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a  b  s  t  r  a  c  t

Nano-structured  electro-catalyst  of  layered-structure  cobaltite  PrBaCo2O5+x (PBC)  has  been  developed
as  cathode  for  solid  oxide  fuel  cells  (SOFCs)  and  excellent  electrochemical  activity  towards  oxygen
reduction  has  been  achieved.  PBC  nano-particles  are  deposited  into  porous  samaria-doped  ceria  (SDC)
backbones  with  an  impregnation  method.  The  fabrication  processing  parameters  including  composi-
tion  of precursor  solution,  PBC  loading,  and  firing  temperature  have  been  investigated  to optimize  the
cathode  microstructure  and  further  to  minimize  the  cathode  interfacial  polarization  resistance,  leading
to a cathode  interfacial  polarization  resistance  of only  0.082  � cm2 at  600 ◦C,  much  lower  than  those
reported  for  pure  PBC  electrode  (0.86 � cm2),  PBC–SDC  composite  cathode  (0.25  �  cm2)  or various  other

2 2

mpregnation
ayered-structure cobaltite
athode
olid oxide fuel cells

impregnated  cobaltite  cathodes  such  as  Sm0.5Sr0.5CoO3−ı (0.25  �  cm ),  La0.5Sr0.5CoO3−ı (0.31  � cm ),  and
La0.6Sr0.4Co0.2Fe0.8O3−ı (0.24  � cm2). The  novel  nano-structured  PBC  electrochemical  reaction  mechanism
has  found  to be  similar  to that  of  a  conventional  PBC  cathode.  However,  both  oxygen  ion  incorporation
and  charge  transfer  steps  are  greatly  accelerated  for  the  novel  nano-structured  PBC  cathode,  suggesting
that the  impregnation  process  is  very  effective  in  fabricating  layered-structure  cobaltite  electro-catalyst
for  intermediate-temperature  SOFC  cathode  with  enhanced  electrode  performance.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Solid oxide fuel cell (SOFC) cathodes are usually composites con-
isting of ABO3 perovskites such as (La0.85Sr0.15)0.9MnO3−ı (LSM)
1], La0.5Sr0.5CoO3−ı (LSC) [2],  La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF) [3]
nd Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) [4].  Recently, layered cobaltites
uch as PrBaCo2O5+x (PBC) and GaBaCo2O5+x (GBC) have also been
tudied as potential SOFC cathode. In the layered structure, Ba-
ations reside in alternating (0 0 1) layers while oxygen vacancies
re located in the rare earth planes [5].  This particular distribu-
ion of vacancies could greatly enhance the diffusivity of oxide
ons in the bulk of the material and possibly supply surface defect
ites with enhanced reactivity towards oxygen reduction compared
ith non-ordered ABO3 perovskites. For example, the oxygen sur-

ace exchange coefficient of PBC at 350 ◦C is about 10−3 cm s−1

6],  much higher than that of BSCF (2 × 10−5 cm s−1 at 600 ◦C) [7],
SC (2 × 10−6 cm s−1 at 600 ◦C) [8],  and LSCF (1 × 10−4 cm s−1 at

00 ◦C) [9].  Preliminary studies by Chang et al. [10] have shown
hat the interfacial polarization resistance of GBC electrodes on
e0.8Gd0.2O1.96 electrolytes is as low as 0.53 � cm2 at 645 ◦C. Much

∗ Corresponding author. Tel.: +86 551 3607475; fax: +86 551 3601592.
E-mail address: xiacr@ustc.edu.cn (C. Xia).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.069
higher electrode performance has been reported by Shao et al. [11]
with PBC as the SOFC cathode. The resistance is only 0.40 � cm2

at 600 ◦C when samarium-doped ceria (SDC) is used as the elec-
trolyte. This is probably due to the much higher oxygen ion diffusion
coefficient of PBC compared with that of GBC [6].  The chemical
compatibility [12] of the layered cobaltites with typical electrolytes
such as Zr0.84Y0.16O1.92 (YSZ), La0.8Sr0.2Ga0.8Mg0.2O3−ı (LSGM) and
Ce0.9Gd0.1O1.95 (GDC) has been also evaluated: PBC reacts with YSZ
at temperatures as low as 700 ◦C but is chemically compatible with
GDC and LSGM up to 1000 ◦C. These results have demonstrated
that PBC could be a promising cathode material for intermediate-
temperature SOFCs.

The electrode performance may  be further improved using
impregnation method, which is performed by precipitation and
subsequent decomposition of a metal salt into porous pre-formed
backbones [13–15].  The impregnated electrodes have quite differ-
ent microstructures from the composite electrodes fabricated with
conventional ceramic processing technique. It usually consists of
fine particles and porous backbones, which are the same materi-
als as the electrolytes for ion-conducting. This structure has high

stability since the backbone and the electrolyte layer are co-fired.
Further, the impregnated particles can be high-performed metal-
lic or oxide electro-catalysts such as LSM and LSC. The desired
phases are conducted at temperature much lower than that needed

dx.doi.org/10.1016/j.jpowsour.2011.11.069
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xiacr@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.11.069
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Table  1
Chemicals of the precursor solutions.

Chemicals of the precursor solution

PBC1 Pr(AC)3 + Ba(AC)2 + Co(AC)2
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Fig. 1. XRD patterns of (a) SDC powder fired at 800 ◦C for 2 h, (b) PBC powder fired
PBC2 Pr(AC)3 + Ba(AC)2 + Co(AC)2 + glycine
PBC3 Pr(NO3)3 + Ba(NO3)2 + Co(NO3)2 + citric acid

or the traditional ceramic fabrication process, resulting in nano-
ized particles, which are benefit to achieve larger TPB length.
his novel cathode microstructure also exhibits high electrochem-
cal performance due to high catalytic activities of nano-structured
lectro-catalysts with large specific area, and high oxygen ion trans-
ort rate through the well structured backbones with extended
hree phase boundaries [13–17].  For example, LSC impregnated
lectrode [18] has exhibited interfacial polarization resistance as
ow as 0.30 � cm2 at 600 ◦C. With LSM impregnated cathodes, sin-
le cells have exhibited peak power density of 780 mW cm−2 at
00 ◦C [19].

In this work, PBC is used as the electro-catalyst, which has
een impregnated onto porous SDC backbones. The fabrication
onditions are optimized regarding composition of the precursor
olution, PBC loading, and firing temperature. The reaction mech-
nism of the impregnated PBC electrodes has been evaluated by
nalysis of the oxygen partial pressure dependence of the polariza-
ion resistance and active energy in each sub-step. Performance of
ingle cells with such cathodes has also been investigated.

. Experimental

SDC (Sm0.2Ce0.8O1.9) powder was prepared using
lycine–nitrate process, which was described as follows: sto-
chiometric amounts of the nitrate precursors Ce(NO3)3 and
m(NO3)3 with the nominal composition were dissolved in dis-
illed water. Glycine was then added to the solution at a mole
atio of 1:2 for glycine:nitrate ions. The precursor solution was
ubsequently heated on a hot plate till self-combustion occurred.
he resulting ashes were calcined at 600 ◦C for 2 h to remove
ossible organic residues and to form the desired fluorite struc-
ure of doped ceria. NiO powder was also prepared with the
lycine–nitrate process and formed by firing the ashes at 850 ◦C
or 4 h.

Symmetrical cells were composed of SDC electrolyte sub-
trates, porous SDC backbones co-fired with the substrates, and
rBaCo2O5+x (PBC) electro-catalysts impregnated into the back-
ones. The SDC powders were cold-pressed at 250 MPa  to form
reen substrates with diameter of 15 mm.  SDC slurry prepared by
ixing SDC powders with an organic binder (�-terpineol as the sol-

ent and ethyl cellulose as the binder) was then printed onto both
ides of the substrates. After drying under an infrared lamp, the
andwich fresh bodies were co-fired at 1400 ◦C for 5 h to form sym-
etrical cell structures [18], i.e. porous SDC backbones supported

n both sides of the dense SDC electrolytes.
Three different impregnation solutions (as shown in Table 1)

ere prepared with the metal ion concentration of 0.1 M.  Ion
mpregnation was carried out by placing a drop of the solution on
he top of the SDC frame, letting the solution soak into the porous
ackbones, drying, and firing the sample at 800 ◦C in air for 1 h to
orm PBC particles. The mass of the sample before and after each
mpregnation treatment was measured to estimate the impreg-
ated material loading, which was expressed as the mass ratio of
he impregnated oxides to the backbones.
Single cells had a configuration of Ni-SDC anode substrates,
DC film electrolytes, and impregnated cathodes. The anode pow-
ers consisting of 60 wt.% NiO and SDC were mixed and pressed
t 30 MPa. SDC powder as the electrolyte was subsequently added
at  800 ◦C for 2 h, and (c) porous SDC backbones impregnated with PBC solution and
fired at 800 ◦C for 1 h.

on the top of the pre-pressed pellet and co-pressed at 180 MPa  to
form a green bi-layer structure: a thin SDC layer supported on a
thick NiO-SDC layer [18]. SDC slurry was then printed on top of the
electrolyte followed by drying under an infrared lamp to form a
tri-layer structure, which was subsequently co-sintered at 1250 ◦C
for 5 h to densify the electrolyte layer. PBC was  then impregnated
on the porous SDC backbone to form a single cell consisting of Ni-
SDC composite substrate (the anode), a dense SDC electrolyte, and
PBC impregnated SDC frame (the cathode). PBC2 was used as the
precursor solution for the single cell preparation.

The phase structure was characterized by X-ray diffraction
(Rigaku TTR-III). The morphology of the cell was observed using a
scanning electron microscope (SEM, FEI XL30). EIS measurements
were carried out with a Zahner Im6ex electrochemical worksta-
tion under open circuit conditions at oxygen partial pressures from
0.01 atm to 1 atm formed by mixing O2 with N2 using mass flow
controllers. The frequency ranged from 10−1–10−2 to 106 Hz with
amplitude of 10 mV.  AC impedance plots were fitted using Zview
software according to proper equivalent circuit with a standard
deviation below 5%. The performance of the single cell was eval-
uated using humidified (∼3% H2O) hydrogen as the fuel with a flow
rate of 100 ml  min−1 and ambient air as the oxidant.

3. Results and discussion

3.1. Structures of the impregnated phase

Fig. 1 shows the XRD pattern of an impregnated structure, along
with the XRD patterns of SDC and PBC powders for comparison. The
results demonstrate that the impregnated sample is composed of
the orthorhombic phase of PBC and the cubic phase of SDC with-
out any other phases, suggesting that there is no obvious chemical
reaction between SDC and PBC under the experimental conditions
and that the impregnated substance forms orthorhombic PBC when
it is fired at 800 ◦C for 1 h. The crystallite size of the PBC particles
is calculated to be 20 nm according to the Scherrer equation per-
formed on the (1 1 2) diffraction. Previous work has shown that PBC
is compatible with SDC up to 1000 ◦C [12]. This work demonstrates
that the impregnated substance does not react with SDC and can
form PBC phase at 800 ◦C in the presence of SDC. Further, it has been

found that lowing the firing temperature <800 ◦C cannot form the
desired PBC phase while increasing the firing temperature above
800 ◦C results in coarsening of the PBC particles.
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Fig. 2. Cross-sectional SEM graphs for the microview of the electrode/electrolyte
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here PBC are impregnated with different precursor solution. (a) acetate, PBC1, (b)
cetate with glycine, PBC2, and (c) nitrate with citric acid, PBC3. The loading is about
0%.

The impregnation precursors are critical in preparing nano-
tructured electro-catalysts since they determine the microstruc-
ures and even the composition of the infiltrated particles
14,20,21].  Fig. 2a shows the cross-sectional view of the elec-
rode/electrolyte interface where PBC particles are synthesized
rom acetate, PBC1. The PBC particles are very fine and seem to
orm a uniform continuous layer on the inner surface of the porous
DC backbone down to the electrolyte/backbone interface. When

lycine is added, as shown in Fig. 2b, the distribution of the impreg-
ated particles becomes more uniform. The particles are still very
ne. The size is about 50 nm but increases slightly compared with
hat shown in Fig. 2a. Glycine acts as not only a chelating agent
Sources 203 (2012) 34– 41

but also a burning-assisted chemical. Gas released in the combus-
tion process blocks the secondary aggregation, while high heat flow
could cause grain growth. Fig. 2b also shows that the impregnated
particles seem to be anchored into the backbones, and the adhe-
sion between the electrolyte and electrode is greatly enhanced. The
unique microstructure may  be beneficial to the oxygen reduction
process. When the PBC particles are prepared from nitrates with
citric acid, PBC3, as shown in Fig. 2c, a different microstructure is
observed with irregular growth of PBC particles, possibly due to the
high heat flow caused by the combustion process with citric acid,
which releases more heat than that with glycine.

3.2. Effects of PBC loading

In addition to the composition of the precursors, the microstruc-
tures as well as the electrode performance are greatly affected by
the loading of the infiltrated particles. When the loading is very
low, infiltrated particles cannot form a continuous network, and
the electrochemical performance is limited. If the loaded mass is
too much, charge/gas transport can be inhibited because of the
aggregation of impregnated particles, and the performance is also
restricted. Consequently, there exists an optimized loading for the
infiltrated electrodes, which has also been demonstrated by mod-
eling analysis [22]. Fig. 3a shows the total interfacial polarization
resistance measured at 600, 650, and 700 ◦C for cathodes impreg-
nated with 16.37%, 21.25%, 30.63% and 39.82% PBC1. The resistance
at 600 ◦C decreases from 0.485 � cm2 to the lowest of 0.160 � cm2

when the loading increases from 16.37% to 30.63%. Further increas-
ing the loading to 39.82% results in slight increase in resistance,
0.162 � cm2. Therefore, Fig. 3a shows that the optimized loading
for PBC1 infiltrated electrode is about 30%. Similar loading effect
on the interfacial resistance has also been observed for the other
two  impregnation compositions (Fig. 3b and c). The lowest resis-
tance is achieved at the loading of 29.4% for PBC2 and 33.1% for
PBC3. Although the precursor solutions are different, these elec-
trodes exhibit the best performance at roughly the same loading,
about 30%. Fig. 3d shows the comparison of the Arrhenius plots
for the cathodes with the optimized electro-catalyst loading. The
resistances and activation energies are different for the different
impregnation compositions, indicating that the starting precursor
solutions have great effects on the electrode performance in addi-
tion to the electrode microstructures. The electrode derived with
PBC2 exhibits the smallest dependence on temperature with an
activation energy of 0.95 eV, much lower than 1.03 eV for PBC1 and
1.60 eV for PBC3. Moreover, this electrode shows the highest per-
formance, especially in lower temperature range. For instance, the
resistance at 600 ◦C is 0.082 � cm2, only about half of 0.160 � cm2

for PBC1 and 0.174 � cm2 for PBC3. This result is consistent with
that from the SEM observation. In addition, the obtained cathode
interfacial resistance of 0.082 � cm2 is much lower than 0.31 � cm2

for impregnated LSC [18], 0.24 � cm2 for impregnated LSCF [3],
0.25 � cm2 for impregnated SSC [23], and 1.82 � cm2 for impreg-
nated LSM [24]. Therefore, the impregnated PBC electrode has
shown the highest performance among the impregnated electrodes
prepared under similar conditions, as shown in Fig. 4.

3.3. Cathode reaction mechanism

It is generally accepted that the reaction for a composite cathode
with the normal random distributed structure may  be controlled
by gas diffusion, surface adsorption, dissociation, electron and
ion charge transfer and so on. To distinguish the individual step

of the PBC impregnated SDC electrode, impedance spectra of
SDC-PBC2/SDC/SDC-PBC2 symmetrical cells are measured at tem-
perature between 500 and 650 ◦C with oxygen partial pressure
from 0.01 to 1 atm. The experimental data in Nyquist plots and the
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ig. 3. Effect of loading on the interfacial polarization resistance for electrodes im
BC2,  (c) nitrate with citric acid, PBC3, and (d) Arrhenius plots for their optimized l

tting results are present in Fig. 5. The impedance spectra show
ood agreement with the equivalent circuit LRb(RiCPEi). Here L is
he inductance arising from the apparatus, Rb is attributed to the
esistance of the electrolyte, and (RiCPEi) describes a sub-step in the
athode reaction process identified by the range of its frequency,
hich appears as a depressed semi-circle in Nyquist plots. As it

an be seen in Fig. 5, Rb, the first intercept on the real axis has been

implified to zero for better comparison of the electrode resistance.
he high frequency arc (R1CPE1) could only be observed at 500
nd 550 ◦C and disappears when the temperature is above 600 ◦C.
he middle frequency arc is considered as double equivalent circuit

ig. 4. Interfacial polarization resistance for various impregnated electrodes with
DC backbones.
ated with different precursor solutions. (a) acetate, PBC1, (b) acetate with glycine,
s.

elements (R2CPE2) and (R3CPE3), which are not easily distinguish-
able as they have similar relaxation time constants. An additional
depressed arc (R4CPE4) at low frequency is also observed at low
oxygen partial pressure and high temperature.

The parameter m is commonly used to identify the sub-step
of cathode reaction, which normally indicates the relationship
between the resistance and oxygen partial pressure, PO2 [25]. The
relationship is Ri = kP−m

O2
, where k is a constant. Fig. 6a shows

the value of m for R1 at high frequency is almost 0, suggesting
that R1 is independent on PO2 . This behavior agrees well with
the characteristics of the oxygen ion incorporation from the three
phase boundaries (TPB) to the electrolyte, O2−

TPB + V••
O,electrolyte →

O×
O,electrolyte [25,26], a step closely related to the adhesion of the

electrolyte/electrode and TPB length. R1 is about 0.16 � cm2 at
500 ◦C in air, and only 10% of that for a pure PBC cathode with the
conventional microstructure [11]. The substantial decrease in R1 is
attributed to the unique backbone structure of the impregnated
electrode, and also to the enhanced bonding between the very
fine embedded PBC particles and the SDC electrolyte as revealed
in Fig. 2b. Another evidence for the enhanced oxygen ion incorpo-
ration rate can also be obtained from the equivalent capacitance
of (R1CPE1), which corresponds to the TPB length. Larger capaci-
tance means larger TPB length, and thus more transfer paths for
oxygen ion incorporation. The value of the equivalent capacitance
for (R1CPE1) at 500 ◦C is about 0.67 �F cm−2 for pure PBC [11].
However, it is 18.4 �F cm−2 when only 15.2% PBC2 is impregnated,
possibly due to the highly dispersed nano-sized PBC particles which
have a larger specific area that can accelerate the process of oxygen

ion incorporation.

The angular relaxation frequencies of (R2CPE2) and (R3CPE3) are
in range of 103–1 Hz, the typical range for electron charge transfer
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Fig. 5. Impedance spectra for symmetrical cells with the electrode prepared from PBC2 solution under the open-circuit condition. The loading is 15.21%. (a) 500 ◦C, (b) 550 ◦C,
( ra. Sym
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c)  600 ◦C, (d) 650 ◦C, and (f) equivalent circuit used for fitting the impedance spect

rocess, Oad + 2e′ + V••
o → O×

o , which has a dependence on oxygen
artial pressure with m = 0.25 [27]. As shown in Fig. 6b and c, m

or R2 is in the range of 0.21–0.23 and R3 is 0.24–0.28, both are
lose to the characteristic parameter of 0.25. Therefore, the medium
requency process is attributed to the electron charge transfer.
he activation energies (Ea) of R2 and R3 are independent on the
bols and solid lines represent the experimental data and fitted line.

oxygen partial pressure. As shown in Fig. 7, Ea for R2 ranges from
0.90 to 0.97 eV, while R3 varies from 0.82 to 0.95 eV. The activa-

tion energies are much lower than those for common cathodes
which can be as high as 1.39 eV [28]. The electron charge trans-
fer resistance at 600 ◦C is 0.195 � cm2, less than 50% of the pure
PBC electrode [11]. It can be also attributed to the fine particles of
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Fig. 6. Dependence of the resistance for the high and medium frequ

he impregnated PBC. It is further reduced to 0.082 � cm2 when
9.4% PBC is impregnated, demonstrating significant advantages of
he impregnated electrodes.

The low frequency arc is strongly affected by the oxygen par-
ial pressure. The arc could not be observed at PO2 = 1 atm in the
hole range of temperatures tested, while it becomes dominant

t PO2 = 0.01 atm, especially at high temperatures. For example, at
50 ◦C, R4 is only 0.028 � cm2 at 0.1 atm, but rapidly increases to
.250 � cm2 at 0.01 atm. The reaction order m is calculated to be
.95, close to 1, characteristic of the diffusion of oxygen molecules

n the electrode pores. The activation energy calculated from the
emperature dependence of R4 is about 0.18 eV, close to 0.14 eV
or the oxygen diffusion [24]. Therefore, the low-frequency arc is
ossibly attributed to the gas phase diffusion step.

Based on the above analysis, for the impregnated PBC cathode,
he high frequency arc corresponds to oxygen ion incorporation,
he media arcs to charge transfer, and the low arc to gas diffusion.
his is almost the same as that derived from pure PBC cathode with

he conventional microstructure. However, these processes are sig-
ificantly accelerated with the impregnated structure. The reaction
echanism is quite different from that for conventional SDC–PBC

omposite electrodes, where the charge transfer step dominates

able 2
eak power density (P), ohmic resistance (Ro), and interfacial polarization resistance (Rp)

Rp (� cm2) Ro (� cm2) P (mW cm−2) Cell com

Cathode 

0.09 0.16 620 PBC 

0.09  0.14 810 SSC–SDC
0.60  0.15 578 LSCF–GD
0.08  0.17 875 SDC–PBC
0.06  0.19 600 Impregna
arcs on oxygen partial pressure. (a) R1, (b) R2, (c) R3, and (d) R2 + R3.

at high frequencies and surface diffusion prevails at low frequen-
cies [29]. The total interfacial polarization resistance for the 15.2%
impregnated PBC2 electrode at 600 ◦C is 0.195 � cm2, much lower
than 0.86 � cm2 for pure PBC and 0.25 � cm2 for the SDC–PBC
(30 wt.%) composite electrodes. Moreover, when about 30% PBC is
loaded, the resistance is only 0.082 � cm2, significantly lower than
that of the SDC–PBC composite electrode. Therefore, impregnation
can substantially enhance the electrochemical performance while
does not change the cathode reaction process.

3.4. Single cell performance

Performance of the impregnated PBC cathode is further investi-
gated using single cells with Ni-SDC anodes and 26 �m-thick SDC
electrolytes. Humidified H2 (∼3% H2O) is supplied as the fuel and
ambient air as the oxidant. Fig. 8 shows the cell voltage and power
density as a function of different current densities and cell oper-
ating temperatures. A peak power density of 600 mW cm−2 has

been achieved at 600 ◦C and the cell performance is comparable
to those reported for highly performed single cells with even thin-
ner electrolytes (Table 2). AC impedance spectra under open-circuit
conditions are shown in Fig. 9. The total cell resistance at 600 ◦C is

 at 600 ◦C for various single cells with Co-based cathodes.

ponents Reference

Electrolyte Anode

20 �m SDC Ni-SDC [11]
 10 �m SDC Ni-SDC [17]
C 10 �m GDC Ni-GDC [30]

 25 �m SDC Ni-SDC [29]
ted PBC 26 �m SDC Ni-SDC This work
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Fig. 7. Arrhenius plots of (a) R2, (b) R3, and (c) R2 + R3 at various oxygen partial
pressures.

Fig. 8. PVI performance for anode-supported single cells with impregnated PBC
cathodes.

Fig. 9. The total cell resistance (Rt), interfacial polarization resistance (Rp) and ohmic

resistance (Ro) as determined from the impedance spectra for anode-supported sin-
gle  cells with impregnated PBC cathodes measured from 500 to 650 ◦C under the
open-circuit condition.

about 0.25 � cm2, with 75% of which coming from the ohmic resis-
tance, suggesting that the cell performance can be further improved
by reducing the thickness of the electrolyte. The total electrode
polarization resistance is only 0.06 � cm2, much lower compared
with those reported for impregnated SSC [17], LSCF [30], pure PBC
[11], and SDC–PBC (30 wt.%) composite electrode [29] (as shown in
Table 2). Further, it is smaller than 0.08 � cm2 as measured with
symmetrical cells for the cathode, possibly due to the activation
effect on the impregnated cathodes when the inner current is pass-
ing though the cell because of the mixed conducting characteristics
of the SDC electrolytes [31].

4. Conclusion

Layer-structure PBC nano-particles are formed with the ion
impregnation method when it is fired at 800 ◦C. The crystalline
size is about 20 nm while the particle size is 50 nm.  With opti-
mized loading, the PBC impregnated electrode has demonstrated
interfacial polarization resistance as low as 0.082 � cm2 at 600 ◦C,
much lower than those of pure PBC electrode (0.86 � cm2),
PBC–SDC (30 wt.%) composite cathode (0.25 � cm2) or various
other impregnated cobaltite cathodes such as SSC (0.25 � cm2),

2 2
LSC (0.31 � cm ), and LSCF (0.24 � cm ). The dependence of the
cathode impendence on oxygen partial pressure and the activa-
tion energy for the cathode interfacial resistance have revealed
that the oxygen reduction process on the impregnated cathode is
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