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ABSTRACT

The effect of Fe substitution for Co on the thermodynamic and electrical properties of the double
perovskites, PrBaCo,_xFe Os.s (PBCF,x=0, 0.5, 1), are investigated as cathode materials for intermediate-
temperature solid oxide fuel cells (IT-SOFCs). At a given temperature, the electrical conductivity decreases
with increasing Fe content, x, in the PBCF-YSZ composites in air. PBCF-YSZ (x=1) composite appear to
be more stable than PBCF-YSZ (x=0) composite down to lower oxygen partial pressure, p(0O,), at the
same temperature. The higher oxidation enthalpies of the x=1 composite can also explain the superior
stability at roughly the same p(O,). The high entropy change for the x=1 composite can indicate the high
probability in the formation of interstitial oxygen at approximately the same p(O,). Impedance spectra
of symmetrical cells (PBCF-YSZ/YSZ/PBCF-YSZ) show lower cathode polarization losses with increas-
ing amounts of Fe. The maximum power densities of x=0 composite and x=0.5 composite are 0.68 and
0.72W cm~2, respectively, at 973 K. The maximum power density of the x=1 composite is, however,
about 20% higher than that of the other composites. Considering redox stability and electrochemical per-
formance, higher Fe content of PrBaCo,_xFeyOs.s (x=1) is more suitable as a cathode material than x=0

composite in IT-SOFC application.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells allow the direct conversion of chemically stored
energy into electrical energy by means of electrochemical oxida-
tion of various fuels. Solid oxide fuel cells (SOFCs) are considered to
be among the most promising fuel cells. In SOFCs, an oxygen reduc-
tionreaction occurs at the cathode to produce oxygen anions, which
then move through a dense oxygen-ion-conducting electrolyte to
the anode. Current state-of-the-art technology SOFCs can produce
electrical energy with very high efficiency, low emissions, and
excellent fuel flexibility at high operating temperatures (>1273 K).
High temperature can result, however, in a series of problems such
as high cost, electrode sintering, interface reactions between cell
components, and material compatibility challenges [1-5]. Much
attention has consequently been directed toward lowering the
SOFC working temperature to an intermediate level (773-1073 K)
in order to resolve the aforementioned problems and allow the use
of low-end interconnects and balance-of-plant materials as well.
The operating temperature affects the oxygen kinetics, including

* Corresponding author. Tel.: +82 52 217 2917; fax: +82 52 217 2909.
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oxygen surface absorption and ionic diffusivity. In intermediate-
temperature SOFCs (IT-SOFCs), a critical problem is the poor activity
of traditional cathode materials for electrochemical reduction of
oxygen [4,5]. Current efforts are hence largely focused on finding
appropriate cathode materials with low electrode resistance, good
compatibility with the electrolyte, and other favorable chemico-
physical properties suitable for IT-SOFCs applications [6-8].
Mixed ionic and electronic conductors (MIECs) containing Mn,
Fe, Co, and Ni have been studied for use as cathode materials
at intermediate operating temperature [9,10]. Among the vari-
ous MIEC oxides, cobalt containing oxides such as LaCoOs, (La,
Sr)Co03, BaCoO3, and (Ba, Sr)CoO3 doped with transition metals
have attracted strong interest owing to their high electrocat-
alytic activity for the oxygen reduction reaction (ORR). Recently,
cobalt containing oxides such as LnBaCo, 05,5 (Ln="Pr, Nd, Sm, and
Gd) with a cation ordered double perovskite-type structure have
received widespread interest for their promising MIEC properties
and potential application as IT-SOFC cathode materials [11-15].
The idealized crystal structure of a double perovskite is pre-
sented in Fig. 1. This family of compounds can be theoretically
described with a stacking sequence of .. ./BaO/Co0,/Ln0Ox/Co0,. ..
along the C-axis [16]. For example, all oxygen vacancies are local-
ized at the rare earth layer [Gd-O]y in GdBaCo;0s.s. In this
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Fig. 1. The crystal structure of PrBaCo;Os.s.

structure, the Ba cations do not show a random distribution in the
A site of the perovskite but tend to order in altering layers [17]. The
particular distribution of vacancies in these materials could greatly
enhance the diffusivity of oxide ions in the bulk of the material and
may supply surface defect sites with enhanced reactivity toward
molecular oxygen compared with non-ordered perovskites [18].
Among the various LnBaCo,0s,s oxides, GdBaCo,0s5.s (GBCO)
has been the most widely investigated material [13-15]. Its per-
formance has been studied in conjunction with proton-conducting
BaZrg1Cep7Y0203 electrolytes, Smg;Cegg019 (SDC), and yttria-
stabilized zirconia (YSZ) [14]. Kim's group, however, reported that
the bulk diffusion coefficient and surface exchange coefficient of
PrBaCo,0s.5 (PBCO) could be 2-3 orders higher than those values
of GBCO [19]. This suggests that PBCO material can provide supe-
rior fuel cell performance than GBCO as a cathode for IT-SOFCs.
The Manthiram group reported the effects of Fe partially substi-
tuted for Co in NdBaCo;0s5.5 (NBCO) in terms of oxygen content
and electrical properties [20]. They noted that an increase of Fe
leads to a decrease in the thermal expansion coefficient (TEC) and
electrical conductivity because of the strong Fe-0 bonds compared
to Co-0 bonds. Recently, the structure and electrochemical prop-
erties of a Fe doped layered structure perovskite, PrBaCo,_yFexOs.4
(x=0,0.5,1.0, 1.5, and 2.0), both as a powder bulk form and mixed
powder with YSZ, were investigated. The authors reported that the
PrBaCo,_xFexOs.5 perovskites are not stable in the presence of YSZ
even at temperature as low as 973 K [21]. Recent results, however,
have shown that a composite electrode fabricated by infiltration
of the electrode material into the YSZ backbone permits low sin-
tering temperature, thereby avoiding solid state reaction [22-24].
The infiltration method has been widely used to prepare compos-
ite electrodes flexibly. This method allows the enlargement of the
electrochemical reactive sites where the oxygen reduction reaction
occurs, which could result in high performance of the composite
electrode. This method can also provide a composite electrode with
a uniform structure, because a conducting phase is added to the
existing YSZ backbone, which leads to good conductivity [25,26].
Furthermore, most studies have focused on structure, elec-
trochemical properties, and fuel cell performance of PBCO and
PrBaCoFeOs.,5 (PBCF) oxides without a thorough understanding of

their fundamental properties such as thermodynamic and electri-
cal properties at the cathode operating condition, i.e., low oxygen
partial pressure. To the best of our knowledge, the redox proper-
ties related with oxygen thermodynamics such as the oxidation
enthalpies and entropies of PBCO-YSZ and PBCF-YSZ composites
have never been reported. These properties can provide, however,
critical information to determine the suitability of new electrodes
prior to conducting fuel cell tests.

In this paper, through a comprehensive survey of cation ordered
perovskite oxides, PBCO, having favorable properties for high fuel
cell performance of IT-SOFCs, is chosen as a starting material.
PrBaCo,_,FexOs.,5—YSZ composites are prepared by the infiltration
method to assess the effects of Fe doping, and the microstructures
of composites are characterized by X-ray powder diffraction (XRD)
and field emission scanning electron microscopy (SEM). The electri-
cal conductivities and redox properties of a PrBaCo,_yFexOs,5-YSZ
composite (x=0 and 1.0) were measured simultaneously under a
wide p(0O,) range of 923-1023 K to evaluate the possibility of its
use as a cathode material. Symmetric cell performance is mea-
sured to validate the potential of this new material as a cathode.
The electrochemical performance of a PrBaCo,_yFex0Os.5—YSZ com-
posite (x=0, 0.5, and 1.0) single cell is also evaluated by producing a
PrBaCo,_xFexOs,s infiltrated cathode on a Ni-YSZ anode-supported
cell for application to IT-SOFCs.

2. Experimental

PrBaCo,_xFex0Os.,5—YSZ composites (x=0, 0.5, 1) were prepared
for coulometric titration and electrical conductivity measurement
by infiltrating PrBaCo,_yFex0Os,s into porous YSZ. Porous YSZ slur-
ries were made by mixing YSZ powder (Tosoh Corp., TZ-8Y), a
dispersant (Rohm and Haas, Duramax3005), binder (Rohm and
Haas, HA-12 and B1000), and pore former (Alfa Aeser, Graphite,
325 mesh) with distilled water. Slabs (2 mm x 2 mm x 10 mm) pre-
pared from YSZ slurries were then sintered at 1773 K to produce a
YSZ structure with a porosity of about 65%.

The PrBaCo;_yFexOs,s solution was prepared with stoi-
chiometric amounts of Pr(NO3)3.6H,0 (Aldrich, 99.9%, metal
basis), Ba(NO3), (Aldrich, 99+%), Co(NOs3),-6H,0 (Aldrich, 98+%),
Fe(NOs3)3-6H,0 (Aldrich, 98%), and citric acid in distilled water, and
then infiltrated into the YSZ slab. The PrBaCo;_y,FexOs.5~YSZ com-
posites were calcined in air at 723 K for 20 min to decompose nitrate
ions and citric acid. This procedure was repeated until the desired
42 wt.% loading of oxide is achieved. Finally, these composites were
calcined in air at 1023 K for 4 h to form a double perovskite phase.

The XRD (Rigaku diffractometer, Cu Ka radiation) patterns of the
prepared samples were used to confirm the crystalline structure
with a scan rate of 0.5°min~! and a range of 20° <260<60°. The
microstructure of the cell was also examined using a SEM (Nova
SEM). A thermogravimetric analysis (TGA) was carried out using a
SDT-Q600 (TA instrument, USA). TGA experiments were performed
from 373 to 1073 K with a heating/cooling rate of 3 Kmin~! in air.

The redox properties of the 42 wt.% PrBaCo;_yFexOs.,5-YSZ com-
posites were measured using coulometric titration as a function of
the oxygen partial pressure, p(0,). The samples for these experi-
ments were fabricated by infiltration of the aqueous nitrate salts of
PrBaCo,_yFexOs.s into a porous YSZ slab. The coulometric-titration
rig, which has been explained in detail elsewhere, is simply a
sealed YSZ tube with Ag-paste electrodes on both sides [22-24].
After purging 5% O,-Ar gas over the sample in the tube for 24h,
p(0y) was determined from the open-circuit voltage (OCV). Oxy-
gen could be added or removed from the tube by passing current
through the same electrodes as used for the OCV sensor. The sam-
ple was allowed to equilibrate until the potential varied in a range
of less than 1 mV h~1. Oxygen nonstoichiometry was determined
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through this procedure at 923, 973, and 1023 K over a wide range
of oxygen partial pressure. Electrical conductivity was measured
by a four-terminal DC arrangement simultaneously with a BioLogic
Potentiostat.

Electrolyte support symmetrical cells were made by tape cast-
ing, with the outer two layers having pore formers in order to
evaluate the intrinsic properties of the electrode. A dense YSZ
slurry was prepared by mixing YSZ powder (Tosoh Corp., TZ-8Y)
in distilled water, into which a dispersant (Rohm and Haas, Dura-
max3005) and binders (Rohm and Haas, HA-12 and B1000) were
added. A porous electrode backbone was prepared by sequentially
adding YSZ powder (Tosoh Corp., TZ-8Y), dispersant (Rohm and
Haas, Duramax3005), binders (Rohm and Haas, HA-12 and B1000),
and graphite (Alfa Aesar, UCP-2 grade) to distilled water. The
porous—dense—porous YSZ structure was produced by lamination,
followed by sintering at 1773 K for 4h, after which the poros-
ity was approximately 65%. The cathode materials were added
onto both porous electrode backbones using an infiltration tech-
nique, which was repeated until the loading reached 45wt.%,
and the symmetrical cells were finally sintered at 1023 K. The
detailed symmetrical cell procedure has been described elsewhere
[27].

A Ni-YSZ anode-supported cell was used to evaluate the elec-
trochemical performance of the composite cathode material in
IT-SOFCs. The Ni-YSZ powder was prepared using nickel oxide (J. T.
Baker), YSZ (Tosoh corp., TZ-8Y), and graphite (Aldrich, 20 pm) as a
pore-former, and were then primarily mixed at 55:45:25 by weight
and ball-milled together for 72 hin ethanol. The Ni-YSZ powder was
dried in an oven for 24 h. This powder was pressed into pellets at
5MPa and sintered in air at 1473 K for 3 h. To improve the perfor-
mance of the cell, the anode functional layer was coated by dipping
the anode supportinto mixed slurries of NiO-YSZ (60:40 wt.%) pow-
der, isopropanol, and toluene followed by sintering at 1473 K for
3 h. The pellets were again coated by dense YSZ electrolyte lay-
ers through a dipping process and then sintered. A second layer
of the YSZ electrolyte was added via dipping in order to prevent
the formation of pin-holes, and a porous cathode backbone (thick-
ness ~50 wm) was then laminated onto this layer. The thickness of
the entire dense YSZ electrolyte layer was approximately 15 pm.
The pellets, with an active electrode area of 0.36 cm?, were finally
sintered at 1773 K for 2 h under an air atmosphere. The cathode
material was added into the porous YSZ cathode backbone by
the infiltration technique, which was repeated until the loading
reached 45 wt.%. Finally, the cell was sintered at the same temper-
ature, 1023 K, as used for the preparation of slab samples.

Ag wires were attached to both electrodes using Ag paste as a
current collector. The cells were fixed on a 10 mm diameter alu-
mina tube using a ceramic adhesive (Aremco, Ceramabond 552).
During the single cell test, humidified H, (3% H,0) was supplied
to the anode side with a flow rate of 20mLmin~! by first pass-
ing H, through a water bubbler, and the cathode was left exposed
to the air. AC impedance spectra under 800 mV and [-V polariza-
tion curves were obtained at various currents in a frequency range
of 1 mHz to 500 kHz and 14 mA AC perturbation using a BioLogic
Potentiostat.

3. Results and discussion

The X-ray diffraction profile of 42 wt.% PrBaCo;_yFexOs.s-YSZ
composites (x=0, 0.5, 1) after calcination at 1023 K, 1073 K, and
1123K are shown in Fig. 2. The XRD data show only peaks
corresponding to PrBaCo; yFexOs.s and YSZ, with no additional
diffraction peaks under 1073 K. Beyond 1123 K, the data begin
to show secondary phases such as PrCoOs, PrFeOs, and BaZrOs.
Therefore, the final sintering temperature of all experiments is
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Fig. 2. The X-ray diffraction for PrBaCo,_xFe,Os.s—~YSZ composites (x=0, 0.5, 1)
formed by infiltration method after sintered at 1023, 1073, and 1123 K in air.

determined as 1023 K. The XRD patterns are consistent with the for-
mation of very small crystallites due to the infiltration procedure,
which in turn causes adequate peak broadening by the unresolved
two peaks.

SEM images of PrBaCo,_xFexOs.s—YSZ composites (x=0, 0.5, 1)
after calcination at 1023 K are presented in Fig. 3. A cross-section
of the tri-layer (NiO-YSZ/YSZ/PrBaCo,_xFexOs.s—YSZ composites)
cell near the electrolyte before single cell tests is shown in Fig. 3(a).
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electrolyte

anode

Fig. 3. SEM images showing the microstructure of the composites formed by infiltration method after calcined at 1023 K in air: (a) Cross-sectional of tri-layer cell before cell

test and PrBaCo,_yFeOs.5-YSZ composites, (b) x=0, (c) x=0.5, (d) x=1.0.

The thickness of the YSZ electrolyte is approximately 15 pwm and
the cell is successfully fabricated without any pinholes, isolated
voids or cracks. The PBCO particles are uniformly coated on the
surfaces of the YSZ pores, as seen in Fig. 3(b). The uniform coating
due to the good wettability of the oxide onto the YSZ is expected to
result in good interconnection and, accordingly, enhanced electri-
cal conductivity. The micrographs of Fe doped materials provided
in Fig. 3(c) and (d) also indicate that the particle size decreases
with an increase of Fe doping. This can be attributed to an increase
of electrochemical reactive sites with higher amounts of Fe. The
BET surface area measurement also confirm that the surface area
of PrBaCo,_Fex0s5,5-YSZ composites (x=0, 0.5, 1) are 0.78 m? g1,
1.00m2 g1, and 2.16 m2 g~1, respectively. Therefore, the higher
surface area can explain higher electrochemical reactive surface
areas with increasing amounts of Fe, which leads to higher cell
performance.

The variation of oxygen content of PrBaCo,_yFexOs.5 (x=0, 1)
with temperature in air shows in Fig. 4. The initial oxygen content
at 373 Kwas determined from the TGA in a hydrogen atmosphere of
which values of x=0and 1 are 5.7 and 6.0, respectively. The samples
begin to lose oxygen at 473 K due to loss of interstitial oxygen from
the lattice. The PBCF oxide loses 0.2 oxygen atoms per formula unit
upon heating to 1073 K and PBCO oxide loses 0.3 under the same
conditions, because the Fe-O bonds are much stronger than the
Co-0 bonds [20,30].

An Arrhenius plot of the electrical conductivity of the 42 wt.%
PrBaCo,_,Fex0Os.,5—-YSZ composites (x=0, 0.5, 1) in air is presented
in Fig. 5. The samples show increase electrical conductivity with
increasing temperature until 1123K and a sudden drop there-
after. This drastic decrease may originate from the formation of
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Fig. 4. Thermogravimetric data of PrBaCo;_xFexOs.s (x=0.1) showing a variation of
oxygen content as a function of temperature in air.
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Fig. 5. Electrical conductivity data for PrBaCo,_xFe,0s.5-YSZ (x=0, 0.5, 1) compos-
ites as a function of temperature in air.

a secondary phase such as BaZrO3 from inter-diffusion between Zr
in YSZ and Ba in the PBCO. The electrical conductivities of the bulk
material [28], however, are reported to show an inflection point at a
lower temperature as compared to PrBaCo;_yFexOs5,5-YSZ compos-
ites. This discrepancy is one of the reasons that bulk materials and
composites should be treated differently. In addition, the interfacial
interaction between the YSZ and samples may affect the electrical
characteristics [22,23]. The electrical conductivities of PBCO-YSZ
and PBCF-YSZ composites are not substantially different from those
of NdBaCo,_xFex0s.s—YSZ composites (x=0, 1) [23].

The electrical conductivities of 42 wt.% PBCO-YSZ and PBCF-YSZ
composites as a function of p(O,) in a temperature range of
923 <T(K)< 1023 are presented in Fig. 6. Each measured datum
point corresponds to an isotherm point in Fig. 7. The electrical con-
ductivities of the PBCO-YSZ composite range from 18 to 23Scm™!
at various p(O,) but the electrical conductivities of the PBCF-YSZ
composite are roughly one order of magnitude smaller than those
of the PBCO-YSZ composite.

The electrical conductivities decrease with decreasing p(03).
This is in agreement with the findings of other studies, which
report smaller electrical conductivities at lower p(O,) in fluorite
layers due to the decrease concentration of mobile interstitial oxy-
gen [29]. The predominant defects in PrBaCo,_yFexOs.5 are the
oxygen interstitials, O7, and the electronic holes, b’ = 0, [30]. Fol-
lowing the Kroger-Vink notation, the pseudo-chemical reaction can
be regarded as the interaction between the defects and the atmo-
sphere, as delineated in Eq. (1).

%Oz(g)+vi"+20’(§ < 0/ + 20, (1)

The decrease in the interstitial oxygen concentration by low-
ering p(0,) results in a decrease in electronic holes; this can be
explained in terms of electroneutrality, 2[0]] = [0} ]. The decrease
in electronic holes is finally responsible for the lower electronic
conductivities at lower p(0;) [22].

The slope of electrical conductivity becomes steeper below
10~ atm. This is consistent with the steeper slope of the isotherms
at 973 K. A steeper slope may also be another sign of decompo-
sition of the sample at low p(O,), which was also reported in
previous studies [22,23]. This indicates that the decomposition
begins to affect the electrical characteristics of the composites even
before the decomposition process is completed. This behavior can
be ascribed to the oxygen order-disorder phase transition at high
temperature near this low p(0,) [31].
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Fig. 6. The electrical conductivity of PBCO-YSZ composite at (> ) 923K, (0 ) 973K,
and (A ) 1023 K and the electrical conductivity of PBCF-YSZ composite at (@) 923 K,
(M) 973K, and (A ) 1023 K in different oxygen partial pressures.

At a given temperature, electrical conductivity decreases with
increasing Fe content x in PrBaCo,_,FexOs.5-YSZ composites, as
found in other studies [20,23]. This can be explained by the
preferential formation of Fe** over Co** for electronic charge com-
pensation. Furthermore, the decreased covalency of the Fe**-0
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Fig. 7. Oxygen nonstoichiometry of PBCO-YSZ composite composites at (7)) 923 K,
(O0) 973K, and (A ) 1023 K and PBCF-YSZ composite at (@ ) 923K, (M ) 973K, and
(4 ) 1023 K by coulometric titration.
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bond compared to the Co**-0 bond can result in increased electron
localization and decreased electrical conductivity with increasing
Fe content [20].

The oxygen nonstoichiometry of the 42wt.% PrBaCo,_y
FexOs.s—YSZ composites (x=0, 1) in Fig. 7 are obtained as a function
of p(0;) from 923K to 1023 K by coulometric titration in order to
characterize the redox properties of the PBCO and the PBCF com-
posites. The initial oxygen content of the PBCO in air is 5.47 and
that of the PBCF is determined as 5.81 at 973 K by TGA, as shown
in Fig. 4. The oxidation isotherms for three different temperatures
have similar shapes, suggesting that the reduction mechanisms of
the composites are analogous. The gradient of the redox isotherms
of both composites gradually becomes steeper until 10~ atm p(0,)
at 973K according to a similar tendency. The isotherms of the
PBCO-YSZ composite rapidly fall near this p(O,), which is possibly
a starting point of decomposition. Those of the PBCF-YSZ compos-
ite, however, gradually decline to a lower p(O;). In other words,
the PBCF-YSZ composites can be regarded as being more stable
than the PBCO-YSZ composites at the same temperature. This sta-
bility is possibly a result of the stronger Fe-O bonds as compared
to the Co-O bonds, as discussed earlier. Recently, oxygen non-
stoichiometry of NdBaCo,_,FexOs.5—YSZ composites (x=0, 1) has
been reported [23]. The report document thermodynamic behav-
ior that is quite similar to the trends described in this study, and
it was also shown that NBCF-YSZ has higher redox stability than a
NBCO-YSZ composite due to partial substitution of Fe for Co, corre-
sponding to the present study of PrBaCo,_yFex0s.5-YSZ composites
(x=0,1).

The higher redox stability is an important factor for stable
electrochemical properties of a cathode material for IT-SOFCs at
operating conditions. Consequently, the PBCF-YSZ composite is a
more desirable cathode material for IT-SOFC applications in terms
of redox stability.

The partial molar enthalpy and entropy of oxygen can be cal-
culated by the slopes of isotherms. The equilibrium constant K, a
function of p(0;) and Gibbs free energy AG, is given by the follow-
ing relation in Eq. (2)

AG = —RT InK = %RTlnp(Oz) (2)
At constant §, the partial molar enthalpy of oxygen at various
temperatures is shown by the Gibbs—-Helmholtz equation.

_ 9(AG/T) _ R 3 In[p(Oz)]

Al ==amy =2 a0m ° 3)

And the partial molar entropy can be obtained by using the
Maxwell relation as follows.

0AG R dT In p(0y)
—as- 226 _(R) <3T >|5 )

The partial molar enthalpies of oxidation (—AH) calculate by
Eq. (3) for the PBCO-YSZ composites and PBCF-YSZ composites are
shown in Fig. 8 as a function of p(O, ). The partial enthalpies of oxi-
dation range from —320 to —270kJ mol~! for p(0,) between 10~4
and 10~2 atm in the case of the PBCO-YSZ composite, but the val-
ues of the PBCF-YSZ composite range from —550 to —250 k] mol~!
for p(0,) between 10~4 and 10-2 atm. The values of (— AH) become
lower for higher 8, implying lower energy is needed for the forma-
tion of interstitial oxygen atoms. From this it can be hypothesized
that the lattice structures near the defect sites become destabilized
more easily as the oxidation of cobalt (Co) and/or iron (Fe) in the lat-
tice proceeds [22,23]. Moreover, it can be confirmed again that the
PBCF-YSZ composite is more stable than the PBCO-YSZ composite
considering the higher oxidation enthalpy near the cathode oper-
ating condition. This result partially indicates that the oxidation
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Fig. 8. Partial molar enthalpy of oxidation (AH) of the PBCF-YSZ composites (®)
and the PBCO-YSZ composites (O) composites at 973 K.

of PBCF-YSZ composite is comparatively difficult relative to that of
PBCO-YSZ.

The partial molar enthalpies of oxidation of NdBaCoj_x
FexOs.s—YSZ composites (x=0, 1) are studied recently [22,23]. The
partial molar enthalpies range from —500 to —150k]mol~! for
p(0,) between 10~> and 10~2atm (NBCO-YSZ composite) and
—640 to —240KkJmol-! for p(0,) between 10~ and 10-2atm
(NBCF-YSZ composite). The enthalpy of NBCO-YSZ composite is
higher than that of PBCO-YSZ composite, but the enthalpy of
NBCF-YSZ composite is similar to that of PBCF-YSZ composite.

The partial molar entropies of oxidation (AS), calculate from
the differences of the Gibbs free energies and the enthalpies by Eq.
(4), are shown in Fig. 9. It can be ascertained that the probabili-
ties of the interstitial oxygen formation reaction itself decrease as
excess oxygen increases. In other words, there are fewer sites for
the interstitial oxygen formation reaction in the composites as the
excess oxygen increases [22,23]. The higher partial molar entropies
for PBCF-YSZ relative to those of PBCO-YSZ indicate that PBCF-YSZ
has more available sites for interstitial oxygen formation reaction
at the same p(0;) than PBCO-YSZ.

Typical impedance spectra for the symmetrical cells (PrBaCo,_y
Fex0s.,5s—YSZ[YSZ/PrBaCo,_xFex0s,s-YSZ) at 1023 K are displayed
in Fig. 10. Impedance spectra of all compositions appear to be char-
acterized by two pseudo semi-circles, which indicate interfacial
resistance or ion and electron charge transfer at the higher fre-
quency region and non-charge transfer such as a cathode reaction at
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Fig. 9. Partial molar entropy of oxidation (AS) of the PBCF-YSZ composites (®) and
the PBCO-YSZ composites (O) composites at 973 K.
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Fig. 11. I-V curves and corresponding power density curves of single cell (Ni-
YSZ/YSZ/PrBaCo,_xFe 0s.5-YSZ) in various temperatures.

as the amount of Fe increases. This implies that oxygen surface
exchange and gas-phase diffusion related to oxygen kinetics are
key factors for electrochemical performance. The non-ohmic resis-
tance of symmetrical cells with x=0, 0.5, and 1 are 0.094 2 cm?,
0.083 2 cm?, and 0.075 2 cm?, respectively. Therefore, higher cell
performance can be expected for cells with greater amounts of Fe.

The I-V curves and the corresponding power density of
PrBaCo,_xFexOs.5—YSZ composites (x=0, 0.5, 1) shows in a range
of 873-1023 K, with humidified H, (3% H,0) as a fuel and static
ambient air as an oxidant in Fig. 11. The OCVs are very close to
the theoretical values from the Nernst potential predicted when
the cells are well-sealed with a gas-tight electrolyte. The value is
approximately 1.1V at 973 K, and increases with decreasing oper-
ating temperature. The maximum power densities of the cell with
the PBCO cathode material are 0.17, 0.37, 0.68, and 1.0 W cm—2
at 873, 923, 973, and 1023 K, respectively, as seen in Fig. 11(a).
The single cell performance is improved with partial substitution
of Co with Fe (x=0.5 and 0.1), as seen in Fig. 11(b) and (c). For
example, the maximum power density of the PBCO composite
is 0.68 Wcm—2 at 973K and that of PrBaCoq 5Feq50s.4 is slightly
higher at 0.71 Wcm~2 at the same temperature. The PBCF sample
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exhibits much higher cell performance, 0.91 W cm~2. This may be
attributable to the extended electrochemical reactive sites as illus-
trated in relation to the microstructure of PrBaCo;_yFexOs,5-YSZ
composites in Fig. 2. In a recent paper, the electrochemical perfor-
mances of NdBaCo,_,FexOs.s—YSZ composites (x=0, 1) is reported,
with maximum power densities of 0.54 W cm~2 and 0.67 W cm 2
at 973 K, NBCO-YSZ and NBCF-YSZ composites, respectively [23].
This study of PrBaCo,_yFexOs5,5-YSZ composites, however, shows
superior characteristics in terms of electrochemical performance
(0.68 and 0.91 Wcm~2 at 973 K).

The electrochemical impedance spectra of NiO/YSZ/PrBaCo,_y
Fex0s,5—YSZ cells (x=0, 0.5, 1) under 800 mV through a temper-
ature range of 873-1023K are presented in Fig. 12. The ohmic
resistance of the cell corresponds to the high frequency inter-
cept, whereas the low frequency intercept corresponds to the total
impedance of the cell. Therefore, the difference between the high
frequency and low frequency intercepts with the real axis gives
the non-ohmic resistance of the cell, including the anode and
cathode-electrolyte interface resistance. A significant decrease of
the non-ohmic resistance of the PBCO-YSZ composite is observed:
1.59,0.72,0.39,and 0.24 2 cm? at 873, 923,973,and 1023 K, respec-
tively. It is clear that increased operating temperature leads to
a considerable reduction of the non-ohmic resistance due to the
faster oxygen reduction kinetics. The non-ohmic resistance also
decreases with the substitution of Fe from 0.39 (PBCO-YSZ compos-
ite) down to 0.28 2 cm? (PBCF-YSZ composite) at 973 K, leading to
higher cell performance due to the extended electrochemical reac-
tive sites. Since the electrical conductivity value of x=1 sample is
3Scm™1, it can be considered that the electrical conductivity is not
a limiting factor for the electrochemical performance if the thick-
ness of electrode is less than 50 wm. Therefore, in terms of redox
stability and cell performance, the PBCF-YSZ composite is a prefer-
able candidate cathode material over the PBCO-YSZ composite in
IT-SOFC applications.

4. Conclusions

Layered PrBaCo,_,FexOs.s oxides (x=0, 0.5, 1) have been inves-
tigated as a cathode material for IT-SOFC application. The electrical
conductivity of PrBaCo,_,Fex0s,5—YSZ composites in air decreases
with higher Fe content, showing a sudden decrease at around
1123 K. The different redox properties of the composites are evalu-
ated by coulometric titration. The PBCF-YSZ composite is revealed
to be more stable than the PBCO-YSZ composite down to a lower
p(03). The higher oxidation enthalpies of the PBCF-YSZ composite
can also explain their superior stability. The high entropy change
for the PBCF-YSZ composite can indicate the high probability for
the formation of interstitial oxygen at the same p(0;).

Typical impedance spectra for the symmetrical cells (PrBaCo,_y
Fex0s.,5—YSZ[YSZ/PrBaCo,_Fex0s.s—YSZ)demonstrate lower cath-
ode polarization losses leading to higher cell performance with
higher amounts of Fe. An anode-supported cell based on a 15 pm
YSZ electrolyte has been fabricated by infiltrating PrBaCo;_xFexOs.
into a porous YSZ as a cathode. The maximum power densities of the
PBCO and PBC; 5F 5 composites are fairly similar at 0.70 W cm~2 at

973 K with H; as a fuel. The power density of the PBCF-YSZ com-
posite is, however, higher than that of the other samples, possibly
due to the extended electrochemical reactive sites.

Even though the conductivity of the PBCF-YSZ composite is
lower than that of the PBCO-YSZ composite, the PBCF-YSZ com-
posite is a more desirable candidate cathode material in IT-SOFC
applications in terms of redox stability and cell performance.
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