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Abstract

The crystal structure, thermal expansion behavior
and electrical conductivity of Nd; SrMnOj;_;
(x=0-0-5) perovskite oxides were investigated. The
chemical compatibility of the compositions with 40
and 50mol% Sr with Gd>O3 doped CeO, (CGO)
electrolyte was also studied. An orthorhombic
GdFeOs-type symmetry (space group Pbnm, z=4)
was identified for all perovskite oxides, and the lat-
tice parameters were determined. As the level of Sr
doping increases, the pseudo-cubic lattice constant
decreases, and the thermal expansion coefficient
increases. The electrical conductivity can be descri-
bed by the small polaron hopping conductivity
model. The conductivity increases on increasing Sr
doping, while the activation energy decreases. The
compositions with 40 and 50 mol% Sr show very
good thermal expansion and chemical compatibility
with CGO electrolyte and can be considered as can-
didate intermediate temperature solid oxide fuel cell
cathode materials. © 1999 Elsevier Science Limited.
All rights reserved

Keywords: fuel cells, electrical conductivity, ther-
mal expansion, CeO».

1 Introduction

In recent decades much effort has been directed
towards solid oxide fuel cell (SOFC) development.
A SOFC is an energy conversion device that pro-
duces electricity and heat by electrochemical
combination of a fuel with an oxidant (air).! Its
major advantages are: high efficiency, potential for
cogeneration, modular construction, and very low
pollutant emissions. The incorporation of a solid
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electrolyte has the additional advantage that many
problems associated with liquid electrolytes such as
corrosion, flooding or electrode distribution may
be overcome.?

SOFCs can be designed to operate over a wide
range of temperatures: 500-1000°C. For high tem-
perature operation (850—1000°C) there is a general
agreement on the use of yttria stabilized zirconia
(YSZ) solid electrolyte. Supported YSZ may be
used down to 700°C. For lower temperatures,
however, the use of YSZ is not appropriate, as its
oxide ion conductivity is substantially reduced.?
Doped CeO, electrolytes are considered more pro-
mising for operation at the intermediate tempera-
ture region of 500-700°C.3>* The ionic conductivity
of Cep.90Gdy.101.95 (CGO) is about one order of
magnitude higher than that of YSZ.> Despite its
good conductivity, doped CeO, cannot be used at
high temperatures, as its ionic transference number
decreases drastically under the reducing atmo-
sphere of the anode. A major advantage in using
ceria-based electrolytes in the intermediate region
is their excellent thermal expansion compatibility
with ferritic stainless steel interconnect.?

An issue of high importance in SOFC technol-
ogy, is the selection of appropriate ceramic elec-
trocatalysts for the cathode electrode. The cathode
must meet certain requirements, such as high elec-
tronic and oxide ion conductivity, high catalytic
activity for oxygen reduction, chemical as well as
thermal expansion compatibility with the electro-
lyte, no destructive phase transition within the
operating temperature range, and controllable sin-
tering behavior.® The most promising materials are
the mixed conducting perovskite oxides of the
structure ABOs, where A and B are rare earth and
transition metals respectively. Lag.g4Sry.16MnO5 is
a well characterized cathode for the high tempera-
ture SOFC.® For operation at 700°C, Sr-doped
lanthanum manganite on YSZ electrolyte’ and
Lag.6Sro.4Cop..Fey.s05.5 on CGO electrolyte®? have
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been successfully tested. However, alternative per-
ovskite compositions incorporating other rare
earth metals than La at the A-site, or other transi-
tion metals at the B-site have also been examined
with the aim to improve the cathode perfor-
mance.'%1? It has been reported'® that Pryg
Sr0.4Mn03 and Nd0.63r0.4MnO3 have hlgher
electrical conductivity and maintain lower over-
potential values than Lag.¢Srp.4MnOs;. Moreover,
there is evidence that rare earth perovskites
incorporating a smaller lanthanide cation than
La*" exhibit better chemical compatibility with the
electrolyte.!:14

In this study, the crystal structure, thermal
expansion behavior and electrical conductivity of
Nd;_,Sr MnOj . 5 (x=0-0-5) were investigated. The
effect of Sr content on the properties of this series
of oxides is discussed. The chemical compatibility
of selected compositions with CGO electrolyte was
also examined, with the aim of their potential
application in SOFCs operating at intermediate
temperatures.

2 Experimental

Ceramic powders of the composition Nd;_,
Sr,.MnOs. s (x=0-0-5) were prepared by the citrate
synthesis and pyrolysis method.!>'® Nd,O; was
dissolved in nitric acid, while Sr(NO;3), and
(CH5;COO),Mn-4H,0O were dissolved in water, all
in the correct molar proportions. The exact
amount of each metal in the respecting reagent had
been determined by Atomic Absorption Spectro-
scopy (AAS), prior to the preparation of the solu-
tions. The solutions were mixed together and an
aqueous solution of citric acid, whose amount was
that necessary to bind all the metals, was added.
The final solution was heated over a burner flame
until a viscous mass was obtained, followed by a
large swelling. Combustion was then initiated, and
subsequently pyrolysis took place. Finally, a fine
homogeneous powder was obtained. The powder
was calcined in air at 1100°C for 15h, and then wet
milled with acetone in a satellite-type milling
apparatus using zirconia balls. After drying, the
powders were compacted in the shape of cylindrical
rods of approximate dimensions 50 mm length and
6mm diameter, by cold isostatic pressing at
250 MPa. The compacts were then sintered in air at
1300°C for 15h, and cooled to room temperature
with a slow rate (1°C/min), to allow the equili-
brium oxygen content to be established. The bulk
densities of the sintered samples were measured by
the Archimedes’ method using distilled water as the
liquid medium. In all cases densities above 94% of
the theoretical values were obtained.

The structural study and the determination of
the lattice parameters of the oxides were performed
at room temperature by X-ray powder diffraction
(XRD) on a Siemens diffractometer using Cuk,
radiation. The diffractometer was operated at
40kV and 30mA. The XRD data were collected by
step scanning in the range 10 <26 <80 in incre-
ments of 0-02° 20. The lattice parameters were
determined using a least squares unit cell refine-
ment computer program (LSUCR).

The thermal expansion of the samples was mea-
sured in air using a dilatometer. The measurements
were performed upon cooling in the temperature
range from 800 to 100°C at a cooling rate of 5°C/
min. The electrical conductivity was measured in
air by the standard four point DC method upon
heating in the temperature range 100-800°C at a
heating rate of 5°C/min.

The samples for the chemical compatibility tests
were prepared by mixing equimolar amounts of the
perovskite and CGO electrolyte powders in an
agate mortar using acetone. The mixtures were
then dried, and pressed (250 MPa) in the shape of
cylindrical pellets of 25mm diameter. The pellets
were subsequently sintered at 1300°C for 120h.
The temperature of 1300°C was selected for the
chemical compatibility tests, because, although the
operating temperature of the cell is substantially
less, the fabrication of ceramic cathode/electrolyte/
anode structures usually requires processing up to
at least 1200°C.# The sintered pellets were milled,
and then examined by XRD. The conditions of
the measurements were the same as described
above, but the angular range was this time limited
to 20-35° 26, as the principal peaks of the possible
reaction products, were expected to appear in this
region.

3 Results and Discussion

3.1 Crystal structure
The X-ray powder diffraction patterns of the oxi-
des in the system Nd;_.Sr.MnOj3. s (x=0-0-5) are
shown in Fig. 1. In all cases single phase materials
were obtained. The patterns were indexed on the
basis of a distorted perovskite structure with
orthorhombic GdFeOs-type'” symmetry (space
group Pbnm). Each unit cell consists of four
units, and has the approximate dimensions
V2a, x \2a, x 2a,, where a, is the lattice para-
meter of the ideal cubic unit cell. The calculated
lattice parameters and the volume of the unit cell
are shown in Table 1.

As can be seen in Fig. 1, the splitting of the
X-ray peaks in the case of the undoped neodymium
manganite is large, indicating a severe distortion
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Fig. 1. X-ray powder diffraction patterns of Nd;_,Sr.MnO3 ;.

Table 1. Phase symmetry, lattice parameters, unit cell volume, orthorhombic deformation D(%), and type of orthorhombic struc-
ture of the system Nd;_.Sr,MnO; s

X (mol) Phase symmetry a(d) b(d) c(4) Volume c/\c/i a, b, ¢/v2 Orthorhombic Type of
(A°) (A) relation deformation orthorhombic

D(%) structure

0 Orthorhombic 54067 56904 7-5378 2319 53300 c¢/v2<a<b 2-60 O'-type

0-15 Orthorhombic 54346 5.5085 7-6588 2293 54156 c¢/V2<a<b 0-68 O'-type

0-3 Orthorhombic 5.4396 5.4589 7.7171 2292 54568 a<c/\V2xb 0-15 O-type

0-4 Orthorhombic 54195 54680 7-6664 2272 54210 axc/V2<b 0-39 O-type

0-5 Orthorhombic 5-4275 54590 7-6260 2260 53924 c¢/vV2<a<b 0-42 O'-type

from the ideal cubic perovskite. This is caused by
the relatively small size of Nd3* cation, which is
located at the center of the cubic cell. As a result,
the MnOg octahedra are tilted and rotated to fill
the extra space around the Nd3** cation, causing
the distortion. Goldschmidt!® introduced a ‘toler-
ance factor’, ¢, as a measure of the deviation of
ABOj structure from ideality:

- rA+ro
= \/z(rg-i-l’o) (1)

As t deviates from unity, the unit cell becomes
more distorted. Considering Shannon’s!” ionic
radii (Table 2) the tolerance factor for NdMnO;

can be calculated as t=0-92, assuming that Mn is

Table 2. Ionic radii of several ions, and their coordination
number (CN) in the perovskite lattice!'®

in the trivalent state. Actually, this is an approx-
imation, since it is known that a small fraction of
Mn ions exists in the tetravalent state at
p0,=0-21, due to the appearance of oxygen excess
and cation vacancies,?*23 according to the defect
reaction:

3 J1! I . %
6Mnyy, + 502<:> Vnd T Vivin + 6Mnwm, + 3045
(2)

where Kroger—Vink notation®* is used. The value
of ¢t can be increased (resulting in a decrease of
distortion) by increasing the size of the A-site
cation, and/or by decreasing the size of the B-site
cation. When Sr?” is introduced at Nd3* lattice
positions, electronic charge compensation is main-
tained by the oxidation of Mn®** to Mn*" cations:

Cation

Tonic radius (A)

Nd3* (CN=12)
Sr2* (CN=12)

Mn** (CN=6)

Mn** (CN=6)

0% (CN=6)

1.27
1-44
0-645
0-530
1-40

SrMnO3 NdTnO3> SrNd + Mn.Mn + 308

3)

The larger size of Sr? " cations compared to that of
Nd3", and in addition the smaller Mn*" cations
compared to Mn3*, cause ¢ to increase and the
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unit cell to come closer to ideality. This is sup-
ported by the results of Fig. 1, where the char-
acteristic splitting of the X-ray peaks, gradually
vanishes on Sr-doping. The composition with
30mol% Sr appears to be the most symmetric,
while when x increases further, the peaks split
again (this is more noticeable for x=0-5). It seems
that the presence of the significantly larger Sr?*
cation compared to Nd**, at the A-site, enhances
the distortion of the heavily doped neodymium
manganites.

The relation among the lattice parameters, a, b,
¢/v/2, can provide a measure of the distortion of
the unit cell. This relation is included in Table 1.
Generally, two types of orthorhombic structures
are distinguished. The O-type structure, which is
characterized by the relationship a<c/v2<b,
exists when the lattice deformation is relatively
small, while the O’-type structure, with ¢/v/2
<a<b, exists in the case of enhanced lattice
deformation. As can be noticed, the structure of
Nd,_Sr,MnO; . is O'-type for x=0, 0.15, 0.5,
and O-type for x=0-3, 0-4. These results agree with
those derived from the visual observation of the
XRD patterns.

In order to quantitatively express the macro-
scopic distortion relative to the ideal perovskite
structure, the quantity D (% orthorhombic defor-
mation) is defined as:?’

1 3

Cl,'—c_l

% 100 (4)

a

where a; =a, a»=b, a3=c¢/V/2, and a= (abc//2)'.
The values of D, calculated for each compound,
are listed in Table 1. The evolution of the lattice
parameters, as well as of D for comparison, are
illustrated in Fig. 2 as x increases from x=0 to 0-5.
It can be seen that D is large in the case of the
undoped compound, caused primarily by the high

5.7 T3

a, b, ¢/\Z (1)

0 0.1 0.2 03 0.4 0.5

Sr content (x, mol)

Fig. 2. Room temperature lattice parameters (a, b, ¢/v/2) and
orthorhombic deformation (D, %) of Nd, .Sr,MnO;.;s as a
function of Sr content (x, mol).

value of the parameter b. The increase of the Sr
dopant concentration results in the decrease of D,
which reaches its smallest value at x=0-3, when the
lattice parameters have very close values. Further
increase of x causes D to increase again, due to the
increase of the deviation among the lattice para-
meters.

To illustrate the effect of Sr doping on the size of
the unit cell, the pseudo-cubic lattice constant (')
is defined as the cube root of the unit cell volume
per ABO; unit:

d =" (5)

where z=4 for the oxides of this study. The values
of @ are drawn in Fig. 3 as a function of Sr con-
tent. As can be seen, ' decreases as x increases.
The change in the size of & depends on factors
such us the difference of ionic radius of the dopant
cation (Sr?>™) in relation to the host cation (Nd3 ™),
as well as the ionic radii difference between the two
oxidation states of the transition metal. In the case
of Nd;_,Sry,MnO; 4, @ tends to increase due to the
substitution of the larger Sr>* cation for Nd3*.
However, as Sr content increases, more Mn3™"
cations are oxidized to form Mn*", according to
eqn (3). So, & tends to decrease, due to the smaller
size of Mn** cations. Considering the radii of the
ions involved (Table 2), it can be seen that the
relative decrease of & due to Mn oxidation is
greater than its relative increase due to Sr>* sub-
stitution. Therefore, a net decrease in the size of
a' is expected to take place on Sr doping in neo-
dymium manganite. This behavior has been
previously reported for other rare earth manga-
nites, t00.2°2% In the case of cobaltites,”® however,
where a small difference between the ionic radii of
the two oxidation states of Co exists, the increase
due to the incorporation of the larger Sr’>* cation
at the A-site prevails, causing the net increase of
d' as x increases. Another factor which is believed
to contribute to the observed o decrease on

3.88 T
3.87

3.86 +

o’ (&)

385 4

3.84 4

0 0.1 0.2 0.3 0.4 0.5

Sr content (x, mol)

Fig. 3. Pseudo-cubic lattice constant (') as a function of Sr
content (x, mol).
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increasing x, in the oxides of this study, can be
derived considering Pauling’s second rule, con-
cerning bond strength.3® According to this rule, the
formation of the tetravalent Mn ions is expected to
strengthen the Mn—O bonds in MnQOg octahedra.
As a result, the size of MnOg octahedra and the
volume of the perovskite unit cell decrease.

3.2 Thermal expansion

The linear thermal expansion curves of Nd_,
Sr,MnOj3.s, (x=0-0-5) are shown in Fig. 4. For
x=0, the thermal expansion curve exhibits a break
in the temperature range 600-750°C. A similar
break was observed for PrMnQ5,%” but in that case
it was located at a lower temperature range (350—
550°C). The appearance of a break in the thermal
expansion curve of these oxides is attributed to a
structure transition, and it is in agreement with the
results of the electrical conductivity measurements,
discussed in the next section.

As can be seen in Fig. 4, the thermal expansion
curves of the Sr-doped compositions are linear, but
they become steeper at high temperatures. The
change of slope, which occurs at approximately
550-600°C, can be explained considering the
temperature dependence of the defect structure of
Nd;_Sr MnO;.;. At room temperature, in air
(pO,=0-21), the undoped compounds, as well as
those with low Sr content, show oxygen excess as a
result of vacancies located at cation sites. These
vacancies are considered to be randomly dis-
tributed at Nd and Mn sites in equal amounts.?!->3
With increasing temperature, the excess oxygen
concentration (8) in Nd;_.Sr,.MnOs s is reduced,
and the equilibrium:

S . S
Nd;_,Sr, <§ VNd) Mn_,_sMn, s <§ VMn> O35
, . )
<:>Nd1,xSI'an1,xMleO3 + E O,
(6)

10

9 gggg

8 5‘9 AAAA

X

o 7 g8 anex*
> g9° A4%*
X 6 LAY %
£ g%, a kX
g B a&X
g S S T
S Y 8 %X
= 4 g8 %a%* o
3 %Qf" o ©
< 3 X o © o

2 o o °

1

0

Temperature (°C)

Fig. 4. Linear thermal expansion curves for Nd,_.Sr,MnOs3 . ;
in air.

shifts to the right. As a result, Mn*"* cations are
reduced to form Mn**. For constant temperature,
an increase in the Sr content causes the decrease of
oxygen excess.?! So, when x is about 0-4 the oxides
are nearly stoichiometric, and can become oxygen
deficient at higher x values, even at low tempera-
tures.?! With increasing temperature at this high x
compositional range, the oxygen deficiency is
enhanced, and the equilibrium:

Nd,;_,Sr Mn; M ,O3<=
(7)

/ . 5
Ndj St Mnj ;. 2sMiic 25035 (8V;) + 50

shifts to the right. The result again is the reduction
of Mn*" to Mn3". Thus, it can be seen that irre-
spective of the level of Sr doping, the reduction
Mn** —Mn?*" takes place when the temperature is
increased. This is also confirmed by the results of
Teraoka et al.,>> who reported that in Laj_,
Sr,.MnOs. s, oxygen desorption takes place con-
currently with Mn**—Mn?" reduction, and the
onset temperature for this desorption is 500°C.
Furthermore, the temperature of thermal reduction
Mn*" —=Mn?** of MnO, oxide is known to be
535°C.33 These temperatures are in good agree-
ment with the temperature (550-600°C) where the
change of slope in the thermal expansion curves of
the oxides of this study takes place. Considering
the 1onic radii of the two oxidation states of Mn, a
lattice expansion is expected to occur, when the
concentration of Mn3* ions is increased. In addi-
tion, the reduction of the manganese cations causes
a decrease in the Mn—O bond strength according to
Pauling’s second rule,’® and hence the size of
MnOg octahedra increases, thus enhancing the lat-
tice expansion.

The linear thermal expansion coefficients (TEC)
were calculated from the slopes of the thermal
expansion curves of Fig. 4 by linear regression, and
they are drawn in Fig. 5 as a function of Sr content

Linear TEC [em(em°C)'x10°]

|
T

0 0.1 0.2 0.3 0.4 0.5

Sr content (x, mol)

Fig. 5. Linear thermal expansion coefficient (TEC) of Nd,_,
Sr.MnOs; 5 at 500 and 700°C as a function of Sr content (x,
mol) in air.
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at 500 and 700°C (the operating temperatures of
the intermediate temperature SOFC). It can be
seen that the TEC values at 700°C are greater than
those at 500°C, as a result of the change in the
slope of the thermal expansion curves at around
550-600°C. At 500°C, the compositions with 40
and 50mol% Sr, which have TEC values of
12x 10~%cm (cm°C)~!and 12:3 x 10~°cm (cm°C)~!,
respectively, exhibit excellent thermal expansion
compatibility with doped-CeO, electrolyte [TEC
=12-5x 10~°cm (cm°C)~']. At 700°C, both 40 and
50mol% Sr-containing compositions have a TEC
equal to 13-9 x 10~%cm (cm°C)~!, which is about
11% greater than that of doped-CeQO, electrolyte.
The magnitude of this thermal expansion mis-
match, however, is acceptable and would not
constitute a problem for the successful operation
of the cell.

As can be seen in Fig. 5, for both 500 and 700°C,
TEC increases with increasing Sr content. The
same trend has also been observed in the case of
other rare earth manganites.?*2® According to the
theory of thermal expansion developed by
Ruffa,3*3> the TEC is inversely proportional to the
nearest neighbor distance r, which can be
approximated to the metal-oxide ion bond length.
Since in the ABO; perovskite lattice, the A—O dis-
tance is increased and the B-O distance is
decreased when Sr is substituted for Nd at the A-
site, it is more convenient to approximate r, to half
the pseudo-cubic lattice constant (¢’ /2). Therefore,
the observed increase of the TEC can be explained
considering the decrease of & with increasing Sr
content (Fig. 3). For Pr;_.Sr,Co0;;%° the TEC
was found to decrease on increasing x. However, in
that case ¢ increases on increasing x, and so the
same relation between ¢’ and TEC applies for rare
earth cobaltites, too.

3.3 Electrical conductivity

The logarithm of electrical conductivity (logo) of
Nd,..Sr,MnO;3.5 for 0<x<0-5, is shown in
Fig. 6 as a function of reciprocal temperature. The
conductivity increases with increasing temperature
for all compositions. The curve for the undoped
compound, however, shows a break, during which
an abrupt increase of conductivity is noticed. The
temperature range at which the break occurs in the
electrical conductivity curve (550-750°C), coincides
fairly well with that observed in the thermal
expansion curve. Similar breaks have been repor-
ted for the electrical conductivity curves of other
rare earth manganites,?’*® and have been attrib-
uted to a structure transition. The transition
extends over a rather wide temperature range and
it is not so sharp as in the case of a first-order
phase transition. The results of a high temperature

T (°C)

3 800 600 500 400 300 200 100

logo (S/cm)
/

—*—x=0.15
—2—x=0.3
——x=0.4

—0—x=0.5

09 1.1 13 15 17 19 21 23 25 27
1000/T (K™

Fig. 6. Logo versus reciprocal temperature (1000/T) for Nd,_,
Sr.MnOs 5 in air.

XRD study reported by Kamegashira et al.,’’

show that an orthorhombic-to-rhombohedral crys-
tallographic transition occurs.

For all compositions, a semiconducting electrical
behavior is observed (i.e. the conductivity increases
with increasing temperature). In Fig. 7 it can be
seen that there is a linear relationship between
logoT and 1/T, indicating that the conduction may
be explained by the small polaron hopping
mechanism. Indeed, the Mn** cations formed by
Sr substitution [eqn (3)], as well as by the appear-
ance of oxygen excess [eqn (2)], can be considered
as p-type small polarons (holes). The difference in
ionic radii between Mn** and Mn?" cations
(Table 2) produces a local distortion that can trap
the charge at Mn*" lattice positions.?® Localiza-
tion can occur when the bands are rather narrow,
as it is believed is the case for the oxides of this
study. Provided that sufficient energy is acquired,
the polaron can hop among Mn sites, resulting in
the observed semiconducting-type electrical con-
ductivity behavior. Considering the classification
scheme proposed by Day and Robin,*** Nd,_,
Sr.MnOs. s (x=0-0-5) oxides can be classified to

T (°O)
p 800 600 500 400 300 200 100
5_:\
4
2
= L
31 ox=0
g L
r X x=0.15
F|ax=0.3
24
Flox=0.4
F|ox=0.5
4
0.9 1.1 1.3 1.5 1.7 1.9 2.1 23 2.5 2.7
1000/T (K™)

Fig. 7. Logo T versus 1000/T plots for Nd;_,Sr,MnQOs. 5 in air.
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class II mixed valency compounds. Class II com-
pounds contain different environments for the two
oxidation states, but there is enough interaction
between them, so that polaron transfer, involving a
small activation energy, is possible.

The temperature dependence of electrical con-
ductivity through the small polaron hopping
mechanism is expressed by:

0 = Zexp(~Ed/KT) (8)

The slope of the logoT versus 1/T line gives the
activation energy, E,. The values of E, calculated
from the plots of Fig. 7 by linear regression, are
given in Fig. 8. As can be seen, the activation
energies range from 0-27eV for the undoped com-
position, to 0-07¢V for the composition with
50mol% Sr. These low E, values are in agreement
with the suggestion of a small polaron hopping
conduction mechanism for the oxides in the system
Ndi_ Sr,MnOs.s. In Fig. 8 it can be noticed that
E, decreases as the level of Sr doping increases.
The larger size of Sr>™ cation compared to Nd3+
(Table 2) brings the Mn—O-Mn angle closer to
180°. As a result, the orbital overlap between
adjacent ions is increased. This overlap directly
controls the interaction integral B, which is pro-
portional to the width of the Mn—O bands.*! The
increase of the bandwidth results in the observed
decrease of the activation energy.

As can be seen in Fig. 6, the conductivity
increases with increasing Sr content for all tem-
peratures within the examined temperature
region. The substitution of Sr>* for Nd** causes
the oxidation of Mn3* cations to Mn** for
charge compensation reasons [eqn (3)]. As the Sr
content increases, the concentration of Mn*"
charge carriers also increases, and higher electrical
conductivity values can be achieved.

E, (eV)

0.05 +———r o " f
0 0.1 02 03 0.4 0.5

Sr content (x, mol)

Fig. 8. Activation energy (E,) for small polaron hopping con-
duction in the system Nd; ,Sr.MnO;.; as a function of Sr
content (x, mol).

3.4 Chemical compatibility with Cey.0Gdy.{O1.95
electrolyte

The XRD patterns of the sintered (at 1300°C for
120 h) Nd;_.,Sr,MnO; . ;/CGO mixtures are shown
in Fig. 9 for x=0-4 and 0-5. These perovskite
compositions were selected for the chemical com-
patibility tests, since they showed the best thermal
expansion compatibility with CGO electrolyte. In
both patterns, in the examined angular range of
20-35° 20, the peaks of the perovskite as well as of
CGO can be observed, while no reaction products
can be detected.

Chemical compatibility tests for La;. Sr,
MnO; . 5/YSZ mixtures, reported in the litera-
ture,*>*3 show that for 40 and 50mol% Sr, the
main reaction product is SrZrOs. Also, the forma-
tion of La,Zr,0O; as a minor product is reported
for x=0-4.4> Considering these results, it could be
expected that the main possible reaction product
between Nd;_.Sr.MnO;.s (x=0-4, 0-5) and CGO
would be SrCeO;, and possibly a small amount of
Nd,Ce,0O;. However, the different radius ratios
involved means that Nd,Ce,O, cannot be formed
as a stable phase.* Moreover, although the forma-
tion of SrCeQs is possible, its stability is lower than
that of SrZrOs;, because according to Yokokawa
et al** it has a smaller tolerance factor (z).
Accordingly, SrCeO; can be considered as the
main suspect reaction product for the compounds
of this study, although its formation is expected to
be suppressed compared to SrZrOs;. It is known
that the principal XRD peak of SrCeOs is located
at 29-4° 20. However, no peak is observed at this
angular position, as Fig. 9 reveals. Thus, since no
reaction products could be detected, it can be con-
cluded that there is an excellent chemical compat-
ibility between Sr-doped neodymium manganite
and CGO solid electrolyte.

800

o Nd,_,Sr,MnO;.;
o Cep9Gdy, 095

700

Intensity (Cps)
W B wn D
(=3 (=3 =3 (=3
(=1 (=] (=] (=]

&)

=3

S
T

=3
S
T

0 T T T T T T T T T T T T T |
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
20 (deg.)

Fig. 9. XRD patterns of Ndl_xSI'xMIlO:;ig/CCo.ngo,]O].QS
powder mixtures after sintering at 1300°C for 120 h. No reac-
tion products were detected.
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4 Conclusions

The oxides in the system Nd;_,Sr,MnO;.s (x=0-
0-5) have an orthorhombic GdFeOs-type (space
group Pbnm) perovskite structure. The undoped
compound is severely distorted, but the increase of
the level of Sr doping causes the tolerance factor to
increase, which brings the unit cell closer to ide-
ality. The composition with 30 mol% Sr is the most
symmetric, while for higher x values the distortion
seems to be enhanced. The pseudo-cubic lattice
constant (a’) decreases on increasing Sr doping,
due to the oxidation of Mn3* cations to the smal-
ler Mn*" cations. The thermal expansion curves
are linear but they become steeper at high tem-
peratures. The change of slope occurs at around
550-600°C, and it was attributed to a lattice
expansion caused by the reduction Mn** —Mn3 ",
which takes place as the oxygen content decreases.
The linear thermal expansion coefficient (TEC)
increases on increasing Sr doping. This behavior
was associated with the concurrent decrease of .
The electrical conductivity of all compounds is
semiconducting-type and can be described by the
small polaron hopping conductivity model. The
conductivity increases as the level of Sr content
increases, due to the enhancement of Mn** charge
carrier formation. The low activation energy (FE,)
values are in agreement with the small polaron
hopping mechanism. As x increases, E, decreases,
because the smaller Mn* " cations formed, bring the
Mn-O-Mn angle closer to 180°, thus increasing the
bandwidth. The chemical compatibility of Nd;_,Sr,
MI’IO3¢5 (X:0'4, 05) with Ceo.ng0.101.95 (CGO)
electrolyte is excellent, since no reaction products
were detected after 120 h of sintering of equimolar
powder mixtures of these compounds at 1300°C. In
addition, the TEC values of the perovskite compo-
sitions with 40 and 50mol% Sr are compatible
with that of CGO electrolyte, and therefore these
compositions could be considered as candidate
intermediate temperature SOFC cathode materials.
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