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a  b  s  t  r  a  c  t

The  layered  cobaltites  LnBa0.5Sr0.5Co2O5+ı (Ln  =  Pr, Nd)  have  been  prepared  by  solid  state  reaction
technique  and  structure–property  relationships  were  investigated  by means  of  neutron  diffraction,  ac
impedance  and dc  conductivity  measurements.  Room  temperature  neutron  diffraction  shows  the  ordered
distribution  of oxygen  vacancies  in  [PrO�]  planes  which  doubles  the  lattice  parameters  from  the  per-
ovskite  cell  parameter  as a =  b ≈ 2ap, and  c ≈ 2ap (ap is  the  cell  parameter  of  the  simple  perovskite)  yielding
tetragonal  symmetry  in  the  P4/mmm  space  group.  On  heating,  the oxygen  vacancy  ordering  disappears
and  the  structure  can  be  defined  as  a  = b ≈  ap and  c ≈  2ap in  the same  space  group.  Oxygen  occupancies
have  been  determined  as a function  of temperature  from  neutron  diffraction.  It was  found  that  from
tructural phase transition
lectrical conductivity
rea specific resistance

573 K  to 973  K  the total  oxygen  loss is about  0.265  O/formula  unit  and  0.366  O/formula  unit  for  Pr and
Nd  containing  materials,  respectively.  The  oxygen  occupancy  decreases  and  cell volume  increases  with
increasing  temperature.  Electrical  conductivity  measurements  in air  show  that  conductivity  decreases
with  temperature,  and  at  873  K the  conductivity  is  493  S cm−1 and  255  S cm−1 for  Pr  and  Nd  containing
samples,  respectively.  AC  impedance  measurements  in  symmetrical  cell  arrangement  with  CGO  elec-
trolyte  shows  that  area  specific  resistance  decreases  with  increasing  temperature.  At  873  K the ASR is

m2 fo
0.286 �  cm2 and  1.15 � c

. Introduction

Cobalt containing perovskite oxides have superior oxygen diffu-
ion kinetics and show unique electronic and magnetic properties
s a consequence of the ability of Co to adopt 2+, 3+ and 4+ oxida-
ion states [1–3]. In addition to the spin, charge and orbital degrees
f freedom found in the manganite perovskites, the cobaltites
re expected to exhibit a degree of freedom in the electronic
onfiguration of the cobalt ion. Layered cobaltites with general
ormula LnBaCo2O5+ı (Ln = lanthanides, 0 < ı < 1) have been the sub-
ect of several studies during the last years due to their giant

agnetoresistance properties (the highest found in cobalt oxides),
he spin-state transitions, the interplay of the spin-state with
he charge, orbital and metal–insulator transitions [4–9]. More
ecently, these materials have found to be good to use as cath-

de materials for solid oxide fuel cells [10–12].  The oxygen content
nd mobility plays a major role in determining electronic, mag-
etic and transport properties. The oxygen content also controls
he mean valence of Co ions, the coordination of Co (pyramidal or
ctahedral) and has a strong influence on the spin state of Co. So

∗ Corresponding author. Tel.: +44 1334 463844; fax: +44 1334 463808.
E-mail address: aka7@st-andrews.ac.uk (A.K. Azad).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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r Pr and  Nd containing  samples,  respectively.
© 2011 Elsevier B.V. All rights reserved.

far, most of the investigations have concentrated on two particu-
lar compositions, namely ı = 0.0 and 0.5, for which an ordering of
oxygen vacancies possibly exists. In LnBaCo2O5 (ı = 0) the pyrami-
dal positions are occupied by the same amount of Co2+ and Co3+

ions. In contrast, in LnBaCo2O5.5 (ı = 0.5) only Co3+ ions are present
which coexists in ideally alternating octahedral CoO6 and pyrami-
dal CoO5 environments. For low ı, there is great tendency to form
charge ordered structures which has been reported for YBaCo2O5
[4] and TbBaCo2O5 [5].  Neutron diffraction measurements show
that LnBaCo2O5 (ı = 0) compounds are antiferromagnetic (AFM)
with TN ∼ 340 K (Ln = Tb, Dy, Ho) [13], ∼350 K (for Y) [14], ∼380 K
(Ln = Nd) [15]. Metal–insulator and spin-state transitions as well as
successive magnetic transitions due to competing ferromagnetic
(FM)–antiferromagnetic (AFM) interactions are present in com-
pounds with ı = 0.5 for a wide variety of rare earths [1,6,9,16]. The
metal–insulator transition mainly takes place in the temperature
range RT to 373 K (depending on Ln), which seems to be related to a
spin-state transition of the Co3+ ions [1,6,7,9,16–19].  Depending on
the oxygen content, ı, several kinds of superstructures have been
reported in the literature along with the various possible models

of oxygen ordering [1–3,20,21].  Due to the wide range of oxygen
non-stoichiometry and a strong tendency of the oxygen ions and
vacancies to order, the extra oxygen which is known to fill [LnO�]
layers, can create complex crystal structures with mixed octahedral
and pyramidal cobalt environments.

dx.doi.org/10.1016/j.jpowsour.2011.02.063
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:aka7@st-andrews.ac.uk
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Fig. 1. (a–c) Observed (circles) and calculated (continuous line) NPD intensity pro-
files for PrBa0.50Sr0.5Co2O5+ı at RT (a), at 373 K (b) and at 573 K (c) in the P4/mmm
space group. At RT and 373 K the cell parameters are related as 2ap × 2ap × 2ap and at
334 A.K. Azad et al. / Journal of Po

Recently, several research groups have reported excellent
roperties of LnBaCo2O5+ı as cathode materials for intermedi-
te temperature solid oxide fuel cells (IT-SOFCs) [22–25].  Chang
t al. [11] have investigated the electrochemical properties of
dBaCo2O5+ı for IT-SOFC applications and reported an ASR value
f 0.534 � cm2 at 923 K. Kim et al. [12] has reported the oxygen ion
iffusivity and surface exchange coefficient of PrBaCo2O5+ı to be
0−5 cm2 s−1 and 10−3 cm s−1 respectively, at 623 K.

The main objective of this work is to investigate high
emperature structural characteristics and to investigate the
tructure–property relationships in LnBa0.5Sr0.5Co2O5+ı (Ln = Pr,
d) perovskite cobaltites. From structural data, we have explored

he oxygen content and mean valence states of Co at different tem-
eratures (from RT to 973 K). Oxygen vacancy ordering, electrical
onductivity and area specific resistance were measured to relate
he structural data with physical properties.

. Experimental

Polycrystalline samples of PrBa0.5Sr0.5Co2O5+ı (PBSCO) and
dBa0.5Sr0.5Co2O5+ı (NBSCO) were prepared by standard solid state

eaction. The sample preparation procedure has been described
n details elsewhere [25]. Phase purity, identity and homogene-
ty were confirmed by X-ray powder diffraction (XRPD) using
TOE Stadi P transmission diffractometer (CuK�1, � = 0.15406 nm).
igh resolution and high intensity time-of-flight neutron powder
iffraction (NPD) data were collected as a function of tempera-
ure using the GEM diffractometer at the ISIS spallation source at
utherford Appleton Laboratory, UK. Temperature-dependent neu-
ron diffraction data were collected at 373, 473, 573, 673, 773, 873
nd 973 K. The diffraction data sets were analysed using the GSAS
ackage [26].

Polarization behaviour was investigated by measuring the ac
mpedance response in symmetrical cell geometry. Inks of single-
hase cathodes were made by mixing the powders with the
ppropriate solvent and binder system. The electrodes were then
pplied on both sides of dense Ce0.9Gd0.1O2-d (GDC91) pellets of
.5–2.0 mm thick electrolytes using screen printing to form sym-
etrical half-cells. These were sintered for 1 h at 1273 K to form

 porous electrode structure well bounded to the electrolyte. The
nal electrode area of the symmetrical cell was about 1.09 cm2. The
rea specific resistances (ASRs) were measured via a.c. impedance
sing a Schlumberger Solartron 1260 frequency response analyzer
oupled with a 1287 electrochemical interface controlled by Z
lot electrochemical impedance software in the frequency range
.01 Hz to 1 MHz  with an amplitude of 50 mV.  The samples were
easured in stagnant air from between 573 and 1173 K with 50 K

teps. The cathode polarization resistance (Rp) was determined
rom the difference between low and high frequency intercepts
n the real axis of the impedance curves, divided by 2. DC elec-
rical conductivity was measured via a four terminal method using

 Keithley 220 current source and a Schlumberger Solartron digital
ultimeter.

. Results and discussion

.1. Structural studies

Rietveld refinement of room temperature (RT) XRPD and NPD
ata shows that the structural symmetry of PBSCO and NBSCO

re tetragonal in the space group P4/mmm (No.123). Fig. 1a shows
he Rietveld refinement profile of the room temperature NPD data
or PBSCO. The refinement of the structural parameters shows the
rdering of oxygen vacancies. Different models and oxygen order-
ngs were considered to explore possible order arrangements of
573  K, the cell parameters are related as ap × ap × 2ap. The short vertical lines indi-
cate the angular position of the allowed Bragg reflections. At the bottom in each
figure the difference plot, Iobs − Icalc , is shown.

the oxygen vacancies. The superstructure peaks are attributed to
a particular order of oxygen vacancies in the structure and can be
indexed by doubling both a and b lattice parameters. In case of
PBSCO, the most intense superstructure peak at room temperature
can be indexed as (1 1 1). The selected model corresponds to the
P4/mmm space group in the setting 2ap × 2ap × 2ap (ap is the cell
parameter of simple cubic perovskite in the Pm3m space group)
and with the perfect order in a 2ap × 2ap supercell in the [Pr/Nd–Oı]
planes, with vacancies located in the 1b (0 0 ½), 1d (½ ½ ½) and 2f

(0 ½0) Wyckoff positions. This model can also index other super-
structure reflections corresponding to HHL and HLL (H and L are
odd numbers and H /= L). Refinement of oxygen occupancies for
oxygen sites improved the profile matching. It was observed from
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Table  1
(a) Main crystallographic information for PrBa0.5Sr0.5Co2O5.23 (space group P4/mmm) from NPD data at room temperature in the 2ap × 2ap × 2ap setting. The cell parameters,
a  = 0.77585 (6) nm,  c = 0.7704 (1) nm and the cell volume, v = 0.46375(3) nm3.

Atoms Wyckoff position x y Z B Fractional occupancy

Pr 4k (x x1/2) 0.2548(3) 0.2548(3) 0.5 0.011(2) 1.0
Ba/Sr 4j  (x x 0) 0.2411(4) 0.2411(4) 0.0 0.003(7) 0.5/0.5
Co1  2g (0 0 z) 0.0 0.0 0.2323(3) 0.007(1) 1.0
Co2 2h  (½ ½z) 0.5 0.5 0.319(2) 0.007(1) 1.0
Co3  4i (0 ½z) 0.0 0.5 0.2754(3) 0.007(1) 1.0
O1  1a (0 0 0) 0.0 0.0 0.0 0.001(8) 1.0
O2  1c (½ ½0) 0.5 0.5 0.0 0.004(7) 1.0
O3 2f  (0 ½0) 0.0 0.5 0.0 0.020(4) 0.474(3)
O4  1b (0 0 ½) 0.0 0.0 0.5 – 0.024(5)

0.5 0.035 0.0
0.5 0.010(7) 1.0
0.2773(3) 0.052(3) 1.0
0.2444(4) 0.043(5) 1.0
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Fig. 2. Schematic 3D representations of structural phase changes at RT and 573 K
in  PBSCO and NBSCO. Cobalt atoms are located inside the octahedra, oxygens are
in  the corners and Pr/Nd is in 12 coordinated positions. For the sake of simplicity,
the  perfect order of the 2ap × 2ap structure with 100% vacancy in 1b (0 0 ½) and 0%
vacancy in 2f (0 ½0)  sites are shown for the room temperature structure.

T
U

O5 1d  (½ ½ ½) 0.5 0.5 

O6  2e (0 ½ ½) 0.0 0.5 

O7  8s (x 0 z) 0.2616(4) 0.0 

O8  8t (x ½z) 0.2585(4) 0.5 

he refinement that the oxygen position at 1d (½ ½ ½) was  com-
letely vacant and, 1b (0 0 ½) and 2f (0 ½0)  are partially occupied.
he main crystallographic information for PrBa0.5Sr0.5Co2O5.498
space group P4/mmm) from NPD data at room temperature in
he 2ap × 2ap × 2ap setting is given in Table 1. The ordering of the
xygen vacancies in the perovskite matrix is responsible for the
uperstructure. The oxygen vacancies order within the [Pr–Oı] lay-
rs, resulting in an oxygen-rich and oxygen deficient a–c layers and
onsequently in a doubling of the unit cell along a and b directions
3]. Partial disorder is restricted to a solution with atoms in 1b and
f Wyckoff positions of the P4/mmm space group. In order to get
amples with perfect ordering it is important to make the samples
n controlled manner to get oxygen occupancy 5.5.

In PBSCO, the ordering of oxygen vacancies were observed
rom RT to 473 K. Fig. 1b shows the Rietveld profile at 373 K for
BSCO. At 373 and 473 K, the intensity of the most intense super-
tructure reflection (1 1 1) was very low but other superstructure
eflections like (1 1 3)/(3 1 1) have small intensity. To match the
ntensities of these reflections we need to consider the unit cell
s 2ap × 2ap × 2ap. All the three Wyckoff positions for oxygen at
b (0 0 ½),  1d (½ ½ ½)  and 2f (0 ½0) were partially occupied. In
he temperature range 573 K to 973 K, the structure is tetragonal in
he P4/mmm space group with a = b ≈ ap and c ≈ 2ap. Fig. 1c shows
he Rietveld refinement profile at 573 K. The unit cell parameters
ncrease monotonically with temperature and the oxygen occu-
ancy decreases with the increasing temperature from 573 to 973 K
see Table 2). Schematic 3D structures are shown in Fig. 2 for dif-
erent phases.

In case of NBSCO, neutron diffraction data at room temper-
ture was refined in the tetragonal symmetry using the setting
ap × 2ap × 2ap. Fig. 3 shows the Rietveld refinement profile of
PD data at RT. Although the intensity of (1 1 1) reflection at

oom temperature is low, to fit superstructure reflections corre-

ponds to HHL and HLL (H and L are odd numbers and H /= L),
ap × 2ap × 2ap setting of P4/mmm space group was considered.
ig. 4 shows the comparison of Rietveld refinement profiles
etween 2ap × 2ap × 2ap and ap × ap × 2ap settings at room tem-

Fig. 3. Observed (circles) and calculated (continuous line) NPD data Rietveld refine-
ment profile of NBSCO at RT in the P4/mmm  space group where cell parameters are
related as 2ap × 2ap × 2ap.

able 2
nit cell parameters, oxygen occupancies and R-factors of PBSCO and NBSCO at selected temperatures.

PBSCO NBSCO

Parameters RT 100 ◦C 300 ◦C 700 ◦C RT 100 ◦C 300 ◦C 700 ◦C
Space  group P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm
a  (nm) 0.7758 (6) 0.7683 (8) 0.3855 (3) 0.3908 (4) 0.7669 (9) 0.7678 (8) 0.3849 (3) 0.3893 (1)
c  (nm) 0.7704 (1) 0.7690 (4) 0.7729 (1) 0.7791 (2) 0.7685 (1) 0.7694 (1) 0.7725 (1) 0.7835 (3)
Volume  (nm3) 0.4637 (3) 0.4540 (5) 0.1148 (1) 0.1190 (2) 0.4520 (3) 0.4536 (2) 0.1144 (1) 0.1187 (1)
ı 0.498  0.6627 0.762 0.502 0.235 0.245 0.986 0.787
Rp  (%) 5.31 7.23 7.98 3.94 8.07 8.44 3.08 3.35
Rwp  (%) 4.34 6.37 6.09 5.35 7.56 7.95 3.96 4.27
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ig. 4. (a) Refinement of NBSCO in ap × ap × 2ap (b) refinement of NBSCO in
ap × 2ap × 2ap . Arrows shows the (1 1 3)/(3 1 1) and (3 3 1) reflection position.

erature. Arrows shows the unindexed (1 1 3)/(3 1 1) and (3 3 1)
eflections in ap × ap × 2ap setting. Oxygen vacancies were dis-
ributed on the 1b (0 0 ½),  1d (½ ½ ½) and 2f (0 ½0) positions. It was
bserved that the oxygen positions at 1b (0 0 ½) was  completely
acant and, 1d (½ ½ ½)  and 2f (0 ½0) are partially occupied. Unit
ell parameters, oxygen occupancies and R-factors of PBSCO and
BSCO at selected temperatures are given in Table 2. At 373 K, all

he three Wyckoff positions for oxygen at 1b (0 0 ½), 1d (½ ½ ½) and

f (0 ½0) were partially occupied. In the temperature range 473 K
o 973 K, the structure is tetragonal in the P4/mmm space group
ith a = b ≈ ap and c ≈ 2ap and the unit cell parameters increase
onotonically with temperature.

ig. 5. Plot of unit cell parameters a and c versus temperature for PBSCO and NBSCO.
or some of the temperatures (ordered) cell parameter a has been divided by 2 for
implicity.
Fig. 6. Plot of log of conductivity versus temperature in PBSCO and NBSCO. Regions
I  and II are indicated in relation to structural phase changes.

Fig. 5 shows the variation of unit cell parameters with temper-
ature of PBSCO and NBSCO. In PBSCO, small decrease in unit cell
parameters was  observed from RT to 373 K. From room tempera-
ture to 373 K, the oxygen occupancy increases. For a small increase
in temperature, oxygen vacancy ordering decreases and more oxy-
gen can be accommodated in the structure. Due to the thermal
expansion, the unit cell parameters a and c and unit cell volume
(v) increases with increasing temperature from 573 to 973 K. The
unit cell volume increases systematically with temperature. From
573 K to 973 K, oxygen occupancy decreases with increasing tem-
perature; the total oxygen loss is about 0.25 O/f.u and 0.37 O/f.u.
for PBSCO and NBSCO, respectively. In NBSCO, unit cell parameter
increases from RT to 373 K.

3.2. Electrical properties

The electrical conductivity of the materials was measured in
order to investigate their potential as cathodes in high tempera-
ture fuel cells. Fig. 6 shows the log of electrical conductivity versus
temperature plot measured from 353 K to 1173 K. The decrease of
electrical conductivity with increasing temperature suggests the
metallic behaviour of the material. In PBSCO, the observed con-
ductivities were 1188 S cm−1, 493 S cm−1 and 240 S cm−1 at 353 K,
873 K and 1173 K, respectively. Similarly, in NBSCO the observed
conductivities were 1029 S cm−1, 255 S cm−1 and 131 S cm−1 at
373 K, 873 K and 1173 K, respectively. The lowest electrical con-
ductivities of PBSCO and NBSCO at 1173 K are still 240 S cm−1 and
131 S cm−1, respectively, and therefore the materials are adequate
for application as a cathode in IT-SOFC. The oxygens become disor-
dered as well as mobile at high temperatures (573–973 K). The high
oxygen ion conductivity is another key property for cathodes. The
apparent metallic conductivity behaviour of PBSCO above 573 K and
NBSCO above 473 K may  relate to an energy band overlap between
Co-3d and O-2p [22,27] and the presence of Co4+ ions from ther-
mally generated charge disproportion of Co3+. It also relates to the
oxygen reorientation and oxygen loss on heating as this is observed
to occur above 573 and 473 K for PBSCO and NBSCO, respectively
(region II, Fig. 6). Two different regions have been indicated in rela-
tion to the structural phase changes in PBSCO and NBSCO (see
Fig. 2). In PBSCO, region I is related to the room temperature

structure with ordered oxygen vacancies and region II is related
to the structure with oxygen disorder (from 573 to 973 K). The
changes in conductivity and relation to the electronic orbital order-
ing leading to metal–insulator transition were also observed in
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ig. 7. ASR versus temperature plot for the symmetrical cell measurement using
GO91 electrolyte.

he related phases SmBaCo2O5+ı [22], YBaCo2O5+ı [2],  GdBaCo2O5.5
28].

Fig. 7 shows the Arrhenius plot of area specific resistance versus
emperature of the symmetrical cell measured in air. The measured
alue of ASR was 0.286 � cm2 and 1.15 � cm2 at 873 K for PBSCO
nd NBSCO, respectively. The calculated activation energies from
rrhenius plots were 1.07 eV and 1.34 eV for PBSCO and NBSCO,
espectively. This value compares well with the ASR and activation
nergy values of GBCO reported by Chang et al. [11]. The low value
f ASR and activation energy may  be related to the fast oxygen
iffusion in the bulk and high kinetics on the surface of electrode
12].

. Conclusions

The main objective of this research is to investigate the
emperature dependent electrical and structural properties of
rBa0.5Sr0.5Co2O5+ı (PBSCO) and NdBa0.5Sr0.5Co2O5+ı (NBSCO). At
oom temperature PBSCO and NBSCO contains oxygen vacancies
n the [PrOı] and [NdOı] layers and form 2ap × 2ap × 2ap super-
tructure based on the ordering of these oxygen anions along with
he cation layers. Both the structures were analysed to be tetrago-
al in the P4/mmm space group. With the increase of temperature,
he oxygen vacancy ordering decreases. The oxygen occupancy
ncreases from RT to 573 K and decreases from 573 to 973 K. Elec-
rical conductivity in air increases from RT to 573 K for PBSCO and
rom RT to 473 K for NBSCO. Above these temperatures electri-

al conductivity decreases with increasing temperature, indicate
he metallic behaviour and related to the structural change of
p × ap × 2ap type in the tetragonal symmetry. The electrical con-
uctivity was higher than 240 S cm−1 and 131 S cm−1 over the
ntire temperature range (353–1173 K). AC impedance measure-

[

[

urces 196 (2011) 7333– 7337 7337

ments in symmetrical cell arrangement with CGO91 electrolyte
shows that ASR decreases with increasing temperature. The ASR
values were 0.286 � cm2 and 1.15 � cm2 at 873 K for PBSCO and
NBSCO, respectively.
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