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Abstract

The layered perovskite PrBagsSrosC0,0s:5 (PBSC) was investigated as a cathode
material for a solid oxide fuel cell using a proton-conducting electrolyte based on
BaCey7Y 027191035 (BCYZ). The sintering conditions for the PBSC-BCYZ
composite cathode were optimized resulting in the lowest area-specific resistance and
apparent activation energy obtained with the cathode sintered at 1200°C for 2h. The
maximum power densities of the PBSC-BCYZ/BZCY/NiO-BCYZ cell were 0.179,
0.274, 0.395, and 0.522 Wem 2 at 550, 600, 650, and 700°C, respectively with a
15pum thick electrolyte. A relatively low cell interfacial polarization resistance of
0.132 Qcm?® at 700 °C indicated that the PBSC-BCYZ could be a good cathode
candidate for intermediate temperature SOFCs with proton-conducting electrolyte.
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered to be one of the most promising energy
conversion devices due to their high energy conversion efficiency, ability to use low
cost non-precious metal catalysts, fuel flexibility and system compactness compared
to other types of fuel cells [1]. However, SOFCs are currently not economically
competitive due to problems associated mainly with high temperature (>800°C)
operation, including performance degradation of cell components resulting from high
temperature oxidation, corrosion, chemical interdiffusion and reaction, structural
failure due to creep deformation, high thermal stress at the interfaces of the various

SOFC components, as well as high cost of the overall SOFC system [2, 3]. One



approach to cost reduction is to decrease the SOFC operating temperature below
700°C so that inexpensive metals can be used for interconnects, heat exchangers,

manifolding and other structural components of the SOFC system [4].

A lower operating temperature would ensure greater overall system stability due to a
reduction in the thermal stresses in the active ceramic structures, leading to a longer
expected lifetime for the SOFC system. A decrease in the operating temperature is
expected to improve the SOFC durability since oxidation, corrosion, chemical
interdiffusion and creep deformation will be reduced at reduced operating
temperatures. In addition, lowering the SOFC operation temperature can also offer
quick start-up ability, which in turn can enable their use in applications such as

transportable power sources and auxiliary power units for automobiles.

The SOFCs using proton conducting ceramics are currently under consideration for
applications at intermediate temperatures (500-800°C). In contrast to oxygen-ion
conducting SOFCs, proton-conducting SOFCs have lower reaction activation energy
and form water in the cathode chamber, which can avoid problems associated with
fuel dilution [5]. Considerable efforts have been made to develop proton conductors
with high conductivity and stability such as BaZr,Ces.,Y,03.5 which is a leading
electrolyte material for intermediate temperature applications [6-8]. Despite the
advantages of proton conducting ceramics at intermediate temperature, a major

concern with reduced temperatures is the deterioration of cathode performance. This



behavior originates from poor cathodic electrochemical activity for oxygen reduction
and high cathode concentration overpotential due to water generation in the cathode

chamber.

The development of proper cathode materials for protonic ceramic membrane fuel
cells in order to improve materials compatibility and reduce costs remains a challenge.
Noble metals (Pt, Pd) as well as simple perovskite-type mixed ionic—electronic
conductors (MIEC) such as Lag¢Sr94C00s.5, SmgsSrysCo0s.5, LagsSrosFeOss and
Ba 5S19.sCop sFep 2035 have been extensively studied as cathodes for IT-SOFCs [9,
10]. However, not much attention has been paid to layered perovskite materials.
Recently, cation-ordered LnBaCo,0s.s (Ln=La, Pr, Nd, Sm, Gd, and Y) have been
systemically investigated as cathodes for oxygen-ion conductor SOFCs [11]. Among
the various layered LnBaCo,0s,5 oxides, PrBaCo,0s.5 has the highest bulk diffusion
coefficient, surface exchange coefficient and the lowest area specific polarization
resistance for SOFCs based on samarium-doped ceria electrolyte. These results
indicate that layer-structured oxides are a promising alternative material for SOFC

cathodes [12].

The oxygen ion diffusivity and surface exchange coefficients of PrBaCo,0s.5 (PBC)
at 350°C are about 10~ cm” s ' and 10 ecm s ™', respectively, which are 2—3 orders of
magnitude higher than those of Lag sSrosC00345 [13]. In addition, the ASR value of a

composite cathode using PBC on a Ce(9Gdy 10,5 electrolyte was found to be as low



as 0.15Qcm” at 600°C. More recently, Kim and coworkers reported a novel layered
PrBay 5S1r9 5C0,05.5 (PBSC) perovskite that demonstrated advanced electrochemical
properties as a cathode in an oxygen ion SOFC based on doped ceria electrolyte used
in intermediate temperature regimes. Consequently, PBSC can be potentially utilized
as a cathode material for IT-SOFC applications due to its unique combination of
superior catalytic activity and similar thermal expansion coefficient compared to other
SOFC components [14]. It is anticipated that enhanced SOFC cell performance may
be obtained by wusing a composite cathode consisting of PBSC and

BaCeo,7Y0,2Zr0,1O3-5 (BCYZ)

The objective of this study is to develop a high performance proton-conducting SOFC
by combining a layered perovskite PBSC cathode and thin film BZCY electrolyte. In
this work, the electrochemical performance of the PBSC-BZCY composite cathode
was evaluated using symmetrical cells. In addition, a suspension-coating technique
was employed to fabricate the BCYZ thin film and the single cell performance with

PBSC-BCYZ composite cathode was also investigated at a range of temperatures.

2. Experimental

2.1 Powder preparation

The cathode and electrolyte powders were synthesized by a modified Pechini process.
The starting materials consisting of Pr(NO;);-6H,O (Alfa Aesar), Ba(NOs), (Alfa

Aesar, 99.95%), Sr(NOs)s;(Alfa Aesar, 99.5%), and Co(NOs),6H,O (Alfa Aesar,



99.9%) as metal precursors. In addition, EDTA (Ethylenediaminetetraacetic acid,
Alfa Aesar, 99%) and citric acid (Alfa Aesar, 99%) were used as chelating and
complexing agents, respectively for the PrBagsSrysCo0,0s:5 synthesis. Ammonium
hydroxide (Sigma-Aldrich, NH3 content 28.0 to 30.0%) was added to promote the
dissolution of EDTA in deionized water. An appropriate amount of barium nitrate was
first dissolved in deionized water. An aqueous solution of EDTA and ammonia (pH~9)
was then added drop-wise to the barium solution. The mixture was kept at 50°C with
mild continuous stirring until a clear solution was obtained. An aqueous solution
containing stoichiometric amounts of praseodymium, strontium and cobalt salts was
subsequently slowly added to the barium nitrate solution. Finally, an appropriate
amount of citric acid was added (citric acid : metal nitrates : EDTA molar=1.5:1:1)
and the final solution was stirred at room temperature for 24 h. Water was then slowly
evaporated on a hot plate and the resulting brown gel was dried at 300°C. The dried
ashes were then placed in a muffle furnace and treated at 1100°C for 6 hour in air to
remove the residual organic residue. The BaCe7Y 22191035 electrolyte powders
were also fabricated by the similar process with Ba(NOs);, Ce(NOs);-6H,0,
Y (NO3)3:6H,0, and ZrO(NO3);-2H,0 as the precursor materials and then calcined at

1100°C for 2h in air.

2.2 Cell fabrication
As-prepared BCYZ powders were mixed and ground in a mortar and pestle and

uni-axially pressed into pellets at 400 MPa, followed by sintering at 1450°C for 5



hours in air. Symmetrical electrode configuration was used to measure the electrode
electrochemical performance. For the composite cathode, 50 wt% PBSC and BCYZ
powders were mixed homogeneously and made into slurry with a commercial binder
(V-006, Heraeus). The slurry was screen-printed onto both sides of the BCYZ pellets,

followed by sintering at different temperatures to obtain symmetrical cathode cells.

The anode-supported BCYZ half cells were prepared by a suspension-coating method.
Substrates consisting of 65 wt.% NiO (Sigma-Aldrich, 99.99%) and 35 wt.% BCYZ
were fabricated with die pressing. NiO and BCYZ were pre-mixed and ball-milled for
24 h. The mixed powders were pressed uniaxially into pellets with a diameter of 15
mm, followed by firing at 800 °C for 2 h to form porous substrates. BCYZ electrolyte
films were deposited on the as-prepared substrates with a suspension-coating method.
BCYZ powders and dispersants were mixed with absolute ethanol and ball-milled for
48 h to form a stable suspension with 10 wt.% solid content. The suspension was then
drop-coated onto the substrates with an injector. The electrolyte thickness was
controlled by the amount of BCYZ suspension coated on the substrate surface. To
avoid cracks formation as induced from evaporation of the organics, the film was
dried in an ethanol ambient at room temperature. The electrolyte coated anode
substrates were then co-fired at 1400°C for 5h to form a dense electrolyte film.
Subsequently, PBSC-BCYZ cathode slurry was then screen-printed onto the BCYZ
electrolyte, followed by sintering at 1200°C for 2h to form a

PBSC-BCYZ/BCYZ/NiO-BCYZ cell. The apparent area of the cathode is 0.3cm?,



2.3 Cell test

Silver paste (Heraeus, component metallization C8809) was painted on the cathode,
and then fired at 500°C for 1 h to form a porous silver current collector. The single
cell was attached and sealed on an alumina tube using the silver paste. The cell was
heated to 600 °C with hydrogen flowing to the anode and NiO was reduced to Ni in
situ. The cell was stabilized at 550 °C for 2 h. Electrochemical tests were performed
with the humidified hydrogen as fuel and ambient air as oxidant.

2.4 X-ray diffraction measurement, microstructure and performance characterization.
The X-ray diffraction (XRD) patterns of the prepared PBSC, BCYZ powders and
PBSC-BCYZ composite cathode were obtained in a Mini X-ray diffractometer using
Cu Ka radiation (A=0.15418 nm), employing a scanning rate of 10 °/min in the 20
range of 20 to 80°. The data were matched with the reference data for the
identification of crystal structures. The microstructures of the symmetrical half-cell
and single cell were investigated using a scanning electron microscopy (SEM, FEI
Quanta-XL 30 model). Cathode electrochemical performance and area-specific
resistances (ASRs) were evaluated using the symmetrical cells at open-circuit voltage
in air as a function of temperature between 550 and 800°C with a temperature
increment of 50°C. AC impedance characteristics were measured with an
electrochemical station (Versa STAT3-400, METEK) over a frequency range of 0.01
Hz to 1 MHz and a 10 mV ac perturbation. The cathode polarization was determined

from the differences of the low- and high-frequency intercept on the impedance



curves and then divided by 2.

3. Results and discussion

3.1 Phase formation

XRD results of pure PBSC, BCYZ powder and PBSC-BCYZ composite cathodes are
shown in Fig. 1. The PBSC and BCYZ oxides prepared by the modified EDTA-citrate
combustion method after calcination at 1100°C for 6h in air are all identified as single
phases. In the XRD result presented in Fig. 1 (a), there are no any peaks attributable
to impurities and the structure of PBSC is identified as tetragonal, which is in good
agreement with the literature result [15]. The as-prepared powder of BCYZ exhibits a
single perovskite phase structure after calcination at 1100°C for 6h in air. Special
attention should be given to the phase reaction between PBSC and BCYZ in the
cathode fabrication process and its potential influence on the cell performance.
Mixtures of PBSC and BCYZ were heat-treated for 2 h at various temperatures
between 900 and 1200°C and the phase composition was analyzed. The results shown
in Fig. 1 (c, d) reveal that no reaction between PBSC and BCYZ occurred at 1200 °C,
indicating that the layered perovskite PBSC is chemically compatible with the BCYZ
electrolyte. The PBSC therefore can be used as the cathode in direct contact with the

BCYZ electrolyte for IT-SOFCs.

3.2 Effect of sintering temperature on cathode performance

To investigate the effect of sintering temperature on the performances of the



PBSC-BCYZ composite cathodes, cathode specimens were sintered at 900, 1100 and
1200°C in air for 2h. The ASRs of PBSC-BCYZ composite cathodes with respect to
various sintering temperatures are summarized in Fig. 2. From these results, it can be
seen that the PBSC-BCYZ composite cathode sintered at 1200°C exhibited the lowest
ASR values of 0.197Qcm?” at 800°C, 0.551Qcm” at 700°C, and 1.669Qcm” at 600°C,
which were almost one order of magnitude lower than those of PBSC-BCYZ cathode
sintered at 900°C for 2h. The apparent activation energies (E,) of PBSC-BCYZ
cathodes sintered at different temperatures were also shown in Fig. 2. The E, values
of PBSC-BCYZ cathodes sintered at 900°C, 1100°C, and 1200°C are 137.62kJmol ™,
105.33kJmol™, and 82.33kJmol”, respectively. Low apparent activation energy
indicated that PBSC-BCYZ cathode sintered at 1200°C had less chemical barrier for

oxygen reduction, which resulted in a low ASR value [1, 9].

One possible origin of the low ASR value of the material sintered at 1200°C is
microstructural enhancement. The fracture cross sections of the PBSC-BCYZ
composite cathodes revealed the microstructure of the optimal sintering temperature
(Fig. 3). Compared with the composite cathode sintered at 1200°C (Fig. 3 (b) and (d)),
the PBSC particles sintered at 900°C for 2h (Fig. 3 (a)) were smaller, however, the
microstructure of the cathode sintered at 1200°C was more porous. The more porous
electrode can result in reduced mass transport losses [16]. It is well known that a
composite cathode can not only reduce the thermal expansion but also minimize the

discontinuities in the cathode. Employing an elevated sintering temperature can
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increase the triple-phase-boundary contact of a composite cathode [1, 9, 17]. As
shown in Fig. 3(c), the cathode sintered at 900°C showed relatively poor adhesion at
the cathode/electrolyte interface and was easily peeled off. Better adhesion was
observed when the cathodes were sintered at 1200°C (Fig. 3(d)). At 900°C, the
temperature was not high enough to result in a structure of sufficient particle necking
for good contact and adhesion. At higher temperatures, particle necking resulted in
improved adhesion and more porous microstructure. Consequently, the results
indicate that a sintering temperature of 1200°C seems to provide a good balance
between the conflicting electrode requirements of maintaining a porous, relatively
high surface-area structure while at the same time providing a strong and well-bonded
interface with adequate adhesion. It should be noted that the sintering temperature
might be further optimized by increasing the sintering temperature to obtain a lower

ASR and better interfacial adhesion.

3.3 Cell performance

The performance of PBSC-BCYZ composite cathode for proton-conductor IT-SOFCs,
were evaluated by measuring the polarization characteristics of the cells from 550 to
700°C with humidified hydrogen (~3% H,0) as fuel as shown in Fig. 4. Maximum
power densities of 0.179, 0.274, 0.395, and 0.522 Wem 2 with the OCV values of
1.117, 1.092, 1.063, and 1.033V were obtained at 550, 600, 650, and 700°C,
respectively.  These initial results suggest that the cell performance is very

promising and the electrolyte membrane is sufficiently dense. In addition, the cell



with a PBSC-BCYZ composite cathode fabricated in this study demonstrated higher
power densities than those (0.128, 0.245, and 0.377 Wem 2 at 550, 600, and 650°C,
respectively) reported using a layered perovskite SmBagsSrysC0,0s:5 cathode
measured at or below 650°C [18]. to the enhanced performance is thought to arise
from a denser electrolyte used in this study and the relatively low interfacial
polarization resistance. Fig. 5 displays the impedance spectra of the cell measured
under open-circuit conditions at different temperatures. The high frequency intercept
corresponds to the ohmic resistance of the cell (R,), while the low frequency intercept
corresponds to the total resistance of the cell (Ry). Therefore, the difference between
the high frequency and low frequency intercepts with the real axis represents the total
interfacial polarization resistance (R;) of the cell, including the cathode—electrolyte
interfacial resistance and the anode—electrolyte interfacial resistance [9]. As expected,
the increase of the measuring temperature resulted in a significant reduction of the
interfacial polarization resistances as shown in Fig. 6, typically from 1.359 Qcm® at
550°C to 0.132 Qcm’® at 700°C. The low polarization resistances indicated that
PBSC-BCYZ composite cathode was a good candidate for operation at 700°C. As
shown in Fig. 6, R; is mainly dominated by R, at or below 600°C, however, above
600°C, R; is mainly dominated by R,. Further analysis shows that the ratio of R;, to R;
decreases with the increase in operating temperature, from 67% at 550°C to 29% at
700°C, indicating that the cell performance is significantly limited by R, at low
temperatures. Compared to the fuel cell with a uniform anode and electrolyte but with

other layered perovskite cathode materials such as PrBaCuFeOs;5 [19], GdBaCo,0s.s5
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[20], and SmBaCo0,0s.5[21], the interfacial resistance of PBSC is lower than these
common alternative cathode materials at temperatures below 700 °C. The
improvement might be due to the high bulk diffusion coefficient and surface exchange
coefficient. The results confirm that PBSC-BCYZ may be a promising alternative

cathode for intermediate-temperature SOFCs using proton conductor as an electrolyte.

The cross-section micrograph of the single cell after the electrochemical tests is
provided in Fig. 7. As shown in Fig. 7(a), the dense BZCY membrane (ca. 15um)
indicates that the drop-coating technique was successful. Compared with other thin
film deposition technologies such as co-pressing [22], screen-printing [23] and
gel-casting [24], the drop-coating technology is a simple and effective way to obtain a
dense membrane. Fig. 7(b) shows that the PBSC-BCYZ cathode has a uniform porous
microstructure, resulting in low interfacial polarization resistance and high
electrochemical performance.

4. Conclusions

The layered perovskite PrBagsSrgsC0,0s+5 (PBSC) was synthesized by a modified
Pechini process and characterized as a cathode for proton-conducting IT-SOFCs using
BaCe(7Y 027101035 (BCYZ) as the electrolyte. The sintering conditions for the
PBSC-BCYZ composite cathode were optimized. The lowest area-specific resistance
and apparent activation energy were obtained with the cathode sintered at 1200°C for
2h. Cells with the optimized cathode and dense BCYZ electrolyte membrane showed

very promising performance. The maximum power densities of the
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PBSC-BCYZ/BCYZ/NiO-BCYZ cell with a 15um thick electrolyte were 0.179, 0.274,
0.395, and 0.522 Wem 2 at 550, 600, 650, and 700°C, respectively. A relatively low
interfacial polarization resistance of 0.132 Qcm® at 700 °C indicated that the
PBSC-BCYZ could be a good cathode candidate for SOFCs using proton-conducting

BCYZ electrolyte.
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Figure captions

Fig. 1. XRD patterns for (a) the pure BagsSrysC0,0s:5 (PBSC) powders calcined at
1100°C for 2h, (b) the BaCeo7Y2Zr0 1035 (BCYZ) powders calcined at 1100°C for
2h, and (¢, d) PBSC-BCYZ composite cathodes calcined in air for 2h at 900 and
1100°C, respectively.

Fig. 2. Area-specific resistance (ASR) results for the symmetrical cells of
PBSC-BCYZ sintered in air for 2h at 900, 1100 and 1200°C, respectively.

Fig. 3. Cross-section images of the post-examined symmetric cathodes. PBSC-BCYZ
bulk for cathode sintered at 900°C (a) and 1200°C (b) for 2h; Cathode (PBSC-BCYZ)
/ electrolyte (BCYZ) interface sintered at 900°C (c¢) and 1200°C (d) for 2h.

Fig. 4. Performance of the single cell under humidified hydrogen atmosphere at
different temperatures.

Fig. 5. Impedance spectra of the cell measured under open-circuit condidtions at
different temperatures.

Fig. 6. The interfacial polarization resistances (Rp), ohmic resistances (R,), total
resistances (Ry), and the ratio of interfacial polarization resistance to total resistance
(Ry/ Ry) obtained from the impedance spectra at different temperatures of the cell.

Fig. 7 Cross-section images of the post-examined single cell: (a) the cell with a

15um-thick BCYZ membrane and (b) the PBSC-BCYZ composite cathode.
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Fig. 2
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Fig. 4
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Fig. 6
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