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Abstract
Cobalt-free  double perovskite oxides are promising cathode materials in
intermediate-temperature solid oxide fuel cells, and often suffer from a low activity in oxygen
reduction reactions. Here, we report on Ba deficiency as an effective strategy to enhance the
electrochemical performance of cobalt-free double perovskite PrBaFe,0s.5, which is properly
related to the formation and redistribution of oxygen vacancies in double perovskite. The
effect of Ba deficiency on crystal structure, surface properties, oxygen content, electrical
conductivity, thermal expansion, chemical compatibility with gadolinium-doped ceria
(Gdy1Ce9019s) electrolyte, microstructure, and electrochemical performance of
PrBa; <Fe;0s:5 (x = 0.00-0.03) was evaluated systematically. Our preliminary results suggest
that Ba deficiency is a feasible means to tailor the physico- and electrochemical properties of
cobalt-free double perovskite, and that PrBagy;Fe,Os.5 is a potential cathode material for

intermediate-temperature solid oxide fuel cells.
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1. Introduction

The energy crisis and environmental problems caused primarily by the current widespread
and inefficient use of fossil fuels has intensified the need for new energy conversion devices.
Among available technologies capable of converting stored chemical energy to usable
electrical energy, solid oxide fuel cells (SOFCs) offer an unmatched working efficiency, low
gaseous pollutant emissions, and excellent fuel flexibility, and are considered to represent a
key component of future energy solutions.'” One strategy that has been proposed for the
commercialization of SOFCs, while achieving enhanced durability and cost reduction, is to
lower the working temperature to an intermediate temperature (IT) range of 600-800 °C. At
these lower temperatures, however, increased polarization resistance at the cathode that
results from a high oxygen reduction reaction (ORR) activation energy, becomes the primary
factor that determines the overall cell performance. Thus, the exploration of novel cathode
materials with high catalytic activity for ORR is of significant importance in IT-SOFC
development.

In recent years, double perovskites with general formula LnBaCo,0s.; (Ln = lanthanide)
have been proposed as potential cathode materials for IT-SOFCs owing to their rapid oxygen
surface exchange, bulk diffusion kinetics, and high electrical conductivities. These oxides
possess 112-type perovskite structures with alternating stacking layers of
[Co0,]-[LnO;]-[Co0,]-[BaO] along the c-axis. This periodic structure is expected to reduce
the oxygen ion transport activation energy along the ab plane significantly and has been
reported to enhance the oxygen transport rate effectively compared with transport rates

exhibited by disordered counterparts of these materials.** The structural, thermal, electrical,
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and electrochemical properties of double perovskites have thus been studied extensively.” "’

Unfortunately, as for other cobalt-based perovskites, the thermal expansion coefficient (TEC)
of LnBaCo,0s.; from 30-900 °C (such as 23.4x10° °C™" for PrBaC0,0s.5)* is much larger
than that of commonly used electrolytes (10~13x10° °C™")!" and sealing materials
(11-14x107°°C™")"*. This leads to a significant thermal mismatch that can produce interfacial
stresses between the cathode and other components, and lead to cell cracking and degradation.
The volatility of these compounds at elevated temperatures and the relatively high price of
cobalt also limit the practical application of LnBaCo0,0s,; as cathode material for IT-SOFCs.
Substituting other, more readily available transition metals such as iron and nickel for cobalt
may provide a solution to these challenges.”"” As an example, monotonic decreases in TEC
of LnBaCo,_Fe,Os.5 (Ln = Nd or Gd) with increasing Fe content were observed by Kim et
al."”® and are attributed to the increased strength of the Fe-O bond compared with the Co-O
bond and the reduced contribution of the low- to high-spin transition of Co’* to TEC. The
thermal and chemical compatibilities between PrBaCo,_Fe,Os.s and Smg,Cey 50, 90
electrolyte were reported to be improved by Fe substitution for Co."*'* For this reason,
various series of cobalt-free double perovskites have been proposed, such as PrBaFe,0s.;5,"'°
NdBaFe,0s.5,">"" and GdBaFe,0s.5,' %! as potential cathode materials for IT-SOFCs.
However, since Fe ions are less conductive and more stable than Co ions, cobalt-free double
perovskites often experience significant decreases in electrical conductivity and
electrochemical catalytic activity in the ORR compared with cobalt-based double perovskites

such as LnBaCo,0s.;. Therefore, it is important to establish feasible strategies to enhance the

electrochemical performance of cobalt-free double perovskites.
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The introduction of A-site cationic deficiencies is a useful means of modifying the physical
and chemical properties of perovskite oxides.****® For example, Liu et al.”’ and Yang et al.*'
observed gradual increases in electrical conductivity and catalytic activity for ORR as the
extent of Ba deficiency in Ba, (Cog;Fey,Nij ;035 was increased from x = 0.00 to 0.15. In
addition, maximum power density values of 1062 mW cm > (600 °C) and 1139 mW cm >
(650 °C) were obtained for Ba;.,Cog;Fe,Nij ;055 (x = 0.10) oxide. Our group has found that
A-site Ba-deficient cobalt-based double perovskites LnBaCo0,0s.5 (Ln = La or Pr) show a
significantly enhanced electrochemical performance.**** For example, Ba-deficient
PrBa;.,C0,0s.;5 (x = 0.08) oxide exhibits a polarization resistance from 600—700 °C that is
approximately half that of the stoichiometric oxide PrBaCo,0Os.;s. This effect likely originates
from the generation of additional oxygen vacancies in Ba-deficient oxides that facilitate
two-dimensional layer diffusion of oxygen along the ab plane and interlayer diffusion along
the c-axis.»****** A-site cation deficiency is expected to be an effective means to improve the
electrochemical performance of cobalt-based double perovskites. However, since the physical
and chemical properties of oxides are determined by their compositions at the A and B sites,
no reports exist to data on the effects of A-site deficiencies on the properties of cobalt-free
double perovskite LnBaFe,0s.; with regard its application as cathode material for IT-SOFCs.

We studied the effects of Ba deficiency on crystal structure, oxygen non-stoichiometry,
electrical conductivity, thermal expansion, and electrochemical performance of PrBa; (Fe,Os.s.
Preliminary results suggest that cobalt-free double perovskite PrBa; ,Fe;Os.s, in which the Ba

deficiency is x = 0.03, is a promising cathode material for IT-SOFCs.
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2. Experimental

Cobalt-free double perovskites PrBa; Fe;Os:s (x = 0.00-0.10) were synthesized via a
combined ethylene diamine tetraacetic acid (EDTA)/citric acid sol-gel method that has been
described in detail in our previous publications.*** Briefly, the desired amount of metal
nitrites (Pr(NOs);-6H,0, Ba(NOs),, and Fe(NO3),-6H,0, all analytical grade) was dissolved
in an EDTA/NH;-H,O solution (~pH 6) with heating and stirring, after which a citric
acid/NH;-H,O solution (~pH 6) was added at a total metal ion:EDTA:citric acid molar ratio of
1:1:2. The resulting solution was evaporated at 80 °C over several hours to obtain a viscous
gel. The obtained gels were pre-calcined at 250 °C and then calcined in air at 1200 °C for 7 h
to generate a double perovskite structure.

The phase structures of the as-synthesized PrBa; Fe,Os.5 (x = 0.00-0.10) powders and
calcined PrBa;Fe;Os.s-gadolinium-doped ceria (Gdy;Cep90;95, GDC) mixtures were
characterized by X-ray diffraction (XRD; Rigaku D/Max 2400) from a 20 of 20—-80°. Oxygen
contents of the PrBa;_ Fe,Os.5 (x=0.00-0.03) oxides at various temperature were characterized by
iodometric titration method””*® and thermo-gravimetric analysis (TGA; Netzsch STA449C).
Before the iodometric titration and TGA measurements, the PrBa; Fe,Os.5 (x=0.00-0.03)
powders were vacuum dried at 100 °C for 4 h to remove the surface absorbed gases (i.e. H,O, CO,
et al.). The TGA was conducted in air, fabricated by mixing high purity N, and O, in the volume
ratio of 79:21, from room temperature to 900 °C at a heating rate of 2 °C min™'. Conductivity data
were acquired in air from 300-800 °C using a direct current (DC) four-electrode method. The
chemical state of the transition metal ions was characterized by a multifunctional imaging

electron spectrometer (Thermo ESCALAB 250XI) with a monochromatized microfocused Al
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Ka (1486.6 eV) radiation source. Thermal expansion data were obtained in air using a
dilatometer (Netzsch DIL 402PC) with a heating rate of 2 °C min~' from 30-900 °C. The
electrochemical performance of the PrBa; ,Fe,Os.5 (x = 0.00-0.03) oxides were characterized
by electrochemical impedance spectra, using GDC as the electrolyte in a
PrBa, Fe,05,5/GDC/PrBa;  Fe,0s.5 symmetrical cell configuration. Dense GDC disks
(diameter: ~10 mm, thickness: ~1 mm) were prepared by pressing GDC powder uniaxially at
200 MPa followed by sintering at 1280 °C for 4 h. Slurries that were prepared by mixing the
cathode powders with a-terpineol and ethyl cellulose were screen-printed onto both sides of
the GDC disks and the disks were then calcined at 1000 °C for 2 h to obtain porous cathode
layers. Electrochemical impedance spectra data for these symmetrical cells were collected
using a multi-channel potentiostat/galvanostat (VMP2) with integrated frequency response
analyzer (Biologic) by applying an open circuit voltage from 0.1 Hz to 0.1 MHz.
Morphologies of the post-test cells were analyzed by field emission scanning electron
microscopy (FESEM, JSM-7001F). The specific surface area and pore size distribution of the
cathode layers were measured by Brunauer-Emmett-Teller (BET) adsorption-desorption
isotherms of N, technology with an automatic analyzer (Nova 3000e, Quantachrome). Single
cells with the configuration of Ni-YSZ/YSZ/GDC/PrBa, (Fe,0s.s were fabricated by screen
printed cathode slurry onto the commercial Ni-YSZ/YSZ/GDC half cells (NingBo
SOFCMAN Energy Technology Co., Ltd) and calcined at 1100 °C for 2 h. The as-obtained
single cells were sealed on one side of alumina tube with the help of silver paste (DAD-87,
Shanghai Institute of Synthesized Risen) and then assembled to the home-made cell test

system. The current-voltage (I-V) and current-power (I-P) curves were collected by a
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Solartron 1287 potentiostat with humidified H, (~100 ml min™) as fuel and flowing air as
oxide.

3. Results and discussion

3.1. Phase structure

XRD patterns of the PrBa; Fe;Os.5(x = 0.00-0.10) powders after calcined at 1200 °C for 7 h
in air are shown in Figure 1. As can be seen from Figure 1a and from the data in Table 1,
highly crystalline, layered perovskite phases with an orthorhombic lattice geometry and
Pmmm space group were obtained for each PrBa; ,Fe,Os.;s oxide. The structural parameters of
the cation stoichiometric PrBaFe,Os.; are comparable with previously reported results.'>'®
The diffraction peaks were observed to shift to higher angles (Figure 1b) with increase in Ba
deficiency (x), which suggests lattice shrinkage (Table 1). A PrgO,; impurity phase (JCPDS#
42-1121) can be identified based on minor diffraction peaks that appear at approximately 28°
in samples for which x = 0.05-0.10, which indicates that the value of the A-site Ba deficiency

fraction (x) was limited to approximately 0.03 in the PrBa; Fe,Os.s oxides. Therefore,

evaluation hereafter in this paper focuses on samples with x = 0.00 and 0.03.
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Figure 1 Whole (a) and magnified (b) XRD patterns of PrBa; Fe,Os.s (x = 0.00-0.10)
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powders calcined at 1200 °C for 7 h in air.

Table 1 Lattice parameters of PrBa;_,Fe,Os.5 (x = 0.00-0.10) oxides.

Samples Space group a(A) b(A) c(A) V (A%)

x=0.00 Pmmm 3.952 3.979 7.869 123.740
x=0.03 Pmmm 3.932 3.943 7.839 121.535
x=0.05 Pmmm 3.927 3.929 7.850 121.119
x=0.10 Pmmm 3.900 3.921 7.829 119.720

3.2 X-ray photoelectron spectroscopy analysis

To identify the surface properties of PrBaFe,Os.; and PrBag;Fe,0s45, the chemical state of
elemental O, Pr, and Fe was measured by X-ray photoelectron spectroscopy (XPS) and
normalized with a Cls peak to 284.6 eV. Figure 2 shows the Ols XPS spectra and fitting
curves of PrBaFe,Os.5 and PrBag¢,Fe,Os.5. Three distinguishable peaks with binding energies
from 528.5-533.0 eV are visible. The peak at 528.5 eV is characterized by lattice O* ions (O)
of the perovskite structure, whereas the other two peaks with binding energy of 530.9 and
533.0 eV probably originate from carbonate structures (Oc) and hydroxyl groups (Oy).**
The appearance of peaks at 530.9 and 533.0 eV indicates the reactivity of PrBaFe,0s.s and
PrBay;Fe,05.5 with CO, and H,O when exposed to ambient atmosphere, respectively. A
similar phenomenon was observed in other perovskite-based materials and is reported to be

closely related to the existence of alkaline-earth elements in the materials.**>'>
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Figure 2 O 1s core-level spectra and fitted lines of PrBa; \Fe,Os.s at room temperature: (a) x =

0.00 and (b) x = 0.03.

Figure 3 shows Pr 3d core-level spectra and corresponding fitting curves of PrBaFe,Os.; and
PrBag¢,Fe;0s:5 samples at room temperature. The main peaks with binding energy of
932.2-932.5 eV and 952.9-953.1 eV can be assigned to Pr** 3ds), and 3d;),, whereas the peak
pairs located at ~928.0/933.6 eV and 949.0/956.4 eV originate from Pr’" 3ds, and 3d;,.2 A
similar result was also observed by Jin et al. in double perovskite PrBaCo,;Fe;;Cuy;30s:5"
and indicated the coexistence of mixed valences of Pr*" and Pr’" in PrBaFe,Os.; and
PrBag¢,Fe;0s:5 samples. Pr*" is the dominant chemical state of Pr in both samples as is

characterized by the main spectrum at 932.2-932.5 eV and 952.9-953.1 eV.



RSC Advances

Intensity (a.u.)

930 940 950 960
Binding energy (eV)

Figure 3 Pr 3d core-level spectra and fitted lines of PrBa; \Fe,Os.s at room temperature: (a) X

=0.00 and (b) x = 0.03.

Figure 4 shows the Fe 2d core-level spectra and corresponding fitting curves of samples of
PrBaFe,0s,; and PrBay;Fe,Os.s5 at room temperature. Double peaks at 711.2 and 724.2 eV
represent Fe*" 2d;, and 2d,),, whereas the other set of peaks with binding energies of 709.6
and 722.9 eV represent Fe’" 2d;, and 2d,,, respectively.33 The satellite peak with binding
energy of 717.5 eV can be ascribed to the Fe’* species.’””® No peak related to the Fe** species
was observed in the XPS spectra, which indicates that the valences of Fe in both samples are

3+ and 4+.
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Figure 4 Fe 2p core-level spectra and fitted lines of PrBa; \Fe,Os.s at room temperature: (a) x

=0.00 and (b) x = 0.03.

Based on the fitting results of the XPS spectra for O 1s, Pr 3d, and Fe 2p, the integrated
intensity ratios of Op/(Oc+Oy), Pr*"/Pr’*, and Fe*'/Fe’” were calculated and are given in Table
2. Within the experimental error, no detectable changes are observed for O;/(Oc+Oy) and
Pr*"/Pr’". Compared with the parent perovskite (PrBaFe,Os.;), a slight decrease in Fe*" ratio
was observed for the PrBagy;Fe,Os.s sample, which suggests that the introduction of Ba
deficiency to the cobalt-free double perovskite results in a reduction rather than an oxidation
of transition metal (Fe). To maintain the electrical neutrality of the oxide, a reduction in
positive charge can be balanced by the formation of additional oxygen vacancies at the
PrBay ¢7Fe,0s.5 surface.

Table 2

Percentage contribution from core electrons for O, Pr, and Fe.

Samples O O.+O0y pr* pr’* Fe* Fe'*

x=0.00 43.0% 57.0% 74.9% 25.1% 48.3% 51.7%

x=0.03 43.0% 57.0% 74.8% 25.2% 47.7% 52.3%
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3.3 Oxygen content

Oxygen contents of the PrBa, (Fe,Os.5 (x=0.00-0.03) oxides at various temperature in air
were characterized by iodometric titration method and thermo-gravimetric analysis
technique,®® and presented in figure 5. As depicted in this figure, three distinguishable stages,
the oxygen content kept constant with higher temperature (25-230 °C), absorption of oxygen
in the surrounding atmosphere with higher temperature (230-340 °C), and release of lattice
oxygen with higher temperature (340-900 °C), were observed for both samples in the
measured temperature range. For the fist stage, no detectable changes in oxygen contents
were observed for both samples. Similar phenomenon were observed in other perovskite
oxides,””® and can be attributed to the relatively low temperatures for which the oxygen ions
are expect to “frozen” in the lattice of the PrBa,_Fe,Os.5 (x=0.00-0.03) oxides. For the second
stage, slightly increases in oxygen contents were observed for both samples with higher
temperature which properly comes from the difference in the gases oxygen content of the
surrounding atmosphere between the muffler furnace (where the samples were synthesized)
and the TGA furnace (where the samples were tested). Gradually decreases in oxygen content
with higher temperature were obtained in the third stage which properly related to the thermal
induced release of lattice oxygen.é’28 Furthermore, at a given temperature, PrBa;Fe;Os.s
(x=0.03) exhibits much lower oxygen contents than that of the parent oxide (PrBaFe,;Os.;) in
the measured temperature range indicating the formation of oxygen vacancies as the charge
compensation for the Ba-deficiency in the cobalt-free double perovskites. It is worth noting
that the formation of additional oxygen vacancies is expected to be beneficial in promoting

the catalytic activity for ORR.*
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Figure 5 Oxygen content (5+3) of PrBa; \Fe;Os.5 (x=0.00-0.03) oxides measured in air.

3.4 Electrical conductivity

Figure 6 summarizes the electrical conductivities of samples in air at various temperatures.
The oxygen ion conductivity of this kind of perovskite oxide has been reported to be much
lower than the electron conductivity,' such that the electrical conductivity described herein
can be assumed to represent primarily electronic conductivity. As shown in Figure 6, all
samples exhibit an initial increase in electrical conductivity from 300 to 425450 °C,
followed by a downward trend in higher temperatures. This results from thermally-induced
lattice oxygen release and the formation of oxygen vacancies that hinders the mobility of
electronic conduction carriers. Maximum electrical conductivities of 36 and 32 S cm ™' were
obtained for PrBaFe,0s.s and PrBag¢;Fe,0s.5, respectively. These values are expected to be
acceptable for SOFC applications since they are similar to those of previously reported
cathode materials such as BagysSrysCoosFe2055, 7  BagsSrysFepsCug,05, and

Smy 5Sto sFeq sCug,05-5,-° which have comparable electrical conductivities and exhibited good
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electrochemical performance. As depicted in Figure 6, PrBajo,Fe;0s.5 exhibiter a lower
conductivity than the parent material within the measured temperature range, which suggests
that the introduction of a Ba deficiency results in a decrease in electron conductivity in the
cobalt-free double perovskite. A similar trend was observed for the cobalt-based double
perovskites LaBa,,C0,0s.5>> and cubic perovskites Lag ¢Sty 4-Cog2Feg 3035 (X = 0.070.2),10
which is ascribed to the formation of additional oxygen vacancies, allows them to act as an
electron-capture defect, and affects electron conductivity negatively, with higher Ba/Sr
deficiency. Generally, both additional holes and oxygen vacancies will form simultaneously in
the mixed ion-electron conducting perovskites at higher A-site cationic deficiencies as charge
compensation mechanisms, both of which oppositely affect the electrical conductivity. As
indicated by the previously studied oxygen content results, introduction of Ba deficiency will
result in an obvious increase in oxygen vacancy concentration for PrBa; Fe,Oss
(x=0.00-0.03) oxides. Therefore, the presently observed decrease in electrical conductivity
with higher x from 0.00 to 0.03 properly related to the formation of oxygen vacancies which

is the main charge compensation mechanism for the Ba deficiency.
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Figure 6 Electrical conductivity of PrBa; \Fe,Os.5 (x = 0.00-0.03) oxides measured in air.
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3.5 Thermal expansion behavior

The thermal compatibility between cathode material and other components is another
important factor that relates to the working stability of SOFCs, since a large difference in
TEC between these components will introduce interfacial stress during thermal cycling and
result in cracks and cell degradation. Therefore, the thermal expansion behavior of
PrBaFe,Os:; and PrBagg;Fe,Os.s was characterized by dilatometry measurements over
30-900 °C. The obtained thermal expansion curves and calculated TEC values are presented
in Figure 7. Both samples exhibit a gradual expansion with higher temperature that can be
ascribed to nonharmonic atomic vibrations, dependent on electrostatic attraction forces within
the lattice, and chemical expansion induced by the thermal reduction of iron ions to the lower
valence state.”'*® An average TEC value as low as 16.1 x 10° °C™" was obtained for the
PrBaFe,0s,; oxide from 30-900 °C, which is comparable to that reported by Zhao et al."”® and
is much lower than that of the corresponding cobalt-based double perovskite PrBaCo,0s.;
(23.4 x 10°°°C™").® This suggests that complete substitution of cobalt by iron can decrease the
thermal mismatch between the double perovskite and GDC electrolyte significantly. A Ba
deficiency results in a smaller TEC (15.2x 10°® °C™") compared with the parent sample.
Similar trends have been reported by Zhou et al.?® for (Bag 5Sry.5)1.xCosFep 2055 and by
Hansen et al.*® for (Lag6Sr4)1xFe0sC09205.5 perovskites, and may be ascribed to the
increased electrostatic attractions from lattice shrinkage that accompanies higher levels of Ba

deficiency (Figure 1).
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Figure 7 Thermal expansion curves of PrBa; 4Fe;Os.s (x = 0.00—0.03) oxides measured in air.

3.6 Chemical compatibility with GDC electrolyte

The chemical compatibility between cathode and various electrolytes is key with regards
the long-term working stability of SOFCs, since these two components may react to form
insulating phases at elevated temperatures.”” Therefore, chemical compatibilities between
double perovskites and the GDC electrolyte were characterized by mixing materials at a 1:1
mass ratio followed by calcined at 1000 °C for 2 h. The resulting mixtures were characterized
by XRD to assess any reactivity. As an example of a typical result, the XRD pattern of a
calcined PrBaj¢,Fe,05.5-GDC powder is presented in Figure 8 with those of pure
PrBag¢,Fe;0s:5 and GDC powders provided for comparison. The diffraction peaks that result
from the PrBag¢,Fe;0s5:5-GDC mixture can be indexed to a simple combination of
PrBayy;,Fe;,05.5 and GDC without any evidence of impurities and with no noticeable peak
shifts, which suggests that the PrBa; (Fe,0s.; oxides are chemically compatible with the GDC

electrolyte at 1000 °C.
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Figure 8 XRD patterns of as-synthesized PrBagg;Fe;Os.5, commercial GDC, and

PrBay ¢,Fe;0s5:5-GDC mixtures after being heat-treated at 1000 °C for 2 h.

3.7 Polarization resistance

The electrochemical activity of the PrBa;Fe;Os.5 (x=0.00-0.03) oxides were characterized
via EIS measurements with the symmetrical cell configuration
PrBa; <\Fe;0s5:5/GDC/PrBa; x\Fe,Os.5. Because the measured area specific resistances (ASRs)
are microstructure-sensitive, the structural properties of the cells after EIS testing were
characterized by SEM and BET adsorption-desorption isotherms of N, technology. Similar
microstructures were observed for all the samples and a typical PrBaj¢;Fe;05.5/GDC
interface is presented in Figure 9a. The cathode layer, with an average thickness of
approximately 16 um, possesses a porous microstructure with uniformly distributed
micro-to-nanometer sized pores that favor gas diffusion through the cathode. Good binding
between the PrBay ¢;Fe,0s.5 cathode and the GDC electrolyte is also observed in this image,
which is an important factor with regard to avoiding interfacial polarization resulting from

poor interface contact. Similar specific surface area and pore size distribution were observed
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for both cathode layers (Fig.9b). These features suggest the reliability for directly comparison

of electrochemical activity of both samples through the presently obtained ASR values.

)
—
o
N

E BET
g 000124 " 4 surface area
[=4

. —a—x=0.00: 3.274 m* g
,,:’ : —o—x=0.03: 3.434 m* g
£ 0.0006 ]
[}
£
5 0.0003
g
© 0.0000 "
° T T T T T T
o 0 5 10 15 20 25 30

Pore diameter (nm)

Figure 9 (a) Typical cross-sectional SEM image of the PrBag ¢7Fe;0s:5/GDC interface

calcined at 1000 °C for 2 h in air. (b) Pore size distribution curves for both samples.

To assess the effect of Ba deficiency on the electrochemical performance of cobalt-free
double perovskites, impedance spectra of the PrBa;_,Fe,Os.5 (x = 0.00-0.03) oxides were
acquired at 650 and 700 °C, as shown in Figure 10. In these spectra, the ohmic resistances
arising from the GDC electrolyte and lead wires have been normalized to zero for clarity. The
introduction of Ba deficiency results in an obvious decrease in area specific resistance (ASR)
for the layered oxides. For example, an ASR value as low as 0.119 Q cm” was obtained at
700 °C for PrBay o;Fe,Os.5, which is approximately 12% lower than that of the parent
PrBaFe,0s,; (0.136 Q cm’ at 700 °C), and indicates that the A-site Ba deficiency is an
effective strategy to enhance the electrochemical performance of the cobalt-free double
perovskites PrBa; ,Fe,Os.;s. These values are lower than those reported previously for
cobalt-free cathode materials, including SmBaFe,0s.5 (0.196 Q cm? at 700 °C),15

La0‘68r0‘4Ni0‘2Feo,gO3_5 (05 Q sz at 700 OC),40 and Ba()‘5SI'0<5Zn0,2Fe(),gO3_5 (023 Q sz at
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700 °C),*" and are comparable or higher than those of cobalt-based perovskite cathodes such
as PrBaCo,3Fe,sCuy30s:5 (0.144 Q ecm” at 700 °C),** PrBaCo; ¢Fep40s.s (0.13 Q cm” at

700 °C),16 and GdBaCo,;Fe,3Cu,30s.5 (0.165 Q ecm? at 700 °C).* The formation and
redistribution of oxygen vacancies are two possible reasons for the reduction in ASR. In terms
of oxygen vacancy formation, both the oxygen content (Figure 5) and electrical results
(Figure 6) obtained for the PrBa,_,Fe,Os.5 oxides indicate that the formation of oxygen
vacancies is the main charge compensation mechanism associated with A-site Ba deficiency
with x values from 0.00 to 0.03. The presence of additional oxygen vacancies has been
reported to be favorable for the ORR at the surface of the mixed ion-electronic conducting
PrBa,_Fe,0s.5 and at the PrBa;_Fe,0s5.5/GDC interfaces, and also promotes oxygen ion
diffusion through the cathode.’® The decrease in ASR values with A-site cation deficiency is
therefore understandable. In terms of oxygen vacancy redistribution, the XRD patterns in
Figure 1 show that PrBaFe,Os.;s has a similar layered structure to that of the cobalt-based
double perovskites LnBaCo0,0s.; (Ln = lanthanide), in which the A-site cations Ln""/Ba’" are
ordered along the ¢ axis and oxygen vacancies are restricted to the LnO and CoO layers. This
structure will exhibit fast oxygen ion diffusion along the ab plane, whereas diffusion along the
¢ axis will be forbidden.*** Ba deficiencies in the cobalt-free double perovskites

PrBa; <Fe,Os.; are expected to function in a manner similar to that proposed in our previous
work on cobalt-based double perovskites LnBa; (C0,0s.5 (Ln = Pr and La).g’22 The deficiency
breaks the Ba-O bonds, creates helpful additional oxygen vacancies as charge carriers for
oxygen ions in the Ba-O layers, increases the possibility of oxygen ion diffusion along the ¢

axis, shortens the oxygen diffusion length through the cathode, and results in a decrease in
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ASR. This hypothesis requires further confirmation by theoretical simulation and

experimental measurements.
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Figure 10 Impedance spectra of PrBa, ,Fe,0s.5/GDC/PrBa,_Fe,0s.s symmetrical cells

measured at 650 °C (a) and 700 °C (b) in air. Numbers in these plots correspond to logarithm

of frequency.

3.8 Single cell performance

Figure 11 presents the I-V and I-P curves of the PrBa, Fe,Os.5 based anode support single
cells with the configuration of Ni-YSZ/YSZ/GDC/PrBa, Fe,Os.5 The single cells were
fabricated and tested with the same procedure to ensure the comparability of the presently

obtained electrochemical performance data. The PrBay¢,Fe;Os.5 based single cell exhibits the
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maximum power densities of 329, 256, 183 and 118 mW cm? at 800, 750, 700 and 650 °C,
respectively. These values are much higher than that of PrBaFe,Os.; based single cell which
indicate that the introduction of proper amount of Ba deficient can efficiently enhance the
electrochemical performance of the cobalt-free double perovskite PrBa; Fe;Os.s.

PrBa,9;7Fe,0s.5 s a potential cathode material for IT-SOFCs.
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Figure 11 I-V and I-P curves of the (a) PrBaFe,0s.;s and (b) PrBay o;Fe,Os.5 based single cells.

4. Conclusions
Cobalt-free double perovskite PrBa;  Fe,0s.5 (x = 0.00-0.10) were synthesized and evaluated

as a cathode material for IT-SOFCs with respect to the crystal structure, surface properties,
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oxygen content, electrical conductivity, thermal expansion, chemical compatibility with GDC
electrolyte, microstructure, and electrochemical performance. A layered structure with ¢
approximately equal to 2a = 2b and gradual shrinkage in the lattice with higher Ba deficiency
(x) was observed for PrBa,_,Fe,0s.5 oxides. Minor PrsO,; phase was detected for samples for
which x > 0.05. Ba deficiency has little influence on the chemical state of O and Pr, but
results in a slight reduction in transition metal (Fe) at surfaces of the sample. lodometric
titration and TGA results show that Ba-deficient PrBag¢,Fe,Os.s exhibits a lower oxygen
content than the parent PrBaFe,Os.; at given temperature. An obvious decrease in electrical
conductivity was obtained with higher x from 300-800 °C, which indicates that the formation
of additional oxygen vacancies was the main charge compensation mechanism for Ba
deficiency in the cobalt-free double perovskite PrBa; Fe,Os.5. A slight decrease in TEC
results from a Ba deficiency from 30-900 °C. The catalytic activity for the ORR of the
cobalt-free double perovskites can be enhanced by introducing the appropriate amount of Ba
deficiency, and is characterized by a decreased ASR compared with the parent oxide. ASR
values as low as 0.119 Q cm® were obtained for PrBagy,Fe,Os.5 at 700 °C. The
PrBao,Fe,0s5.5 based single cell exhibits the maximum power densities of 329 and 183 mW
cem? at 800 and 700 °C, respectively. These results suggest PrBagy;Fe,Os.s is a potential

cathode material for IT-SOFCs.
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