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The title compound has been selected from the SrCo;_,Sb,O5_ series for its enhanced electronic
conductivity, as high as 500 S cm ™' at 400 °C, and tested in a single cell as a cathode material for solid
oxide fuel cells (SOFC). The characterization of this oxide included X-ray (XRD) and “in situ”
temperature-dependent neutron powder diffraction (NPD) experiments, thermal analysis, and
impedance spectroscopy. In the test cell, the electrodes were supported on a 300 um thick pellet of
the electrolyte Lag gSrg-Gagg3Mgg 1703—¢ (LSGM) with SroMgMoOg as the anode and SrCoy 9s-
Sby.0503.5 as the cathode. The test cells gave a maximum power density of 0.511 and 0.618 W/cm2
for temperatures of 800 and 850 °C, respectively, with pure H» as fuel and air as oxidant. In the
100—700 °C range, SrCog 95Sbg ¢sO3— adopts a tetragonal superstructure of perovskite with a = ay,
c=2aq (ap ~ 3.9 A) defined in the P4/mmm space group containing two inequivalent Co positions.
Sb atoms are randomly distributed at Co2 positions, whereas Col sites do not apparently contain Sb.
Flattened and elongated (Co,Sb)O¢ octahedra alternate along the ¢ axis sharing corners in a three-
dimensional array (3C-like structure). This material experiences a phase transition from the
tetragonal superstructure to a simple cubic perovskite between 700 and 850 °C, probably associated
with the endothermic peak observed at 816 °Cin the DTA curve. This phase transition is related to the
disordering of oxygen vacancies from the three available positions in the tetragonal structure to a
single oxygen site in the cubic unit cell with an average thermal factor and occupancy. This structure is
stable up to 930 °C; at this temperature the oxygen stoichiometry is 2.46(4). The good performance of
this material as a cathode is related to its mixed electronic-ionic conduction (MIEC) properties,
which can be correlated to the investigated structural features: the Co®"/Co*" redox energy at the top
of the O 2p bands accounts for the excellent electronic conductivity, which is favored by the corner-
linked perovskite network. The considerable number of oxygen vacancies, with the oxygen atoms
showing high displacement factors (4—6 A% in the 700—850 °C range), suggests a significant ionic
mobility. Additionally, this cathode material exhibits an extremely low electrode polarization
resistance, below 0.1 Q cm? in the 750—800 °C range. The thermal expansion is compatible with
the electrolyte and the nonreconstructive tetragonal-to-cubic transition does not involve an abrupt
change in unit-cell volume, which increases smoothly over the entire temperature interval up to
930 °C.

1. Introduction
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One of the major goals in solid oxide fuel cell (SOFC)
technology is the reduction of the operating temperature
to intermediate values (550—850 °C) in order to improve
the compatibility of the different constituent materials
and decrease the operation costs. Therefore, the develop-
ment of new mixed ionic-electronic conductors as elec-
trodes with sufficient conductivity at moderate
temperatures is a prime target. The high-temperature
cubic phase of SrCoO;_, is a promising material because
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of its high electrical conductivity and oxygen permeation
flux.'~® However, this phase is not stable below 900 °C
where a 3C-cubic to 2H-hexagonal phase transition takes
place when the sample is slowly cooled. Further studies
demonstrated that this hexagonal phase is, in fact, slightly
Co deficient, with a stoichiometry SrgCos50;5. On the
other hand, SrCoOs;_s is able to adopt very different
structural phases as a function of the oxygen partial
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pressure, temperature, and cooling rates as has been
broadly studied by different authors. *~°

The stabilization of a 3C perovskite framework in the
SrCoO;_, system has been a widely used strategy to
obtain an adequate mixed ionic-electronic conductor to
be used as a cathode in intermediate-temperature solid
oxide fuel cells. For this purpose, several substitutions
have been performed in either the Sr (Ba, La, Sm)'° or the
Co (Sc, Fe, Ni, etc.)'"!? positions, or in both. The most
widely used derivatives of SrCoO;_4 are Bag 551y sCoq g-
Fey»0;5_s (BSCF)'*!* and SrCoq sFeq,05_s (SCF) be-
cause of their high oxygen fluxes and favorable oxygen-
reduction performance at temperatures >600 °C.'>'®
However, at the SOFC operating temperatures these
materials display a relatively low electronic conductivity
(~35Scm™") "7 compared to that expected for cathode
materials (~ 100 S cm™'), which might be one of the
problems responsible for their low performance at tem-
peratures below 600 °C."®!? Their thermal stability and
polarization resistances must be improved before they
can be considered for positive electrodes in a SOFC.
Moreover, some studies have proved that the cubic BSCF
is unstable in air,® and in the presence of CO, at inter-
mediate temperatures (~ 500 °C); it forms carbo-
nates very detrimental for the electrochemical perfor-
mance.?'*> Moreover, the structural instability increases
with the barium concentration®® and the oxygen perme-
ability and electrical conductivity increase with decreas-
ing concentrations of the substituent cations in Sr and
Co positions.***
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In a previous work, we have stabilized a 3C perovskite
phase by doping the SrCoO;_s system with low Sb con-
tents in SrCo;_,Sb,O;_s (x = 0.05, 0.1, 0.15, and 0.2).
The stabilization of a tetragonal P4/mmm structure was
obtained with x = 0.05—0.15.%° The “in situ” thermal
evolution of the crystal structure was followed by neutron
powder diffraction measurements for the x = 0.1 com-
pound.?” At x = 0.2, a phase transition takes place and
the room-temperature material is defined in the cubic
Pm3m space group. The Sb-doped compounds present
high thermal stability without abrupt changes in the
expansion coefficient and a great enhancement of the
electrical conductivity compared to the pristine SrCoOs_g
at low and intermediate temperatures (7 < 800 °C). As
predicted, the sample with lower doping level (x = 0.05)
displayed the highest conductivity value, over 160 S-cm ™!
in the usual working conditions of a cathode in a SOFC
(650—900 °C), and the lowest area specific resistance
(ASR) values ranging from 0.009 to 0.23 Q cm? in the
600—900 °C temperature interval with Ceq gNdg,0,_s as
electrolyte. For SrCog 95Sbg 95s03-5, @ maximum power
density higher than 300 mW cm 2 at 700 °C was esti-
mated, assuming an electrolyte thickness of 200 um in a
ceria-based SOFC and typical values of 0.85 Vand 0.1 Q
cm? for the open-circuit potential (OCP) and the anode
polarization, respectively.

In the present study, the SrCog.95Sbg 9503_s compound
has been deeply analyzed as a potential SOFC cathode.
For this purpose, the in situ evolution of the crystal
structure of SrCog 95Sb 05s0O3—s has been followed under
the usual working conditions of a cathode in a SOFC (in
air from 25 to 950 °C). In addition, the polarization
resistance and chemical compatibility of the compound
with Lag gSrg,GaggMgy-,03-_s (LSGM) electrolyte has
been tested in an Anode/300 um thick LSGM/SrCoy 9s-
Sbg.0503-_s single cell. The obtained results are remark-
ably good, leading to power densities higher than
600 mW cm ™ at 850 °C.

2. Experimental Section

2.1. Synthesis, Structural, and Thermal Characterization.
SrCog.95Sbg 0503—s Was prepared via a nitrate-citrate route. The
starting materials Sb,Os, Sr(NOj3),, and Co(NOj3),-6H,O of
analytical grade were dissolved under stirring in 250 mL of 10%
citric-acid aqueous solution containing some drops of HNO;.
The solution was slowly evaporated, leading to an organic resin
that was dried at 120 °C and decomposed at temperatures up to
600 °C for 12 h. The sample was then heated at 900 °C for 12 h
and at 1000 °C for 24 h with intermediate grinding. After the
thermal treatments, the sample was cooled in the furnace at
5 °C/min approximately. The reaction product was character-
ized by X-ray diffraction (XRD) for phase identification and to
assess phase purity. The characterization was performed with a
Bruker-axs D8 diffractometer (40 kV, 30 mA) in Bragg—Brentano
reflection geometry with Cu Ka radiation (4 = 1.5418 A).
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Neutron powder diffraction (NPD) data were collected in the
diffractometer D1A at the Institut Laue-Langevin, Grenoble.
The high intensity mode (Ad/2 = 2 x 10°) was selected, with a
neutron wavelength A = 1.91 A within the angular 20 range from
510 165°. About 2 g of the sample was contained in a quartz tube
open to ambient atmosphere and placed in the isothermal zone of
a furnace with a vanadium resistor operating under vacuum (P,
~ 1 x 107° Torr). The measurements were carried out in air at
100, 200, 350, 500, 700, 850, 900, and 930 °C. The collection time
was 3 h per pattern. The diffraction data were analyzed by the
Rietveld method with the FULLPROF program and the use of
its internal tables for scattering lengths. The line shape of the
diffraction peaks was generated by a pseudo-Voigt function. The
irregular background coming from the quartz container was
extrapolated from points devoid of reflections. In the final run,
the following parameters were refined: background points, zero
shift, half-width, pseudo-Voigt, and asymmetry parameters for
the peak shape, scale factor, and unit-cell parameters. Positional
and occupancy factors for oxygen atoms and isotropic thermal
factors were also refined for the NPD data. The coherent
scattering lengths for Sr, Co, Sb, and O were, 7.02, 2.49, 5.57,
and 5.803 fm, respectively.

Differential thermal analysis (DTA) and thermogravimetric
(TG) curves in air were simultaneously obtained in a Stanton
STA 781 instrument. The temperatures of the peaks were
measured with an accuracy of +1 °C. Analyses were carried
out in still air at 10 °C min~! heating/cooling rate. The sample
and reference were situated in platinum crucibles, and a-Al,O3
was the inert reference. The thermogravimetric curve in redu-
cing conditions of about 50 mg of powder was recorded in a
Mettler Toledo TG50 instrument in the 35—900 °C temperature
range under a H»(5%)/N»(95%) flow (100 mL min~ ).

Scanning electron microscopy (Hitachi S-2500) measure-
ments were performed on the studied cells to analyze the good
adherence and microstructure of the components.

2.2. Electrode Polarization by Impedance Spectroscopy. Im-
pedance spectroscopy measurements were performed in air
under open-circuit potential (OCP) conditions in a symmetrical
configuration to extract the corresponding values of electrolyte
and electrode contributions. For this purpose, a dense electro-
lyte pellet of LSGM (Praxair) was prepared by pressing the
powder in a 15-mm die and sintering at 1500 °C for 10 h. The
density of the pellet was calculated from the mass and geome-
trical volume. The powder of SrCog95SbgsO3—s was ball-
milled with YSZ balls in ethanol to break the agglomerates.
Then the dried powder was mixed with a binder (Decoflux),
symmetrically painted over the electrolyte, and calcined at
900 °C for 4 h, obtaining circular 5.50 mm diameter electrodes.
To obtain equipotential conditions, Pt paste was applied over
the cathode material, and the sample was calcined again to
900 °C for 1 h. Impedance spectroscopy in air and OCP was then
performed in potentiostatic mode, decreasing the temperature
from 900 to 500 °C, with an excitation voltage of 50 mV in the
range of 1 x 10°to 1 x 1072 Hz.

2.3. Fuel Cell Tests. Single-cell tests were made on electro-
lyte-supported cells with Lag gSrg,Gagg3Mgg 1703-5 (LSGM)
as the electrolyte. LSGM pellets of 20 mm diameter were
sintered at 1450 °C for 20 h and then polished with a diamond
wheel to a thickness of 300 um. The anode was the double
perovskite SroMgMoOg—s (SMMO) prepared by a sol—gel
technique as described elsewhere;?® Lag 4Cey ¢0»—s (LDC) was
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used as a buffer layer between the anode and the electrolyte in
order to prevent the interdiffusion of ionic species between
perovskite and electrolyte. Inks of LDC, SMMO and
S1rC00.95Sbg 9s03-5 (SCSO) were prepared with a binder
(V-006 from Heraeus). LDC ink was screen-printed onto one
side of the LSGM disk followed by a thermal treatment at
1300 °C in air for 1 h. SMMO was subsequently screen printed
onto the LDC layer and fired at 1275 °Cin air. SCSO was finally
screen printed onto the other side of the disk and fired at 1000 °C
for 1 h. The working electrode area of the cell was 0.24 cm?
(0.6 x 0.4 cm). Reference electrodes of the same materials as the
working electrodes were used to monitor the overpotentials of
the cathode and anode in the cell configuration.’®*' Pt gauze
with a small amount of Pt paste in separate dots was used as
current collector at both the anodic and the cathodic sides for
ensuring electrical contact. The cells were tested in a vertical
tubular furnace at 750, 800, and 850 °C; the anode side was fed
with a flow of pure H, (20 mL/min), whereas the cathode
worked in an air flow of 100 mL/min.

The fuel-cell tests were performed with an EG&G potentio-
stat/galvanostat by changing the voltage of the cell from the
OCP to 0.3 V, with steps of 0.030 V, holding 10 s at each step.
Current density was calculated by the recorded current flux
through the effective area of the cell (0.24 cm?). The electrolyte
voltage drop was calculated from the electrolyte conductivity
obtained by a.c. impedance spectroscopy in air. The stability of
the cell was evaluated by performing the fuel-cell test from the
OCP to 0.3 V in 50 cycles.

3. Results

3.1. Crystallographic Characterization. SrCog¢5Sbg os-
05 was obtained as a pure, well-crystallized perovskite
phase; Figure 1 shows the XRD pattern at RT, indexed in a
tetragonal unit cell witha = b~ 3.87 A, ¢~3.90 A based on
the aristotype (ay =~ 3.90 A) with a small axial deformation.
As shown for SrCog ¢Sbo 105_s,2° the NPD diagram col-
lected at RT showed a superstructure with doubled c-axis, as
a = b= ay, c = 2a9. The NPD patterns collected between
100 and 700 °C for SrCogg¢s5Sbg¢sO3—s were correctly
refined in the P4/mmm model derived for SrCogo-
Sby 103-_s.2® In this perovskite, Sr atoms are placed at 2/
(1/2, 1/2, z) sites; Co and Sb were initially distributed over
the 1a (0, 0, 0) (labeled Col) and 15 (0, 0, 1/2) (Iabeled (Co,
Sb)2) sites, and the three kinds of oxygen atoms, Ol at 2f
(1/2,0,0),02 at 2¢g (0,0, z) and O3 at 2e (1/2, 0, 1/2). After
the refinement, the Sb occupancy at la sites converged to
zero; all the Sb content was concentrated at 15 positions. In
the final run, the occupancy factors for the three types of
oxygen atoms were also refined. For Ol, the occupancy
factors converged to a value slightly higher than unity (e.g.,
1.061(1)), which suggests a full occupancy for this atom. For
02 and O3 there is indeed an oxygen deficiency. For
instance, at 100 °C we obtained a crystallographic formula
Sr(Co¢.9Sbg.1)O02.72(4) from the NPD refinement. Figure 2a
illustrates the goodness of the fit for the 100 °C patterns;
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Figure 1. X-ray diffraction diagram of SrCog¢sSbysO3—s, tentati-
vely indexed in a simple tetragonal unit cell with @ ~ 3.87 A and
c~390A.
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Figure 2. Observed (crosses), calculated (full line), and difference (at the
bottom) NPD profiles for SrCog ¢5Sbg 05035 at (a) 100 °C, refined in the
P4/mmm space group, and (b) 930 °C, refined in the cubic Pm3m. The
vertical markers correspond to the allowed Bragg reflections. The irre-
gular background is due to the quartz container.

Table 1 lists the final structural parameters and discrepancy
factors obtained from 100 to 700 °C NPD data.

The NPD diagrams collected above 700 °C showed the
disappearance of the superstructure reflections arising
from the doubling of the unit cell along the c-direction;
all the peaks could be indexed in a simple-cubic perovskite
unit cell with ¢ = ay. The structure was modeled in the
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space group Pm3m with Sr at 15 (1/2, 1/2, 1/2) positions,
Co and Sb distributed at random over the la (0,0,0)
positions and a single type of oxygen atom at 3d (1/2, 0, 0)
sites. The structure was successfully refined in this
model at 850, 900, and 930 °C; the refinement of the
occupancy factors of the oxygen position unveil a serious
oxygen deficiency that progressively increases with tem-
perature, reaching the composition Sr(Cog 9Sbg 1)O2 46(2)
at 930 °C. Figure 2b illustrates the goodness of the fit for
the 930 °C diagram. Table 2 contains the main structural
parameters of the cubic structures at 850, 900, and 930 °C.
Tables 3 and 4 list the main interatomic distances for the
different temperatures. Figure 3a and 3b display the
thermal variation of the unit-cell parameters and volume,
respectively, showing the transition from a low-tempera-
ture tetragonal superstructure to the high-temperature
simple-cubic symmetry. The transition temperature is in
the 700—850 °C range. Figure 3¢ shows the evolution of
the oxygen contents, refined from NPD data. Figure 4
shows the crystal structures of the tetragonal and cubic
phases. The anisotropic thermal vibrations have been
introduced to describe the thermal motions of the oxygen
atoms. For O1, the anisotropic refinement leads to nega-
tive values of one of the semi-axes of the thermal ellip-
soids, so it was described as isotropic. For O2 and O3 they
have successfully been described as anisotropic. In both
cases, the largest thermal motions are perpendicular to
the Co—O bonds, as expected. Figure 5 graphically shows
the orientation of the ellipsoids viewed along the [001]
direction, suggesting a dynamical tilting of the (Co,Sb)20gq
octahedra. The possibility of a static tilting of the octahe-
dra along the ¢ axis has also been considered. However,
this tilting effect would forcedly lead to superstructures
with larger ¢ and b unit-cell parameters, giving rise to
superstructure reflections which have not been observed
in the NPD patterns. Typically, the a’a’c" or a’a’c™
tilting systems would be described in the space groups
P4/mnc and I4/m, respectively, which would require
J2ay x /2ay x 2ay unit cells (double in size from the
one considered at present, agy X ag X 2ay); trial refinements
in the corresponding structural models were totally un-
successful at describing the crystal structure, leading to
poor agreement factors and leaving several observed
reflections unexplained because of the extinction condi-
tions of the mentioned space groups.

3.2. Thermal Analysis. The oxygen content of the
sample was determined by thermal analysis under redu-
cing conditions and by neutron-diffraction refinement of
the oxygen occupancy. Figure 6a shows the TG and DTG
curves of SrCog 95Sbg 9505_s obtained in a 5% H, flow.
A weight loss of 16.06% is observed between 100 and
900 °C. After the sample was cooled, the final product was
identified by XRD as a mixture of SrO, Co metal and
Sb,05. From the observed weight loss, the oxygen stoi-
chiometry of the starting sample is 2.75(2), in excellent
agreement with the 2.72(4) oxygen content determined by
neutron diffraction at 100 °C.

Figure 6b shows the thermal analysis, TG and DTA
curves for SrCog ¢5Sbg 0503—s carried out in air between
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Table 1. Unit-cell, Positional, And Displacement Parameters for SrCog.95Sbg.0503—s in the Tetragonal P4/mmm (No. 123) Space Group, Z = 2, from NPD
Data at 100, 200, 350, 500, 600, and 700 °C

T (°C)
100 200 350 500 600 700
a(A) 3.87222(3) 3.87880(3) 3.89034(3) 3.90748(3) 3.91977(4) 3.93344(4)
c(A) 7.79702(8) 7.80544(8) 7.82582(8) 7.86438(8) 7.8837(1) 7.8941(1)
V(A 116.911(2) 117.434(2) 118.442(2) 120.077(2) 121.130(2) 122.144(2)
Sr2h (1/2,1/2, 2)
z 0.2615(3) 0.2608(3) 0.2602(3) 0.2602(3) 0.2601(4) 0.2582(4)
B (A? 1.04(5) 1.24(6) 1.49 (6) 1.82 (6) 2.17(7) 2.39(6)
e 1.0 1.0 1.0 1.0 1.0 1.0
) Col 14 (0, 0, 0)
B (A% 0.4(2) 0.2(2) 0.3(2) 0.4(2) 0.7(2) 1.4(3)
Joee(CO) 1.0 1.0 1.0 1.0 1.0 1.0
) (Co.,Sb)2 15(0, 0, 1/2)
B(A?) 2.1(3) 1.8(3) 1.4(3) 2.5(3) 2.5(4) 3.1(5)
Joee(CO) 0.9 0.9 0.9 0.9 0.9 0.9
Joce(SH) 0.1 0.1 0.1 0.1 0.1 0.1
) 01 2¢(1/2, 0, 0)
B(A?) 1.01(6) 1.12(7) 1.30(7) 1.74(7) 2.15(9) 3.0(1)
foce 1.0 1.0 1.0 1.0 1.0 1.0
02 2g (0,0, 2)
z 0.7699 (4) 0.7695(4) 0.7677(4) 0.7709(5) 0.7699(6) 0.7672(7)
Bey (AD)* 1.8(2) 2.0(2) 2.0(2) 3.2(2) 3.3(3) 3.9(4)
Bt = P 0.040(3) 0.041(3) 0.046(3) 0.065(4) 0.068(5) 0.082(7)
B33 0.0059(6) 0.0061(7) 0.0073(8) 0.0082(7) 0.0078(9) 0.008(1)
Joce 0.96(2) 0.94(2) 0.92(2) 0.94(2) 0.89(2) 0.84(3)
. 032/(1/2,0, 1/2)
B.q (A% 5.7(2) 5.4(2) 5.4(2) 6.8(2) 6.6(3) 6.4(3)
" 0.056(5) 0.047(5) 0.041(5) 0.045(5) 0.050(5) 0.037(5)
B 0.129(9) 0.125(9) 0.122(9) 0.136(9) 0.13(1) 0.11(1)
B33 0.026(2) 0.025(1) 0.025(1) 0.033(2) 0.035(2) 0.041(2)
Soce 0.764(9) 0.768(9) 0.779(9) 0.777(9) 0.78 (1) 0.80(1)
reliability factors
2 1.97 1.88 1.56 2.1 1.41 1.30
Rirage(%) 4.82 4.90 4.26 4.01 4.15 4.05

”Anisotropic thermal factors ﬂ]l = ﬁzz ?é ﬁ33, ﬁlz = ﬁ13 = ﬁ23 = 0. bAnisotropic thermal factors ﬁll #ﬂzz #ﬂg& ﬁlz = ﬂ13 = ﬁ23 = 0.

Table 2. Unit-Cell, Positional, and Displacement Parameters for
SrCoyg.95Sbyg 9s03—_s in the Cubic Pm3m (No. 221) Space Group, Z = 1, at
850, 900, and 930 °C from In situ NPD Data

7(°C)
850 900 930
a(A) 3.95479(4) 3.96033(4) 3.96368(4)
V(A3 61.854(1) 62.114(1) 62.272(1)
) Sr1b (1/2, 1/2, 1/2)
B (A% 3.0(1) 3.2(1) 3.32(9)
Joce 1.0 1.0 1.0
) Co, Sb 14 (0, 0, 0)
B (A% 2.4(2) 2.8(2) 2.6(2)
Joee(CO) 0.95 0.95 0.95
Jocc(Sb) 0.05 0.05 0.05
. 03d(1/2,0,0)
Beq (A% 4.8(1) 5.0(1) 5.11(9)
" 0.049(3) 0.053(3) 0.052(3)
B2 = B 0.091(2) 0.094(2) 0.097(2)
Soce 0.84(2) 0.83(2) 0.82(2)
reliability factors
P 2.99 2.46 2.25
Rirage(%) 1.99 0.89 1.28

¢ Anisotropic thermal factors 11 # 22 = (33, f12 = P13 = P23 = 0.

35 and 1000 °C. The TG curve shows an almost linear
weight loss while heating the sample up to 260 °C

followed by a broad exothermic peak in the DTA curve,
probably because of the dehydration and/or decarbox-
ylation of the sample. Subsequently, between 300 and
430 °C a gain of mass of about 0.09% is observed. This
gain has been interpreted as an incorporation of lattice
oxygen as has been shown by the Rietveld refinement of
the oxygen occupancy at 500 °C (Table 1). At higher
temperatures, three endothermic peaks at 816, 877, and
908 °C have been observed. These peaks are accompanied
by an abrupt weight loss in the TG curve leading to
oxygen contents around 2.5; it is related to the tetragonal
to cubic transition observed in this temperature range by
the NPD measurements. An XRD study of the sample
after the thermal analysis experiment gives exactly the
same diffraction pattern as the initial compound, con-
firming the absence of phase segregation or decomposi-
tion after the thermal treatment in air.

3.3. Impedance Spectroscopy Results. The electrode
performance was first evaluated by impedance spectros-
copy in air under OCP conditions with the same electrode
on opposite sides of the LSGM electrolyte. Figure 7
shows the impedance spectra obtained at 750, 800, and
850 °C. The series resistance was subtracted from the
spectra in order to have an estimation of the electrode
polarization as a function of temperature. The results
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Table 3. Main Bond Distances (;&) for the Tetragonal SrCog 95Sbg 9sO3—s5 Phase Determined from NPD Data at 100, 200, 350, 500, 600, and 700 °C; Space

Group P4/mmm
T (°C)
100 200 350 500 600 700
SrO;, polyhedron
Sr—01 (x4) 2.812(2) 2.812(2) 2.816(2) 2.829(2) 2.837(2) 2.832(2)
Sr—02 (x4) 2.7490(3) 2.7529(3) 2.7595 (3) 2.7738(4) 2.7818(5) 2.7886(5)
Sr—03 (x4) 2.684(2) 2,692 (2) 2.703(2) 2.715(2) 2.724(2) 2.741(2)
(Sr—0) 2.748 2.752 2.760 2.773 2.781 2.787
(Co,Sb)10¢ octahedron
(Co)1-01 (x4) 1.9361(0) 1.9394(0) 1.9452(0) 1.9537(0) 1.9599(0) 1.9667(0)
(Co)1—02 (x2) 1.794(3) 1.799(3) 1.818(4) 1.802(4) 1.814(5) 1.838(6)
{((Co)1-0) 1.889 1.893 1.903 1.903 1.911 1.924
(C0,Sb)20¢ octahedron
(C0,Sb)2—02 (x2) 2.104(3) 2.104(3) 2.095 (3) 2.130(4) 2.128 (5) 2.109(6)
(Co,Sb)2—03 (x4) 1.9361(0) 1.9394(0) 1.9452(0) 1.9537(0) 1.9599(0) 1.9667(0)
{(Co,Sb)2—-0) 1.992 1.994 1.995 2.012 2.016 2.014
Table 4. Main Bond Distances (A) for the Cubic SrCoy.0sSb 05035 3.98
Phase Determined from NPD Data at 850, 900, and 930 °C; Space Group —0—ci2
Pm3m 3961 —%—a
T(°0)
850 900 930 3941
< 392
SrO,, polyhedron %
Sr—0 (x12) 2.7964(1) 2.8004(1) 2.8027(1) & 300
(Co0,Sb)10¢ octahedron
(Co.Sb) —0 (x6) 1.9774(1) 1.9802(1) 1.9818(1) 3.88 a
were also multiplieq by.the electrode area and 0.5 to 3'860 200 200 600 800 1000
account for the contribution of both electrodes. The good Temperature (°C)
performance of SrCo( ¢5Sbg 0503_¢ as a cathode with the 63
LSGM electrolyte is evidenced by the low electrode
polarization resistance: 0.115, 0.069, and 0.045 Q cm? 62- °
for temperatures of 750, 800, and 850 °C, respectively /<>
(Figure 7). The Arrhenius representation of the electrode o1 P
polarization resistance shows an activation energy of o <>/
0.97 eV in the range of 650—900 °C (Figure 8), which is S 6o <>/
clearly higher than the electrolyte activation energy (0.62 eV). > /
This higher activation energy could spoil the cathode s & b
efficiency at intermediate temperatures; however, the | /0/
experimental results show polarization values as low as ©
0.2 Q cm? even at 700 °C. One can determine electrode 580 200 400 600 800 1000
overpotential values as low as 0.242, 0.135, and 0.082 V Temperature (°C)
for a current flux of 1.2 A/em” and temperatures of 700, 280
750, and 800 °C, respectively. Figure 9 reveals that the c
voltage losses of the LSGM electrolyte under similar 2751
conditions are 0.387, 0.257, and 0.182 V, respectively, if 2.70- V\v\v/v
we assume a thickness of 300 gum. This result indicates . \
that the electrode overpotential is retained lower than the §) 2654 V—
electrolyte loss even at intermediate temperatures, which g 2604
indicates it will produce good performance when used as =
the cathode in a SOFC. 2591
3.4. Fuel-Cell Test. The performance of the 2.50- v
SrCog.95Sbg.0s0O3_s cathode was also tested in a single V\v
cell using air in contact with the cathode and dry H, as a 243 0 200 400 600 800 1000

fuel. Figure 10 shows the cathode and anode overpoten-
tials at 800 °C as a function of current density. The
overpotential is practically linear for the cathode,
whereas there is a deviation from linearity for the anode

Temperature (°C)

Figure 3. Thermal variation of (a) unit-cell parameters, (b) volume, and
(c) oxygen contents of SrCog 95Sbg 0503 fromin situ NPD data. A phase
transition between tetragonal to cubic occurs between 700 and 850 °C.
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Pm-3m

P4/mmm

Figure 4. Bottom panel: Tetragonal crystal structure observed for
SrCog.95Sby0503—s below 816 °C, where an array of corner-linked
ColOg octahedra alternates along the ¢ axis with layers of (Co,Sb)204
octahedra. Top panel: High-temperature structure corresponding to the
cubic aristotype.

a

>

Figure 5. View of the tetragonal crystal structure along the [001] direction
showing the orientation of the ellipsoids.

at lower current densities. Moreover, the cathode pre-
sents values of overpotential more than 6 times smaller
than the anode, whereas the voltage drop in the electro-
lyte is nearly 3 times larger than the cathode overpoten-
tial. Figure 11 shows the voltage of the cell and the power
density as a function of the current density for 750, 800,
and 850 °C. The nonlinear behavior of the anode over-
potential is evidenced in the voltage of the cell for lower
current densities. The maximum power densities gener-
ated by the cell are 0.328, 0.511, and 0.618 W/cm2 for
temperatures of 750, 800, and 850 °C, respectively. On the
other hand, the experimental results of the overpotential
in the cathode match well with the electrode polarization
resistance obtained by impedance spectroscopy in air and
give values of 0.098 and 0.071 € cm? for 750 and 800 °C,
respectively, which compares well with 0.115 and 0.069 Q
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Figure 6. (a) Thermal analysis under reducing conditions (5% H»:95%
N>) of SrCog.955b 0503 ;(b) thermal analysis curves recorded in air: TG
(left axis) and DTA (right axis).
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Figure 7. Impedance spectra obtained at 750, 800, and 850 °C in symme-
trical cells of SrCoy 95Sbg sO3—s over LSGM electrolyte.
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Figure 8. Arrhenius representation of the electrode polarization for
SrC00.955b0.0503-s-
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Figure 9. Voltage loss of the electrolyte (open symbols) and cathode
overpotential (closed symbols) determined in a symmetrical cell of
SrCOo_gSSb0,0503,5/LSGM/SrC00_95SbO_0503,5, at 700 (Circles), 750
(triangles), 800 (squares), and 850 °C (diamonds).
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Figure 10. Anodic and cathodic overpotentials for test cells with
Sro;MgMoOg and SrCog 95Sbg 95s03—s as anodic and cathodic materials.
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Figure 11. Cell voltage (left axis) and power density (right axis) as a
function of the current density for the test cell with the configuration
SMMO/ LDC/LSGM/SCSO.

cm? obtained by impedance spectroscopy. This test con-
firms the good performance of the cathode. Cross-section
SEM images of the cathode-electrolyte interface reveals a

Aguadero et al.

Figure 12. Cross-section SEM images of (a) the SCSO/LSGM/SCSO
symmetrical cell and (b) the cathode side of the SMMO/ LDC/LSGM/
SCSO single cell.
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Figure 13. Stability of the test cell with SrCog 95Sbg 0sO3—s as cathodic
material versus the cycle number.

good adherence and the absence of interdiffusion between
the cathode and the electrolyte in both the single cell and
the symmetrical cell measured (Figure 12).

Figure 13 shows the maximum power density at 800 °C
obtained in 50 different cycles of fuel-cell test. The maxi-
mum power density starts with a value of 0.508 W cm ™2,
and this value is retained for at least 7 cycles. Then there is
a slight decrease in the value until 0.483 W cm ™2 for the
20th cycle. For the following cycles, the maximum power
density is approximately stable.

4. Discussion

The crystal structure of SrCog¢sSbg¢s03—¢ in the
temperature interval between 100 and 700 °C adopts a
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tetragonal superstructure of perovskite with a doubled a,
axis along the ¢ direction, as shown in Figure 4. Sb atoms
are randomly distributed at Co2 positions, whereas Col
sites do not apparently contain Sb. On the other hand, the
oxygen vacancies are also ordered, in the sense that O1 is
fully stoichiometric while the oxygen deficiency is con-
centrated on the O2 and O3 atoms, which belong to the
coordination polyhedron of (Co,Sb)2. The (Co,Sb)20g¢
octahedra are elongated, with four (Co,Sb)2—-O3 bond
lengths of 1.936 A and two (Co,Sb)2—02 bond-lengths of
2.104(3) A at 100 °C; there is no significant evolution of
this conformation in the 100—700 °C interval, apart from
the expected thermal expansion and the fact that the
octahedra become more regular as 700 °C is approached.
By contrast, the Col octahedra are flattened along the ¢
axial direction, displaying extremely short Col—02 dis-
tances of 1.794(3) A at 100 °C. The four equivalent
equatorial distances are 1.9361 A at this temperature,
and their thermal evolution follows the expected bond-
length expansion. This long-range arrangement could be
the origin of the observed superstructure along the ¢ axis.

The oxygen stoichiometry in the tetragonal phase
ranges from 2.72(4) at 100 °C to 2.64(5) at 700 °C, as
shown in Figure 3c; accordingly, the average oxidation
state for Co varies between 3.36+ and 3.194, assuming a
pentavalent oxidation state for Sb and divalent for Sr.
There is a small but significant increase in the oxygen
stoichiometry at 500 °C, which correlates well with the
weight gain observed in the TG curve in the 300—430 °C
range. It corresponds to an increase in the occupancy
factors of both O2 and O3 oxygens. Also, there is a
distinct contraction of the Col—02 and (Co,Sb)2—02
bond lengths concomitant with the Co oxidation in this
temperature interval. The crystal structure contains alter-
nating small (ColOg) and large ((Co,Sb)204) octahedra,
with average ((Co,Sb)—O0) distances of 1.889 and 1.992 A
at 100 °C and 1.924 and 2.014 A at 700 °C, respectively.
This fact suggests the establishment of a charge density
wave (CDW) across both types of Co cations. Because the
average valence for Co is 3.36+ at 100 °C, this hypothesis
would imply an average oxidation state of Co™>’*" at Col
sites and Co’" at (Co,Sb)2 positions, assuming a full
charge disproportionation. In fact, the presence of inter-
mediate spin Co>" in (Co,Sb)2 sites would cause a
Jahn—Teller elongation of the Co—O bond lengths, and
the O~ ions would preferentially bond with the Co*"
cations, to shift the O* ions from (Co,Sb)2 to Col.
Besides many metals and intermetallic alloys showing
this effect, oxides are also known that stabilize a CDW
and exhibit a high electronic conductivity, e.g., LiV-
M00532 or 7/-Mo4011.33

SrCog.95Sbg 05035 experiences a phase transition from
a tetragonal superstructure to a simple-cubic perovskite
between 700 and 850 °C, probably associated with the
endothermic peak observed at 816 °C in the DTA curve

(32) Gopalakrishnan, J.; Bhuvanesh, N. S. P.; Vijayaraghavan, R.;
Vasanthacharya, N. Y. J. Mater. Chem. 1997, 7, 307.

(33) Lope, E. B.; Almeida, M.; Dumas, J.; Guyot, H.; Escribe-Filippini,
C. J. Phys: Condens. Matter 1992, 4, L357.
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(Figure 6b). This phase transition is related to the dis-
ordering of the oxygen vacancies in the cubic unit cell with
an average thermal factor and occupancy. Thus, the
thermal factors for Ol, O2, and O3 at 700 °C are,
respectively, 3.0(1) A2, 3.94) A2 and 6.4(3) A2, merging
into a single oxygen atom with an isotropic B factor of
4.8(1) A? at 850 °C. The transition to a cubic phase at
800 °C mainly involves the disordering of the oxygen
atoms in a cubic Pm3m subcell; we can assume that the Sb
atoms are still long-range ordered, but their small amount
(5% over the Co positions) precludes the observation of
superstructure peaks and thus the unit cell is adequately
described in a simple perovskite arystotype.

Once the sample has evolved from tetragonal to cubic,
the total oxygen content refined from NPD data changes
slightly from 2.50 atoms/f.u. at 850 °C to 2.46 atoms/f.u.
at 930 °C, showing a progressive oxygen loss of the sample
in equilibrium with an air atmosphere during the full
NPD data acquisition. The total weight loss observed in
the TG curve (Figure 5b) from 100 to 930 °C (0.29(1)
oxygen atoms per formula) is in relatively good agree-
ment with the difference in occupancy factors determined
at both temperatures, of 0.24(3) oxygen atoms per for-
mula. The behavior of the TG curve is not monotonous,
showing a weight gain in the 300—430 °C interval, the
onset of which correlates with the exothermic peak ob-
served in the DTA curve at 260 °C, and the increment in
the occupancy factor of O2 and O3 refined by neutron
diffraction at 500 °C (Table 1). The possible temperature
shifts between both techniques (TG and NPD) probably
arise from the considerably more massive sample used in
the neutron experiment, confined in a narrow quartz tube
which may have delayed in some way the oxygen release/
incorporation of the sample. From 700 °C the TG curve
shows a more abrupt weight loss, which has also been
observed in the in situ NPD study.

The electrical conductivity measurements were de-
scribed for different compounds of the SrCo;_,Sb,O3_4
series (x = 0.05,0.10, 0.15, 0.20) 27 and a clear increment
of the conductivity was observed with respect to the
parent compound SrCoO;_,, with a maximum conduc-
tivity for the present x = 0.05 sample reaching 500 Scm ™'
at 400 °C. A further increment of the Sb content leads to a
progressive decrease of the conductivity because the
O—Sb—O0O bonds hinder the electronic mobility in the
crystal. The thermal expansion of the SrCo;_,Sb,O3_4
family was also previously reported for x = 0.05, 0.1,
0.15,0.2; the absence of the abrupt anomalies found in the
undoped compound should be noted. Even for the lowest
Sb concentrations (x = 0.05), the thermal cracking
problems that could be induced by the pristine sample
SrCoO;_s have been overcome. However, the thermal
expansion is not totally linear, showing an apparent
change of slope at ~400 °C, which could be identified
with the oxygen incorporation and unit-cell contraction
observed in this temperature regime.

The stabilization of a 3C superstructure of perovskite
by the replacement of 5% Co by Sb in the parent SrCoO3_s
perovskite is responsible for the observed performance
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as a MIEC oxide, combining excellent ionic and electro-
nic conductivity in the operating temperatures of an
IT-SOFC. It is worth recalling that under similar pre-
paration conditions, a material with starting SrCoO5_s
stoichiometry would have produced a hexagonal 2H-like
polytype containing face-sharing octahedra, the electrical
properties of which are very poor below 900 °C.** We
believe that the stabilization of a 3C perovskite structure
with corner-sharing CoOg octahedra by the introduction
of 5% Sb atoms relies on the presence of highly charged
Sb " cations distributed at random over the B octahedral
positions, preventing the highly repulsive conformations
derived from the octahedral face-sharing involved in the
hexagonal 2H polytypes. The introduction of Sb>" ca-
tions also drives an electron-doping effect, enhancing a
mixed valence over the Co cations and promoting the
electrical conductivity.?’

These structural features account for the successful use
of SrCog 95Sb ¢503.5 as cathode material in single test
cells with pure H, as a fuel, displaying maximum output
powers of 0.328, 0.511, and 0.618 W/cm? for tempera-
tures of 750, 800, and 850 °C, respectively, surpassing the
practical requirements of 500 mW/cm? at 800 °C for a
single cell. It also exhibits a good cyclability without
apparent power loss up to 50 cycles. The cathodic over-
potential is significantly smaller than the anodic one, and
therefore the cathodic losses are no longer rate-determin-
ing of the output power of the cell. Moreover, the catho-
dic overpotential matches well with the electrode polar-
ization resistance obtained by impedance spectroscopy in
air, giving values below 0.1 Q cm? for 750 and 800 °C.

5. Conclusions

We have designed, characterized and tested defective
Sb-doped derivatives of the SrCoO;_s perovskite as

(34) Deng,Z.Q.; Yang, W.S.; Liu, W.; Chen, C. S. J. Solid State Chem.
2006, 179, 362.
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cathode materials for intermediate-temperature SOFCs
with long-term stability and competitive power perfor-
mance in the temperature range 750—850 °C. In particu-
lar, SrCog 95Sbg 0503_s features a number of interesting
properties that account for the observed performance:
it presents a maximum electronic conductivity, as high as
500 S cm ™! at 400 °C, and low electrode polarization
resistance with the LSGM electrolyte, below 0.1 Q cm? in
the 750—800 °C range; the crystal structure adopts a 3C
corner-linked perovskite network with a considerable
number of oxygen vacancies, the oxygen atoms showing
high thermal factors (4—6 A? in the 700—850 °C range)
suggesting a significant ionic mobility. The low-tempera-
ture tetragonal superstructure undergoes a smooth tran-
sition to a completely disordered cubic structure in the
temperature range 700 to 850 °C, probably at 816 °C from
the DTA curve. This structure is stable up to 930 °C; at
this temperature the oxygen stoichiometry is 2.46(4). The
stabilization of a 3C perovskite structure with corner-
sharing CoOg octahedra by the introduction of 5%
Sb atoms relies on the presence of highly charged
Sb>* cations distributed over the B octahedral positions,
preventing the highly repulsive conformations derived
from the face-sharing octahedra of the hexagonal
2H polytypes, which are characterized by a low electronic
conductivity and present unwanted reconstructive
phase transitions in the useful temperature regime of
SOFCs.
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