materials to be used in high temperature Solid Oxide Fuel
Cells (SOFC). The interconnector provides the electrical contact between the fuel
and air electrodes when single cells are stacked in series and separates the fuel and
oxidant gases during operation. The requirements to such interconnects are high
electronic conductivity, low ionic conductivity and thermodynamical stability in
oxygen partial pressures ranging from 107 to 0.21 atm at SOFC working tempera-
ture (1000°C). Further requirements are chemical and mechanical compatibility
with the other SOFC components, and the material must be sinterable to high den-
sity to ensure gas tightness [1].

The electronic conductivity of the stoichiometric LaCrO; compound (ABO,
perovskite structure) is increased by substitution with divalent ions on either the A-
or B-sites. The most frequently used dopants are Ca or Sr on the A site (Ma) or Mg
on the B-site (Mb) [2-4]. The formula of such compounds can be written as
La,_,Ma,Cr;_,Mb,0,_;5, where y or x typically are in the range of 0 to 0.3, and Ma
and Mb are dopants with ionic radii’s compatible with the A- and B-sites respec-
tively. The substitution of a trivalent ion with a divalent is electronically compen-
sated by the formation of Cr(IV) ions at high pO,, where the oxygen deficiency (8)
has been found to be close to zero [5]. At low pO, the compound looses oxygen to
the surroundings and oxygen vacancies are formed. Charge neutrality is maintained
by reduction of Cr(IV) to Cr(Ill) [2-5]. The change in valence state of the chro-
mium ions and the change in oxygen vacancy concentration lead to a volume expan-
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sion [5-8] as well as a decrease in the electronic conductivity [9, 10]. For the case
of Ca-doping the mechanical strength has furthermore been found to decrease upon
the reduction [11].

The difference in pO, between the anode and cathode compartments during op-
eration leads to a pO, gradient over the interconnector plate, that causes a build up
of mechanical stresses inside the interconnect plate. This may lead to mechanical dam-
age not only to the interconnect plate, but also to the electrodes and the electrolyte [12].

The experimental part of the present study is concentrated on a composition
doped with strontium on the A-site and vanadium on the B-site, (Lag gSrg,)
(Crg.97Y0.0903. The oxygen stoichiometry and the linear expansion are determined
as function of pO, and temperature by thermogravimetry and dilatometry, respec-
tively. The experimental data are analysed using a simple model of the defect chem-
istry. The equilibrium constants of the defect reactions are obtained from the TG ex-
periments and the relation between the expansion and the changes in the defect
chemistry with pO, are discussed.

The behaviour of the investigated material is compared to that of materials with
other A- and B-site dopants reported in literature. The effect of different dopants
are discussed considering the defect model and a simple structure model.

Experimental

The (Lag gSrp2)(Crg97V.0903; compounds was synthesised by the glycine
method [13]. The principal cause for addition of vanadium was to improve the sin-
terability of the material [14]. After synthesis the powder was calcined at 1000°C,
pressed and sintered at 1450°C for 2 h. Phase purity analysis with XRD showed a
single phase perovskite structure.

Both dilatometry and TG analyses were performed as a function of pO, using a
CO,/N,/H, system with flow rates around 300 ml min~!. The pO, was continuously
monitored by passing the exit gases to a calibrated oxygen sensor. The isothermal
expansion measurements were performed using a Setaram DHT 2050 differential
dilatometer on 18 mmx4 mmx6 mm bars. The samples were heated to the tempera-
ture of measurement (800, 900, 1000 or 1100°C) and allowed to equilibrate in air.
After ethbnum was reached the gas composition was changed in a number of
steps going from pO, ~107 to 10 atm and back (1000°C). The changes were
monitored continuously. Equilibrium was assumed when the rate of change was less
than 10™*%/min.

Determinations of mass losses were performed by isothermal thermogravimetry
as a function of pO, at temperatures 800, 900 and 1000°C. The balance used was a
SEIKO TG/DTA320. Sintered samples of 200 mg were heated to the analysis tem-
perature in air and allowed to equilibrate before each change in pO,. The obtained
data were corrected for buoyancy effects.

Theory

The defect chemistry of acceptor doped lanthanum chromite has been treated by
Khattak and Cox [5] and Mizusaki et al. [2] for the case of Sr-doping, and by
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Table 1 Jonic radii for Mg, Cr and V in 6 fold coordination with different valences and for 12
fold coordinated La and Sr [20]

an (1 av)
Cr 0.615 0.55
\' 0.64 0.58
Mg 0.72
Sr 1.44
La 1.36

Yasuda et al. [10] and Flandermeyer et al. [4] for the cases of Ca- and Mg-doping,
respectively. At high pO, the divalent doping is electronically compensated by for-
mation of Cr(IV). At low pO, the material looses oxygen to the environment, and
to maintain charge neutrality the loss of oxygen is accompanied by reduction of
Cr(IV) to Cr(IlI). Here we consider a material doped with both Sr and V. From the
ionic size of vanadium it is expected that it enters on the B-site in the perovskite
structure (Table 1), and that it may be either tetravalent or trivalent. At high pO, the
vanadium is expected to be tetravalent. At low pO, the vanadium may, like the chro-
mium, be reduced to the trivalent state upon the introduction of oxygen vacancies. Us-
ing the Kroger-Vink notation the reactions of oxygen vacancy formation can be written:

2Crgy + 0% © 20k, + V; + 30, (@) )

W + O € 2VE +V, +30, (@) )

Where V, is an oxygen vacancy and V¢, and Vg, are tetra- and trivalent vanadium
on the chromium site, respectively (likewise for the chromium). Assuming ideal be-
haviour the defect concentrations are at equilibrium related to the pO, according to:

y, [CrE IV,

K, =pO . , 3
VT ooy

X 121y
K, = pO;/z M C))

Ve 2104

where K, and K, are the equilibrium constants of reactions (1) and (2), respectively.
The B-site and oxygen site balances require that:

[Créd + [Cre] =1~y (5)
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VL] + Vgl =y (6)
[05 =36 )

The requirement of overall charge neutrality can, under the assumption of an A/B-
site ratio of one, be expressed as:

[V + [Cre = [Sry) - 2[V,] = x — 28 (8)

If the equilibrium constants K and K are known the oxide ion vacancy concentra-
tion and all other defect concentrations may be found at a given pQ, by simultane-
ous solution of Egs (3-8).

In the pure oxides V(IV) is much more stable than Cr(IV). The electrode poten-
tials of the reactions

2Cr0, © Cr,0, + 1120, 9

2V0, & V,0, + 1120, (10)

are at 1000°C, respectively, 20 and —610 mV measured against oxygen at 1 atm.
This corresponds to oxygen partial pressures of 2 atm and 107'° atm, respectively.
It should be noted that the value for CrQ; is exirapolated from 600 K. Assuming
that the Cr(IV) and V(IV) are stabilized similarly in the perovskite lattice in
(Lag ¢Stg.2)(Crg.97V0.0903 the reduction of Cr(IV) is expected to occur at much
higher pO,, than the reduction of V(IV). In the following it is thus assumed that
[V I>>[VE], i.e. that the vanadium is tetravalent over the whole pO, range inves-
tigated. In this case the relation between oxide ion vacancy concentration and pO,
can be written:

1 - 2
K=P02/2 (1 - x + 26)
@3 - 8)(x — y - 28

(1D

§ increases with decreasing pO, and reaches a saturation value of (x—y)/2 where the
divalent dopant is fully ionically compensated [2]. This is illustrated in Fig. 1,
where also the variation of the concentration of Cr(IV) (=x~y-28) with pO, (cf.
Eq. (8)) is shown.

Results

Oxygen stoichiometry

The isothermal oxygen deficiency calculated from the thermogravimetry data
are shown in Fig. 2 as function of pO, for 800, 900 and 1000°C. The curves on
Fig. 2 represent the best fit of the experimental data with the described defect
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Fig. 1 Schematic presentation of the pO, dependence of the oxygen deficiency, 8 (=[V,])
and [Cr’] predicted by the defect model. x and y represent the divalent A-site and
tetravalent B-site dopant concentration, respectively
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Fig. 2 Oxygen deficiency, 3, as function of pO,. Values are calculated from isothermal ther-
mogravimetry measurements. The solid curves represent best fit of the defect chemis-
try model (fitted using Eq. (11))

chemistry model. Some discrepancy is observed between the fitted curves and the
experimental data. The slope in the lower part of the logpO, range is significantly
steeper for the experimental data than predicted by the defect model, indicating a
non-ideal behaviour, i.e. the formation of vacancies becomes easier with increasing
& presumably due to defect association.

An Arrhenius plot of the K-values determined from the best fit of the defect
model is shown in Fig. 3 (fitted using Eq. (11), solid lines in Fig. 2). From the slope
of the curve the enthalpy (AH°) of formation of an oxygen vacancy can be calculated:

AR | 4% (12)

an=—AG°/RT=—‘R—T‘+ R
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The values obtained in the present study are listed in Table 2 together with values
reported in literature for other similar materials. The value of the enthalpy change
is slightly lower than those observed for other similar materials. The AG® values
calculated at 1000°C are also listed in Table 2. The free energy of oxygen vacancy
formation is larger for the investigated material than for the purely Sr-doped mate-
rial studied by Mizusaki et al. [2]. This agrees with the observation from Fig. 4,
where the onset of the expansion for the vanadium containing material is seen to oc-
cur at a lower pO, than for the LSC [8].
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Fig. 3 Arrhenius plot showing logK vs. temperature. K values were obtained from the best
fit of the defect model (Fig. 2). AH° is determined from the slope of the line

Table 2 AH® values from present study and literature. AG® values calculated at 1000°C are
given for comparison

AH} AG® 1000°C/
Dopant x " 1
kJ mol kJ mol
Present study Sr/V 20/3 241 +/-20 215+/-3
Yasuda [17] Sr/Ni 20/5 289.5 170
Mizusaki [2] Sr 20 271.7 162
Flandermeyer [4] Mg 2-10 272+/-16 170

Measured linear expansion

The measured isothermal expansions given in percentage of sample length are
plotted as function of pO, at three different temperatures in Fig. 4. The onset of the
expansion occurs at increasing pO, with increasing temperature. For a pO, level of
107162 atm, which is the most reducing condition expected in a SOFC operated on
steam reformed methane (at 1000°C) the expansion is approximately 0.085%. Solid
and open symbols represent, respectively, experimental data from the present study
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Fig. 4 Isothermal linear expansion as function of pO, measured by dilatometry. Solid and
open symbols represent data from this work and from [8], respectively. The solid
lines are drawn as guides to the eye

and expansion data for Lag gSrg ,CrOs reported by Armstrong ef al. [8]. There are
significant differences in the expansion curves between the two data sets. The ex-
pansion for the samples from [8] initiates at higher pO, and the curves are less steep
than found in the present study. At 1000°C a beginning saturation at low pO, is ob-
served in both data sets. The discrepancy in expansion between the two data sets can
at least partly be connected to the presence of tetravalent vanadium that initially
lowers the concentration of Cr(IV) (c.f. Eq. (8)). It is known from the literature
that the expansion onset moves to lower pO, when the A-site dopant concentration
is decreasing [8]. The change in onset also agrees with the mentioned differences
in free energy of oxygen vacancy formation where the higher values for the vana-
dium containing material suggest a later onset.

Armstrong er al. [8] made comparisons of isothermal expansion data with
Srilomsak et al. [6] and Schiffer et al. [7] for Ca- or Sr-doped samples with vari-
ous degrees of doping. Good agreement was found in the studies of Armstrong and
Schiffer for the Sr-doped compositions, whereas the results for the Ca-doped com-
positions differed significantly. A common feature for both data sets (present work
and [8]) is an initial contraction before the expansion onset. The magnitude of the
contraction is most pronounced at low temperature. The mechanism that causes the
contraction is not understood at present.

The expansion measured with a fixed inlet gas composition was found to be vir-
tually independent of temperature. This is illustrated in Fig. 5, which shows the ex-
pansions measured at various temperatures for three different inlet gas composi-
tions. For a given pO, the expansion will decrease with temperature. However, a
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Fig. § Temperature dependence of the linear expansion for different gas mixtures. The EMF
values are measured vs. air at 1000°C

fixed H,/CO; ratio in the inlet gas defines a decreasing pO, with decreasing tem-
perature due to change in gas equilibrium. For the investigated material the two ef-
fects almost outbalance. For practical purposes this implies that a lowering of the
temperature of operation in an SOFC from 1000 to 800°C, with a fixed inlet gas
composition, does not significantly decrease the magnitude of the interconnect ex-
pansion and the associated mechanical problems.

Discussion
Cause of expansion

The observed expansion is caused by the changes in the defect structure in the
material with varying pO,. At low pO, Cr(IV) is reduced to the larger Cr(III)-ion
and oxygen ion vacancies are introduced in the lattice. The observation of an expan-
sion indicates that effectively the volume of 2Cr¢,+V, exceeds that of 2Cr,+03.
The strong correlation between & and expansion is illustrated in Fig. 6, where the
measured expansion is plotted vs. the measured 8. It should be noted that § ex-
presses not only the vacancy concentration but also the concentration of initial
Cr(1V) that has been reduced to Cr(III) at a given pO, (cf. Fig. 1). Initially (for &
up to 0.005-0.01) oxygen is lost without resulting in an expansion. For larger 3 the
sample expands with increasing 3.

It is worthwhile to speculate whether it is the oxygen ion vacancies or the in-
creased average size of the B-site ion, or the two effects in common, that causes the

J. Thermal Anal., 49, 1997



LARSEN et al.: DOPED LANTHANUM CHROMITES 1271

-
0,20
0,15
4
®
: 0,10 ~
= O,
= [ .
k=] BOOOC
—a-—900°C
,05 -1
° ~-w- 1000°C
0,00 ~
T T T T T T L
0,00 0.02 0,04 0,06 0,08

Molar oxygen deficiency, 8 (%)

Fig. 6 Relation between isothermal linear expansion, di//;, and measured molar oxygen defi-
ciency, 8. The error bars shown for one data point represents an upper bound. It is
based on the difference between a linear interpolation between data points and a fit
going through all the data points (c.f. bold curves in Fig. 4)

expansion. Khattak and Cox have determined the volume of the unit cell for the
La;_,Sr,CrO; system for x varying between O and 1 [5]. They found a linear de-
crease in unit cell volume with increased Sr content. The average size of the A-site
ion in the lattice increases upon the substitution, as Sr(Il) is larger than La(IIl),
whereas the average size of the B-site ion decreases as part of the Cr(IIl) is oxidized
to Cr(IV) (cf. Table 1). The observation of a net volume decrease indicates that the
size-change of the B-site ion is the more dominating of the two effects. Khattak and
Cox have further estimated the unit cell volume of fully reduced La,_,Sr,CrO;_,».
They found that the unit cell volume of La;_ Sr,CrO5_,, is slightly smaller than
that of LaCrOs and that it is decreasing with increasing Sr concentration. Recalling
that the valence state of Cr is the same in the two cases and that Sr is larger than
La, this strongly indicates that effectively the oxide vacancies decrease the volume.
In other words; it is the change in average B-site ion radius upon reduction that is
the major cause of the expansion. The direct effect of the oxide vacancies is smaller
and probably they add negatively to the volume.

Comparison with expansion data for other dopants

The behaviour of Ca-, Sr- and Mg-doped lanthanum chromite is compared in
Figs 7 and 8, where measured expansions are plotted against calculated oxygen de-
ficiencies. In addition to the data of the present study expansion data were obtained
from [8] for the case of Ca- and Sr-doping and from [15, 21] for the case of Mg-
doping. The & values for the literature data were calculated from the equivalent
equilibrium equations using K-values from the literature [2, 4, 10, 17}. The & val-
ues for this study were calculated using Eq. 11. Plotting the expansion as a function
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of 3 the curves measured at 800, 900 and 1000°C fall very close, indicating that the
main cause of the difference in the behaviour at different temperatures (cf. Fig. 4)
is the temperature dependence of reaction (1). When plotted against 3, the differ-
ence between the experimental data of the present work and those of [8] is also much
less than when considered as a function of pO,, illustrating that the major cause of
the difference is the difference in the value of the equilibrium constant of reac-
tion (1). Because of the lack of experimental 3 values for other materials than the one
studied here, the comparison between the different materials is based on calculated
3 values. The difference between the curves in Figs 6 and 7 reflects the inadequacy
of the simple defect model in representing the experimental TG-data.
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Fig. 7 Relation between measured isothermal expansion, di/I , and calculated molar oxygen
deficiency, 8, at three different temperatures. The data from Ref. [8] are for a 20%
Sr-doped material
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Fig. 8 Relation between measured isothermal (1000°C) expansion, di/[, and calculated mo-
lar oxygen deficiency, 8, for three different dopants
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The expansion behaviour of Ca- Sr- and Mg-doped lanthanum chromite mea-
sured at 1000°C is compared in Fig. 8 for various degrees of doping. The Ca- and
Sr-doped samples behave very similarly at high 8, i.e. they show approximately the
same expansion at a given 8. The difference observed at low and intermediate &
may in part reflect that when calculating §, non-ideality was taken into account in
the Sr-doped case [2] but not in the case of Ca-doping.

A significant difference can be seen between the A- and B-site doped composi-
tions (Ca/Sr and Mg respectively). The Mg-doped sample expands less than half of
the expansion for Sr- or Ca-doped for a given oxygen deficiency. By structural con-
siderations it can be argued that the presence of the relative large Mg ion (0.72 A)
on the Cr(III) B-site expands the oxygen octahedra, and thereby widens the crystal
structure. Therefore the material is less sensitive to the increase in ionic size during
the reduction of Cr(IV) to Cr(IlI). This is consistent with the previously discussed
observations that the unit cell volume is sensitive to the average size of the B-site
ion, and the oxygen vacancies are of less importance. Evidently from Figs 7 and 8
the vanadium does not have the same stabilizing effect as the Mg (for a given § the
two 20% Sr-doped materials exhibit similar expansions). We ascribe this to the fact
that V(IV) is smaller than Cr(III), i.e. it is too small to result in significant initial ex-
pansion of the oxygen octahedra that may decrease the sensitivity towards the change in
average B-site ion size associated with the Cr(IV)/Cr(Ill) reduction.

Comparing the behaviour of the A-site doped materials with different degrees of
doping, a tendency of decreasing expansion with decreasing dopant concentration is
observed (at high §). For the Mg-doped case the opposite is observed in accordance
with the suggestion of the stabilizing effect of the Mg-ion on the B-site.

Tests of interconnect plates made from 20% Sr-doped lanthanum chromite in ex-
perimental SOFC stacks have revealed mechanical failure of the interconnect plates
due to the dimensional instability of the material [12, 16]. More stable interconnect
materials are thus required. From the above comparison between the effects of V-
and Mg-doping it is anticipated that co-doping with B-site ions having ionic radii
larger than that of Cr(II) may decrease the isothermal expansion. In favour of this
hypothesis is a recent study [8] on the effects of adding various B-site dopants to an
A-site Ca-doped composition. The results showed a decrease in isothermal expan-
sion for several different B-site dopants, and there seem to be a good correlation be-
tween ionic size of B-site dopant and the magnitude of the isothermal expansion.

Tailoring an interconnect material for SOFC is based on a compromise where
conflicting requirements are balanced: low volume expansion on reduction, high
electronic conductivity, and linear thermal expansion match with other SOFC com-
ponents. In the preceding discussion it has been pointed out that the volume expan-
sion at low pO, primarily is caused by the reduction of Cr(IV) to Cr(III). Since the
initial concentration of Cr(IV) equals the dopant concentration, a decrease in
dopant concentration will decrease the volume expansion. However, the other re-
quirements are to a certain extent favoured by an increase in dopant concentration.
To increase the electronic conductivity acceptor doping on the A-site is preferable.
Since the charge carriers are electron holes associated with Cr(IV) the conductivity
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is directly related to the A-site dopant concentration [17]. Divalent B-site doping
(tike Mg(IT)) will also increase the Cr(IV) concentration but it will also decrease
the total Cr-concentration, and thereby lower the conductivity compared to A-site
doping. A match in thermal expansion coefficient between the interconnector and
the other stack components, primarily the electrolyte, can be achieved by adjusting
the dopant type and its concentration. An increase in TEC with increased dopant
concentration and ionic radius has been reported [6, 18, 19].

Conclusion

The experimental data for (Lag gSry)(Crg, 97V0 0903 showed some deviation
from the defect model at low pO,, and a comparison of expansion data with litera-
ture data showed that vanadium seems to have an influence on the isothermal expan-
sion due to change in defect chemistry. A correlation between oxygen deficiency
and expansion is demonstrated and it is argued that the expansion is caused by the
volume change associated with the reduction of Cr(IV) to Cr(IlI). Comparison of the
volume change reported in literature for different A- and B-site dopants suggests that
co-doping on the B-site with ions larger than Cr(III) will expand the lattice, and thereby
accommodate some of the volume change caused by the Cr(IV) to Cr(IIl) reduction.
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