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Structures and Properties of LaFe, ¢ Cu,,0; 5 and
BaFe,3Cu,,0; s as Cobalt-Free Perovskite-Type Cathode
Materials for the Oxygen Reduction Reaction

Asim Idrees,” Xuening Jiang,*™ Gang Liu,”
Lei Jiang,”® Xiangnan Li,” and Baomin Xu'@

Perovskite oxides with mixed electronic-ionic conduction are
important catalysts for the oxygen reduction reaction in solid
oxide fuel cells (SOFCs). Here, two cobalt-free perovskite
oxides, LaFey4Cu,,0; 5 (LFCuO) and BaFe,3Cu,y,05 5 (BFCuO),
were synthesized and comparatively studied with respect to
their phase structures, oxygen contents, chemical defects, ther-
mal expansion coefficient (TEC), as well as electrical and elec-
trochemical properties. Different structures and properties
have been found for each oxide, which have been interpreted

1. Introduction

Perovskite-type oxides with mixed ionic-electronic conduction
are used in catalysis and electrocatalysis, and they are of par-
ticular interests for technologies of catalytic combustion, cata-
lytic reduction of CO,, water splitting, solid oxide fuel cells
(SOFCs), and solid oxide electrolysis cells (SOECs)."™ As cath-
ode materials of SOFC devices, perovskite oxides should have
high catalytic activity for the oxygen reduction reaction (ORR)
at temperatures of 500-800 °C (intermediate temperature, IT),
low thermal expansion coefficients (TECs) that match well with
other component materials, and good chemical stability at
high temperatures. These properties are closely associated
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based on their tolerance factors and chemical defects. LFCuO
showed much better overall performance than BFCuO, and it
proved to be a promising cobalt-free cathode material of inter-
mediate-temperature SOFCs with a low TEC (12.0x10°°°C™")
that matches well with TECs of the electrolytes, high catalytic
activity for the oxygen reduction reaction characterized by low
area specific resistances (0.090 Q cm? at 800°C and 0.20 Q cm?
at 750°C), and high-temperature chemical stability with
electrolytes.

with the composition, phase structure, and chemical defects of
the oxides.®”!

Cobalt-based perovskite oxides, such as cubic perovskite
oxide of LaysSr,sCo0; ,® and double-layered perovskite oxides
of LnBaCo,0s. s (Ln=lanthanum),”'” are important candidate
cathode materials for SOFCs. The interchangeable valence
states of Co"" (n=2, 3, 4) ions contribute to the high ORR cat-
alytic activity of these oxides, which, however, can also cause
high TEC values (>20x107°°C™") that are much larger than
the TECs of commonly used electrolytes, (11-13)x
1076°C """ Sych thermal expansion mismatching between
the component materials can cause structural cracking and
performance degradation of SOFCs during the long-term work-
ing period and the high-temperature fabrication process of the
cell” Furthermore, volatility of these cobalt-based oxides at
elevated temperatures and the relatively high price of cobalt
also limit their practical application as cathode materials in IT-
SOFCs. Thus, the development of Co-free perovskite-type cath-
odes has been receiving growing interest in recent years."*'”

As a typical Fe-based cobalt-free perovskite oxide, BaFeO;_,
proved to be a promising cobalt-free cathode material of IT-
SOFCs with high surface exchange kinetics and high ORR elec-
trocatalytic activity."” However, owing to its large Goldschmidt
tolerance factor (r=1.006),"% a single cubic phase BaFeO,_,
could not be obtained at room temperature with various syn-
thesis methods, such as solid-state and sol-gel reactions, and
more complicated fabrication methods are required to obtain
such a pure phase."™'®' To stabilize the cubic structure of
BaFeO,_; A-site and/or B-site doping has been adopted,®2”
but the new oxides still have problems with either low ORR
catalytic activity or large TECs that mismatch with the electro-
lyte. As a result, to improve the overall performance of
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BaFeO,_; as a cathode material for IT-SOFCs, the phase struc-
ture and properties, especially the electrochemical per-
formance and TEC value, should be well balanced by tailoring
the A-site and/or B-site dopant.

In this work, La** substitution at A sites and Cu®" doping at
B sites were adopted in BaFeO;_; for both property modifica-
tions and to understandi the effects of A-site and B-site cations
on the structure and properties of the perovskite oxide. Cu**
was chosen as the B-site dopant because of its smaller ionic
radius than Fe*' to give a smaller tolerance factor of the
oxide, its stable oxidation state against thermal reduction, as
well as its ability to enhance oxygen surface adsorption and
bulk diffusion for the cathodes."®?"?? Besides, La*", with a dif-
ferent ionic radius and valence state to Ba’" at A sites, is ex-
pected to have synergetic effects on both the structure and
the properties of BaFeO, ;. Two perovskite oxides, Ba-
FeosCuy,0;5_s (BFCUO) and LaFe;sCu,,0;_s (LFCuO), were syn-
thesized and comparatively studied as cathode materials for IT-
SOFCs. Different structures and properties have been found for
them, which are interpreted based on the results of the toler-
ance factor, oxygen content, and chemical defects of the
oxides. More significantly, LFCuO proves to be a promising
cathode material for IT-SOFCs with high catalytic activity for
the ORR and a low TEC value that perfectly matches with the
electrolyte materials.

2. Results and Discussion
2.1. Phase Structures

Figure 1 shows XRD patterns of the synthesized BFCuO,
LFCuO, and Ba-Fe-O powders, which were indexed with differ-
ent phase structures. The BFCuO pattern was well indexed
with a cubic perovskite structure (Pm-3m space group) with a
lattice parameter of a=4.062 A. This structure, as illustrated in
Figure 1, has ideal BO, octahedrons with Fe and Cu** sharing
the B site and Ba’" at A site. BFCuO is the BaFeO, oxide with

950°C LFCuO

. BaFeO,
v Ba,Fe,0
* BaFeO,;

Relative intensity / a.u.

50
20/°

Figure 1. XRD patterns of the synthesized BFCuO, LFCuO. and Ba-Fe-O pow-
ders with the corresponding schematic phase structures.
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20mol % Fe ions at B sites replaced by Cu?". It was previously
reported™ ' that the cubic perovskite structure of BaFeO; was
not stable at room temperature, owing to a large Goldschmidt
tolerance factor (r>1) and could only exist at high tempera-
tures above 900°C. Similar results were obtained with the
EDTA sol-gel synthesis method in this work. As shown in
Figure 1, the sample for the composition of BaFeO; was com-
posed of a mixture of Ba-Fe-O oxides with various phase struc-
tures at room temperature. However, the BFCuO oxide synthe-
sized under the same conditions was a pure phase, indicating
that B-site Cu** doping significantly improved the stability of
the cubic perovskite structure of BaFeO;.

When the A-site cations were changed from Ba®>" to La’",
the phase structure of the oxide changed as well. In contrast
to the cubic perovskite structure of BFCuO, the diffraction
peaks of LFCuO were indexed with an orthorhombically dis-
torted perovskite structure with space group of Pnma (ICSD
88-0641). This structure, as reported for LaFeO,,*® can be rep-
resented by the Glazer tilt system of a”b b~ characteristic of
tilting BOg octahedrons, which gives rise to an enlarged unit
cell relative to the pseudocubic perovskite cell (lattice parame-
ter of a,) given by ay=a, b,~2a, and ¢,~a, in the Pnma
structure. As demonstrated by Woodward,”” a balance of fa-
vorable covalent versus ionic bonding interactions at the A
sites is largely responsible for this Pnma particular distortion.
This may explain, in part, the different phase structures be-
tween LFCuO and BFCuO, as they have different A-site cations.
In addition, the perovskite structure is also closely related to
Goldschmidt tolerance factor (7) of the oxide.?” The tolerance
factors of LFCuO and BFCuO were calculated based on the
ionic radius from Shannon (1976) and the results are listed in
Table 1. The 7 value is very close to 1 for BFCuO, which ex-
plains its cubic perovskite structure. However, 7 is only 0.876
for LFCuO, and this value is just within the 7 range for the
Pnma-type distorted perovskite structure.”™ This further ex-
plains the different phase structures of the BFCuO and LFCuO
oxides.

Table 1. Lattice parameters, tolerate factors (z), oxygen content (3—0),
oxygen deficiency (0), and average valence (n) of Fe"" ions in BFCuO and
LFCuO.

Tolerate 3-0 o n

Sample Space Lattice Cell

group  parameter [A] volume [A®] factor (1)
LFCuO Pnma 5.547 (a) 243.43 0.876 2.98 0.020 3.21
7.888 (b)
5.563 (c)
BFCuO Pm-3m 4.062 67.02 0.979 260 040 349

2.2. Thermal Expansion Behaviors

A cathode material for a SOFC should have a proper TEC value
that matches the TECs of the electrolyte materials in order to
maintain structural and performance stability of the cells.”!
Thermal expansion curves of BFCuO and LFCuO oxides were
measured at 25-900°C in air, and the results are shown in
Figure 2. Different expansion behaviors were observed for
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Figure 2. Thermal expansion curves of BFCuO and LFCuO measured at 25—
900°C in air with the corresponding average TEC values.

these samples. In the expansion curve of BFCuO, an inflection
was observed at 570°C, which could be ascribed to reduction
of Fe*™ to Fe’", caused by the thermally driven release of lat-
tice oxygen, as found in other perovskite oxides.”>?” Different
slopes of the curve in the low- and high-temperature ranges
gave rise to different TEC values of 16.2x107°°C" at 25-
570°C and 30.6x107°°C™" at 570-900°C, and an average TEC
of 24.1x107°°C™" was calculated over the whole temperature
range of 25-900°C. These TEC values, especially at the high
temperatures, are far beyond TECs, (11-13)x107°°C™", of the
commonly used electrolyte materials in IT-SOFC,"""*) which is
disadvantageous for structure and performance stability of the
SOFCs. In contrast, LFCuO showed an almost linear expansion
curve similar to other Fe-Cu-based perovskite oxides,?*=
giving rise to a much smaller TEC value of 12.0x107°°C™"
25-900 °C. This TEC value is remarkably small compared to the
TECs (>20x107°°C™") of cobalt-based perovskite oxides;” 3"
and it is even smaller than the TEC results of Fe—Cu-based per-
ovskite oxides such as LaysSrysFe,sCuy,05 4 (17.7x1078°C!
25-900°C),®  Nd,sSrosFeysClo,05 5 (147x107°°C™" at 25-
800°C),*? and LnysSrysFepsCuy,0; s (Ln=La, Pr and Nd, TEC
~16x10°°°C" at 30-850°C)."* Most significantly, this TEC
value matches perfectly with the TECs of electrolytes
CeysSm,,0,, (SDC) and CeyGdy 50,4 (GDC). As a result, struc-
tural stability of SOFCs can be expected when LFCuO is used
as the cathode.

With the exception of the excellent TEC matching of LFCuO
with electrolytes from an application point of view, the exact
reasons for the dramatically different TEC values between
LFCuO and BFCuO are also intriguing and worthy of further in-
vestigation. It is known that two factors are related to the ther-
mal expansion behaviors of the perovskite oxides:one is
“chemical expansion” induced by reduction and spin transition
of the B-site ions and the other is “crystal expansion” from an-
harmonic atomic vibrations that depend on electrostatic at-
traction forces within the lattice.””3*3* Co-based perovskite
oxides usually show large TEC values above 20x107°°C",
mainly owing to the “chemical expansion” induced by the
easily reduced Co"" (n=4,3) ions at high temperatures as well
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as the low-to-high spin transition of Co*".”""" Therefore, partial
or total replacement of cobalt ions with other transition-metal
ions with relatively stable valences such as Fe, Cu, or Ni ions
generally results in lower TEC values."***” However, the TEC
values of perovskite oxides also change with the A-site
cations when the B-site ions are kept the same. As typical
examples, the average TEC value is 27.1x10°°°C™" for
BagsSrosFepsCuy,0; 4% whereas they are as low as 13.1x107°
and  14.7x107°°C™"  for  BigsSrysFepsCug,0; o2  and
NdsSresFepsCug,0;_s,2? respectively, in similar measurement
temperature ranges. Similarly, different A-site cations, La*" and
Ba’", also caused dramatically different TEC values for LFCuO
(120x107°°C™") and BFCuO (24.1x107°°C™") in this work. It
was reported® that V:* in perovskite oxides could induce a re-
duction in the electrostatic bond strength of the lattice and in-
crease “crystal expansion” in the oxides, whereas the concen-
tration of V' in the oxide is closely associated with the va-
lence states and contents of the A-site cations. This is probably
the reason for the changing TECs with different A-site cations
in the oxides. A further interpretation of the different TEC
values for LFCuO and BFCuO is given in the following part,
based on the results of the oxygen content and chemical
defects.

2.3. Oxygen Content and Chemical Defects

To get a deeper understanding of the different TEC values for
LFCuO and BFCuO, and for interpretation of the electrical and
electrochemical properties, the oxygen content (3—0), oxygen
deficiency (9, that is, content of V:°), and average valence (n)
of Fe"" ions in the as-synthesized LFCuO and BFCuO oxides
were measured by using the iodometric titration method at
room temperature, and the results are listed in Table 1. It is
found that the oxygen content (2.60) of BFCuO is much lower
than that (2.98) of LFCuO; thus, BFCuO has a much higher
oxygen deficiency (0=0.40) than that of LFCuO (6=0.020).
This is probably because the high-valence La®" ions need
more O® ions than the lower valence Ba’" ions to maintain
electroneutrality of the oxide. The average valence of Fe"*
ions in the oxides is 3<n<4, indicating that both Fe** and
Fe*" ions existed at B sites of the oxides.
Temperature-dependence of 3—6 and ¢ for both oxides was
further calculated based on the thermogravimetric (TG) results
(Figures 3 and 4), which gave the weight change of the oxides
as a function of temperature. As shown in Figure 33, a gradual
weight decrease occurred at higher temperatures in LFCuO
and a 0.45 wt % decrease was found at 800 °C. This weight loss
was attributed to thermal-driven release of the lattice oxygen;
therefore, a gradual decrease in oxygen content and increase
in oxygen deficiency with higher temperatures followed (Figur-
es 3b and 3¢c) and the oxygen deficiency in LFCuO is 0.087 at
800°C. In the case of BFCuO, however, a different TG curve
was obtained (Figure 4a): a slight weight gain (0.15 wt %) first
occurred in the low-temperature range of 340-460°C, which
could be ascribed to an oxygen-adsorption process as found in
other perovskite oxides.®>3? This process happened in BFCuO,
but not in LFCuO, possibly because the as-synthesized BFCuO

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) TG curve, b) oxygen content, and c) content of V* as a function
of temperature for LFCuO.

had a very large oxygen deficiency. Besides, as shown in Fig-
ure 4b, a 5.82 mol% decrease in oxygen content of BFCuO
was found at 800°C, which was much larger than that of
LFCuO (2.23 mol%), indicating that the lattice oxygen in
BFCuO was more easily released than in LFCuO. As a result, a
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Figure 4. a) TG curve, b) oxygen content, and c) content of V* as a function
of temperature for BFCuO.

very high oxygen deficiency (0.543) was obtained at 800 °C for
BFCuO (Figure 4c¢), which is about five times as high as that of
LFCuO (0.087).

Given the above results, we could go back to the significant-
ly larger TEC value for BFCuO compared to LFCuO (Figure 2). In

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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BFCuO, more lattice oxygen was released at high temperatures
than in LFCuO; therefore, more B-site Fe**/Fe®* ions could be
reduced to Fe*"/Fe’" and then “chemical expansion” was pro-
moted. Besides, as V" could reduce electrostatic bond
strength in perovskite oxides,** higher concentration of V:*
(i.e. larger oxygen deficiency) could enhance the “crystal ex-
pansion” and then increase the TEC value of BFCuO as well.
Song and LeeP® found that the Co-free perovskite oxide
BaysSrysCug-Fe 055 had an “abnormally” large TEC value
(27.1x107°°C"") compared to the Co-containing oxide
BaysSrysCog,Feps0; 5 (16.5x107°°C") at 100-800°C, which
was ascribed to the much larger oxygen deficiency in the
former oxide. Similarly, the large oxygen deficiency in BFCuO
could also have played an important role in the large TEC
value.

2.4. Electrical Conductivities

The total electrical conductivities of BFCuO and LFCuO were
measured in the temperature range of 300-800°C in air, and
the results are present in Figure 5. With increasing tempera-

50 -
‘_"E 404 LFCuO
Q
wv
~ 30
>
L et
=
S 20+
3
c BFCuO
S 10 .
o WWO
0-
400 669 800
j/iie

Figure 5. Temperature dependance of electrical conductivity for BFCuO and
LFCuO, measured in air.

ture, the conductivity values of both oxides first increased and
then decreased after reaching a maximum point, indicating an
insulator-to-metal conduction transition that is typical of the
perovskite-type mixed ionic-electronic conductors (MIECs).”!
For these MIEC systems, the total electrical conductivity is
dominated by the electronic conduction (p-type semiconduc-
tor), which occurs through a Zerner mechanism™*" with elec-
tronic hopping along the pathway of —M"f—0* —M"+"*
(where M is a transition-metal ion with changeable valence at
B sites of the oxides like Fe in BFCUuO and LFCuO). Therefore,
conductivities of the MIEC oxides are intrinsically determined
by the concentration and mobility of the charge carriers (h®)
and also influenced by existence of V:* in the lattice, as V:°
can break the electronic hopping pathway and decrease the
electronic mobility.” Similar to other perovskite-type MIECs,
the increasing electrical conductivity in the low-temperature
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range for BFCuO and LFCuO could be attributed to the ther-
mal activation of electronic hopping, and the gradually de-
creasing conductivity at the high temperatures was caused by
the decreasing concentration of charge carriers h* as well as
generation of V:* with the release of lattice oxygen.

BFCuO and LFCuO had the same electrical conduction
mechanisms; however, their electrical conductivity values were
quite different. The total conductivities of LFCuO ranged from
10.0 Sem™ at 300°C to 41.2Scm™" at 800°C, which were
much higher than the conductivity values (<9.0Scm™) of
BFCuO. This difference in electrical conductivity is closely asso-
ciated with their different chemical defects. As discussed
above (Figures 3 and 4), BFCuO had a much higher concentra-
tion of V:° than LFCuO, and V" could break the electronic
hopping pathway and, thereby, decrease the electrical conduc-
tivity of BFCuO. Besides, V:* was generated through thermally
driven release of lattice oxygen (O) in the oxides based on
the redox reaction of O +2h* — V2* +10,. With more V2
formed in BFCuO, more charge carriers h® were consumed,
which could also decrease the conductivities of BFCuO.

2.5. Chemical Compatibility

Chemical compatibility between component materials at high
temperatures is necessary for long-term performance stability
of SOFCs.To check the chemical compatibility of BFCuO and
LFCuO with electrolytes, LFCuO-SDC/GDC and BFCuO-SDC/
GDC mixed powders in 1:1 weight ratios were calcined at dif-
ferent temperatures between 900 and 1000°C for 10 h in air,
and then XRD patterns were measured at room temperature.
The obtained XRD patterns are shown in Figure 6. It can be ob-
served in Figure 6a that the XRD pattern of the LFCuO-SDC
mixture was composed of LFCuO and SDC individual phases
and no new diffraction peaks were found; thus, no reaction oc-
curred between LFCuO and SDC at 1000 °C. In contrast, in the
XRD pattern of the BFCuO-SDC mixture, besides the diffraction
peaks from the BFCuO and SDC individual phases, some minor
diffraction peaks ascribed to an impurity phase of
Bag,SmCu;0,,4 (ICSD 80-1879) were also observed, demonstrat-
ing a chemical reaction between BFCuO and SDC at 900°C.
Similar results were also obtained with the electrolyte of GDC
(Figure 6b): LFCuO did not react with GDC at 1000°C, but an
additional phase was formed in the BFCuO-GDC mixture cal-
cined at 900°C, owing to a reaction between BFCuO and GDC.
These results have demonstrated that LFCuO has better high-
temperature chemical compatibility with SDC and GDC than
BFCuO.

2.6. Electrochemical Performance

To avoid a chemical reaction between the cathode and the
electrolyte, the BFCuO cathode layer can not be calcined at
temperatures above 900°C on SDC or GDC electrolyte pellets.
So, a calcination temperature of 890°C was tried for the fabri-
cation of a symmetric cell: BFCUO\SDC\BFCuO. However, poor
connection between the cathode and electrolyte layers was
found at this temperature and the BFCuO cathode layer easily

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. XRD patterns of a) the LFCuO-SDC and BFCuO-SDC mixed pow-

ders and of b) the LFCuO-GDC and BFCuO-GDC mixed powders calcined at
1000 and 900°C, respectively, for 10 h in air.

peeled off from the electrolyte pellet. Therefore, the electro-
chemical performance of the BFCuO cathode could not be fur-
ther studied. In contrast, as LFCuO was chemically stable with
GDC and SDC at temperatures up to 1000°C, a calcination
temperature of 950°C was adopted for the fabrication of the
LFCuO cathode layer. At this temperature, a good cathode/
electrolyte connection was obtained, as indicated by the cross-
sectional SEM image of the LFCuO/SDC/LFCuO symmetrical
cell (Figure 7a). This interface connection is advantageous for
interfacial transfer of oxygen ions with low interface resistan-
ces. Besides, the fabricated LFCuO cathode layer had uniformly
porous microstructure with well-linked grains of approximately
300 nm in size (Figure 7b), which could realize continuous
electronic and ionic transportation and easy gas diffusion in
the cathode.

AC impedance spectra of the symmetric cell LFCuO/SDC/
LFCuO were measured at 650-800°C in air (Figure 8a). The
ohmic resistances (intercepts at the high frequency with the
real axis) arising from the electrolyte and lead wires were nor-
malized to zero for clarity. The frequencies for these EIS plots
are in the range of approximately 10°-0.1 Hz. The intercepts of
the arc at the highest and lowest frequencies in the spectra
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Figure 7. a) Cross-sectional and b) surface SEM images of the symmetric cell
of LFCuO/SDC/LFCuO.

relate to the polarization resistance (R,) from both identical
cathodes, so area-specific resistance (ASRs) of one cathode can
be calculated by using ASR=1/2R,S, where S is area of the
cathode. The obtained ASR results were inserted in Figure 8a
and are shown in the Arrhenius plot in Figure 8b. According to
the slope of the Arrhenius plot, the reaction activation energy
(E,) of the LFCuO cathode was calculated to be 1.65 eV, which
is similar to E, values of other Fe-Cu-based perovskite catho-
des.¥ The ASR values of the LFCuO cathode are 0.09 Qcm? at
800°C, 0.20Qcm? at 750°C, 0.55Qcm? at 700°C, and
1.6 Qcm? at 650°C. These ASRs of LFCuO are comparable to, if
not smaller than, ASRs of many other Fe-Cu-based perovskite
cathodes, such as PrysSrysFegsCuy,0; 5 (1.25Qcm?  at
700°C), """ LaggSr,FepsCuy,0s 5 (0.58 Qcm? at 750°C and
031 Qcm? at 800°C)," and SmBa,sSrosCuFeO;. 5 (0.28 Qcm?
at 750°C).*? Smaller polarization resistances indicate higher
ORR catalytic activity, which, together with the significantly
low TEC value (Figure 2) that matches with TEC of electrolytes,
have demonstrated that LFCuO is a promising new cobalt-free
perovskite cathode for IT-SOFCs.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) AC impedance spectra of the symmetric cell of LFCuO/SDC/
LFCuO measured at 650-800 °C in air with the inserted ASR results; b) Arrhe-
nius plot of the ASR data at different temperatures.

3. Conclusions

In this work, two new cobalt-free perovskite oxides, LFCuO
and BFCuO, were synthesized and studied as cathode materials
of SOFCs in comparison. BFCuO had a Pm-3m cubic perovksite
structure, whereas LFCuO presented an orthorhombically dis-
torted perovskite structure. The different phase structures
were attributed to their different tolerance factors with differ-
ent cations (Ba’" and La*") at the A sites. BFCUO had a very
large TEC value (24.1x107°°C™") at 25-900°C. In contrast, the
TEC value of LFCuO, 12.0x107¢°C™', was remarkably low and
perfectly matched with TECs of commonly used electrolyte
materials. The combined “chemical expansion” and “crystal ex-
pansion” resulted in the large TEC of BFCuO. Electrical conduc-
tivities of LFCuO ranged from 10.0Scm™' at 300°C to
42.0Scm™" at 800°C, which are higher than conductivities of
BFCuO. These different properties for LFCuO and BFCuO were
closely associated with their different oxygen content and
chemical defects. Moreover, LFCuO was chemically stable with
SDC and GDC electrolytes at 1000°C in air, whereas BFCuO re-
acted with them at 900°C. The low inter-reaction temperature
for BFCuO and SDC/GDC made it impossible to fabricate the
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symmetric cell for impedance spectra measurements. In con-
trast, a symmetric cell was successfully fabricated based on the
LFCuO cathode, and ASRs of LFCuO were determined to be
0.090 Qcm? at 800°C, 0.20 Qcm? at 750°C, and 0.55 Qcm? at
700°C. These ASR values were smaller than the ASRs of some
other Fe-Cu-based perovskite oxides, demonstrating high ORR
catalytic activity of LFCuO. These results have demonstrated
that LFCuO has much better overall performance than BFCuO
and it is a new promising cobalt-free cathode material for IT-
SOFCs.

Experimental Section
Experimental Details
Synthesis of the Powders

BaFe,gCu,,0;_5 (BFCuO) and LaFe,sCu,y,05;_s (LFCuO) powders
were synthesized with an ethylene diamine tetraacetic acid (EDTA)
complex sol-gel method, as described in our previous work.?"3 All
the reagents used are of analytical reagent (AR) degree. The syn-
thesis process was described as follows, taking LFCuO as an exam-
ple.  Firstly,  stoichiometric ~amounts of  Fe(NO,);9H,0,
Cu(NO;),:3H,0, and La(NOs);6H,0 were dissolved in EDTA-
NH;-H,O solution (pH~6) whilst stirring to form an aqueous solu-
tion, and then citric acid-NH;-H,O solution (pH~6) was added at a
mole ratio of 1:1:2 for EDTA/total metal ions/citric acid. The mixed
solution was subsequently heated to 80°C to obtain a dark dry
foam structure, which was then decomposed on a hot plate to
make the precursors, followed by calcination in air at 600°C for 5 h
and 800°C for 2 h, in sequence. The precursor of LFCuO was finally
calcined at 950°C for 5h to get a pure phase. The BFCuO and
BaFeO; samples were synthesized with similar processes, but the
final calcination temperature was 1050 °C. To check chemical reac-
tion compatibility between the cathode and electrolyte materials,
the LFCuO or BFCuO powders were, respectively, mixed with SDC
or GDC electrolyte in a 50:50 weight ratio, followed by calcination
at the temperatures of 900-1000°C for 10 h in air.

Characterization

Phase structures of the as-synthesized LFCuO and BFCuO powders
as well as the calcined LFCuO-SDC/GDC and BFCuO-SDC/GDC
mixed powders were characterized by using X-ray diffraction meas-
urements (XRD, Rigaku D/Max 2400). Thermal expansion data of
LFCuO and BFCuO were collected with a dilatometer (Netzsch DIL
402PC) at 30-900°C in air with a heating rate of 5°Cmin". Oxygen
contents (3—9) and average valences (n) of Fe"" ions for LFCuO
and BFCuO were determined by iodometric titrations’ at room
temperature with blank tests and five parallel analyses to reduce
the measurement error. TG analysis (Netzsch TG209F3) of the sam-
ples was carried out in a temperature range of 50-900°C in air
with heating rate of 5°Cmin~' to check their thermal-driven
oxygen-release behaviors. Electrical conductivities of both samples
were measured at 300-800°C in air by using a DC four-electrode
method. A Solartron 1260 frequency response analyzer combined
with a Solartron 1287 potentiostat was used for EIS measurements
of the symmetrical cell of LFCuO/SDC/LFCuO under open circuit
voltage (OCV) conditions at 650-800°C in air. In the symmetric cell,
the SDC pellet was fabricated by dry-pressing, and was calcined at
1370°C for 10 h in air; the LFCuO ink, prepared by mixing the cath-
ode powders with o-terpineol and ethyl cellulose, was screen-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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printed onto both sides of the SDC pellet and fired at 950°C for
2 hin air.
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