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The  effect  of  co-infiltration  of  Co2MnO4 (CM)  spinel  oxides  and  Pd  on  the  electrochemical  activity
and  microstructure  stability  of La0.7Ca0.3Cr0.5Mn0.5O3−ı (LCCM)  cathodes  for  the  O2 reduction  reac-
tion  of  intermediate  temperature  solid  oxide  fuel  cells  (IT-SOFCs)  has  been  investigated  in detail.  The
microstructure,  thermal  stability,  electrochemical  activity  and  stability  of  the  Co2MnO4–Pd/PdO  pow-
ders  and  Co2MnO4–Pd/PdO  co-impregnated  LCCM  cathode  were  measured  using thermal  gravimetric
analysis,  X-ray  diffraction,  scanning  electron  microscopy  and  electrochemical  impedance  spectroscopy.
olid oxide fuel cell
pinel oxide
anostructured electrode
alladium oxide nanoparticles
hermal stability
o-impregnation

The  results  indicate  that  the  addition  of  spinel  oxides  effectively  inhibits  the  growth  and  coalescence
of  the  Pd/PdO  nanoparticles  and  stabilizes  the  microstructure  of  the  Pd/PdO  at  high  temperatures.  The
best  electrochemical  activity  and  stability  of LCCM  cathodes  were  obtained  on  the  cathode  co-infiltrated
with  50  wt%  PdO/50  wt%  Co2MnO4. The  enhancement  is due  to  the  significantly  improved  stability  of  the
microstructure  as  a  result  of the  inhibited  grain  growth  and  agglomeration  of  Pd/PdO  nanoparticles  by
the  co-infiltrated  Co2MnO4 spinel  phase.

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

In recent years, intermediate temperature solid oxide fuel cells
IT-SOFCs) with operating temperature in the range of 600–850 ◦C
s a clean power source have attracted worldwide attention due to
heir much higher conversion efficiencies as compared to the con-
entional energy conversion systems [1,2]; and their distinguished
dvantages over other types of fuel cells such as system compact-
ess, promising benefits of the increased long-term stability, wide
ange of material selection and possibility of using low cost inter-
onnect materials and processing techniques [3–12]. Cathode is one
f the key components of IT-SOFCs and is the place where pure
xygen or oxygen from air is reduced to oxygen ions through the
ombination of electrons supplied externally from the cell. Thus,
he materials used as the IT-SOFC cathode should have high elec-
ronic conductivity and oxygen ionic conductivity, and should also

eet the requirement of chemical and thermal stability in an oxi-

izing environment, chemical and thermal compatibility with the
lectrolyte, and high catalytic activity toward O2 reduction reac-
ions at intermediate temperatures [13].

∗ Corresponding author.
E-mail addresses: WangXin@ntu.edu.sg (X. Wang), s.jiang@curtin.edu.au

S.P. Jiang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.097
The most common cathode material for the high temperature
operation is the lanthanum strontium manganite (LSM) perovskite
oxides [14]. LSM has excellent electronic conductivity, good elec-
trocatalytic activity and stability for the oxygen reduction reactions
between 900 and 1000 ◦C [15–18].  However, the electrochemical
performance of the LSM cathodes decreases dramatically with the
reduced temperature due to the negligible oxygen ion conductiv-
ity of LSM [19,20]. LSM-based perovskite oxides also react with
Y2O3–ZrO2 (YSZ), forming lanthanum zirconate resistive phase at
temperatures higher than 1200 ◦C [21,22]. This would limit the
potential application of the LSM-based materials for the cathode-
supported SOFCs prepared by cost effective fabrication techniques.
It has been shown that by doping chromium on the B-site of LSM,
the stability of LSM can be substantially enhanced. Tao and Irvine
reported that there was no secondary phase detected from the
mixed La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) and YSZ powders sintered at
1300 ◦C for 80 h [23]. LSCM is an interesting material for the poten-
tial electrode application in SOFCs, and its crystal structure is stable
under both fuel reduction and oxygen oxidation conditions [23,24].
LSCM also shows a higher oxygen ion conductivity as compared
to LSM [25]. In our previous studies, LSCM or LSCM-based com-

posite electrodes have shown considerable electrocatalytic activity
toward the oxygen reduction reaction as SOFC cathode [26–28].

We  have also shown that the proper doping can improve the
electrical conductivity and electrochemical activities of lanthanum

dx.doi.org/10.1016/j.jallcom.2011.07.097
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:WangXin@ntu.edu.sg
mailto:s.jiang@curtin.edu.au
dx.doi.org/10.1016/j.jallcom.2011.07.097
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hromites based electrode materials [28–30].  For example, replac-
ng strontium with calcium at the A-site of LSCM improves the
lectrochemical activities for the O2 reduction reaction. The elec-
rical conductivity of La0.7Ca0.3Cr0.5Mn0.5O3−ı (LCCM) at 800 ◦C is
9.9 S cm−1 and the electrode polarization (interfacial) resistance
RE) on LCCM/YSZ composite cathodes is 0.5 � cm2 at 900 ◦C [28].
he results show that LCCM is a good candidate for the cathodes of
T-SOFCs.

Solution infiltration is very attractive in the development of
ano-structured electrodes that combine the catalytic and electro-
hemical active phase with the structural rigidity of porous scaffold
or IT-SOFCs [31–34].  It has been shown that the electrocatalytic
ctivity of cathodes for IT-SOFCs can be significantly improved by
nfiltrating wide range of catalytic active nanoparticles, such as
DC [35,36],  La0.6Sr0.4CoO3 [37,38], Pd [39,40], (Ba,Sr)(Co,Fe)O3−ı

41], Sm0.6Sr0.4CoO3 [42], and Y0.5Bi1.5O3 [43]. The enhancement in
he electrochemical performance of infiltrated electrodes is truly
emarkable. For example, the electrode polarization resistance of
he Pd-impregnated YSZ cathodes can be as low as 0.22 � cm2 at
00 ◦C [44]. However, the most significant challenge in the applica-
ion of nano-structured electrodes is the long-term stability of the

icrostructure and performance of the infiltrated nanoparticles. As
he particle size of the infiltrated phase is very fine (20–100 nm), the
endency for sintering and grain growth at operation temperature
f SOFCs (500–800 ◦C) is high due to the large surface energy associ-
ted with the nano-sized oxide or metallic phase. The grain growth
nd agglomeration of the impregnated metal catalyst nanoparticles
re believed to be the main reason for the observed degradation in
he performance stability of the electrodes containing metal cata-
yst [45]. In the case of infiltrated Pd nanoparticles on porous YSZ
caffold, the agglomeration and grain growth would result in the
ormation of continuous and dense Pd films on the YSZ scaffold
urface, leading to the increase in the polarization losses due to the
locking of the oxygen diffusion path [46]. Alloying with cobalt,
anganese and silver has been found to be effective to increase

he thermal stability and to enhance the performance stability of
d-infiltrated electrodes [46,47]. Co-infiltration of mixed ceria and
obalt solutions was also found to suppress the aggregation of
o3O4 nanoparticles [45].

Yang et al. [48] reported that (Mn, Co)3O4 spinel demonstrated
xcellent electrical conductivity, satisfactory thermal and struc-
ural stability, as well as good thermal expansion match to ferritic
tainless steel interconnects, and their results showed that (Mn,
o)3O4 spinel coating could act as a mass transport barrier to inhibit
cale growth on the stainless steel and to prevent Cr outward migra-
ion through the coating. In this study, we combine the thermal
tability and high electrical conductivity of Co2MnO4 spinels and
ighly catalytic active Pd nanoparticles to develop Co2MnO4 and
dO co-impregnated LCCM cathode for the IT-SOFCs. It is expected
hat Pd nanoparticles would significantly enhance the electrochem-
cal performance of LCCM cathodes while the co-impregnation
f Co2MnO4 spinel nanoparticles would significantly improve the
icrostructure stability of the infiltrated Pd nanoparticles without

etrimental effect on the electrical conductivity of Pd nanoparti-
les.

. Experimental

.1. Synthesis and preparation of powders, YSZ electrolyte and LCCM electrodes

La0.7Ca0.3Cr0.5Mn0.5O3−ı (LCCM) powders were prepared by glycine nitrate com-
ustion process (GNP). Stoichiometry amount of hydrated nitrate salts of lanthanum,
alcium, chromium and manganese (all from Sigma–Aldrich) were weighed and

issolved in distilled water with the addition of glycine (C2H5NO2). The resultant
olution was  boiled until the liquid phase evaporated and the LCCM precursor
ormed in the form of ash. The obtained ashes were baked at 1000 ◦C for 6 h in
ir  to form LCCM powder. Stoichiometric amounts of palladium nitrate (Pd(NO3)2,
0  wt%  of Pd(NO3)2 in 10 wt% nitric acid solution), cobalt nitrate (Co(NO3)2·6H2O),
pounds 509 (2011) 9708– 9717 9709

and manganese nitrate (Mn(NO3)2·4H2O) (all from Sigma–Aldrich) were dissolved
in  distilled water. The atomic ratio of Co to Mn in the solution was 2. Then a stoichio-
metric amount of glycine (NH2–CH2–COOH, Alfa-Aesar) was  added to the solution
and  the solution was boiled to evaporate excess water. The resulting viscous liquid
was  ignited and combusted to form black ash. The ash was baked between 400 ◦C
and  900 ◦C in air for 5 h to obtain as-synthesized mixed PdO/Co2MnO4 powders.
PdO, Co2MnO4 (CM), 10 wt%  PdO/90 wt% Co2MnO4 (denoted as CM10Pd), 50 wt%
PdO/50 wt% Co2MnO4 (denoted as CM50Pd) and 90 wt% PdO/10 wt% Co2MnO4

(denoted as CM90Pd) powders were synthesized to study the effect of Co2MnO4

spinels on the thermal and microstructure stability of PdO nanoparticles.
YSZ electrolyte substrates were prepared by die pressing of 8 mol% Y2O3–ZrO2

powders (YSZ, Tosoh, Japan), followed by sintering at 1500 ◦C for 4 h in air. LCCM
powders were mixed with an ink Vehicle (VEH, Fuel Cell Materials, Inc., USA) to
form the LCCM paste. The electrode paste was  painted to the YSZ electrolyte disk
and sintered at 1200 ◦C in air for 2 h to produce LCCM cathode. The thickness and the
surface area of the cathode after sintering were ∼40 �m and 0.5 cm2, respectively.
Platinum paste (Pt ink 6082, Metalor, Singapore) was painted onto the other side
of  the electrolyte disk to make the counter and reference electrodes. The counter
electrode was  symmetrically positioned opposite of the cathode and the reference
electrode was  painted as a ring at the edge of the electrolyte substrates. The gap
between the counter and ring reference electrode was 4 mm.

Infiltration solutions were prepared using Pd(NO3)2, Co(NO3)2·6H2O, and
Mn(NO3)2·4H2O with compositions of PdO, CM90Pd, CM50Pd, CM10Pd, CM. Solu-
tion  infiltration of the LCCM electrode coating was carried out by placing a drop of
the solution on top of the coating and let the solution penetrated into the porous
cathode coating in air by the capillary force. Then the infiltrated samples were baked
at  800 ◦C in air for 30 min. The mass of the sample before and after the infiltration
treatment was  measured to estimate the impregnated oxide loading. The loading
was  increased by repeating the solution infiltration processes.

2.2. Characterization and electrochemical activity measurements

Phases of the as-synthesized powders were determined by X-ray diffrac-
tion (XRD, Shimadzu, XRD-6000, X-Ray Diffractometer) using CuK˛1 radiation
(�  = 1.54060 Å) at room temperature. X-ray scans were run over a 2� spectrum of
20◦–80◦ at a scan rate of 4◦ min−1. Thermal behavior of the as-synthesized pow-
ders was  analyzed on a 2950 thermal analyzer (TA Instruments Inc., New Castle, DE)
with a heating rate of 10 ◦C min−1 under air flow of 50 mL  min−1. Scanning electron
microscopy (SEM, JEOL 6360, Japan) was employed to investigate the morphology
of  as-synthesized powders.

The electrochemical activity for the O2 reduction reaction on the LCCM cathode
with and without infiltration was  characterized by the electrochemical impedance
spectroscopy (EIS) and polarization techniques. The EIS was measured at open circuit
potential (OCP), using a Solartron 1260 frequency response analyzer in conjunction
with a 1287 electrochemical interface at a frequency range of 100 kHz  to 0.1 Hz
with the signal amplitude of 10 mV.  The sample was heated up to 900 ◦C, and the
impedance measurements were conducted at different temperatures during cool-
ing. The electrode interfacial (polarization) resistance (RE) was determined by the
difference between high and low frequency intercepts in the impedance axis, and
the  electrode ohmic resistance (R�) was measured from the high frequency inter-
cept.  A cathodic current of 200 mA cm−2 was applied at 800 ◦C for up to 50 h to study
the stability behavior of the cathodes. Overpotential (�) was obtained from Ecathode

and R� by the following equation:

�  = Ecathode − jR� (1)

where j is the current density and Ecathode is the cathode potential. The microstruc-
ture of LCCM cathode with and without impregnation before and after polarization
study was  inspected by a field emission scanning electron microscopy (FESEM, JEOL
6340F, Japan).

3. Results and discussion

3.1. Thermal behavior and microstructure of as-synthesized
powders

Fig. 1 shows the XRD patterns of the prepared CM,  LCCM and
CM-impregnated LCCM cathode (baked at 900 ◦C for 50 h), PdO,
CM90Pd, CM50Pd and CM10Pd powders baked at different tem-
peratures for 5 h. As evidenced from Fig. 1a, the XRD pattern of the
Co2MnO4 precursor heat-treated at 400 ◦C is consistent with the
reported data of Co2MnO4 (JCPDS Card No. 84-0482), which indi-
cates that the Co2MnO4 spinel structure started to form at 400 ◦C.

As the heat treatment temperature increases, the intensity of the
XRD peaks increases, indicating the increased crystallization of the
spinel phase. There is no second phase detected in the XRD pattern
of the Co2MnO4 powders heated at 900 ◦C for 5 h, indicating that
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ig. 1. XRD patterns of (a) Co2MnO4 (CM), (b) LCCM baked at 1000 ◦C for 6 h and CM
t  different temperatures for 5 h in air.

o2MnO4 spinel oxide is structurally and thermally stable under
igh temperature up to 900 ◦C. XRD pattern of the synthesized
CCM matched well with the corresponding reference data of the
CCM powder (see Fig. 1b) [23,49],  indicating the formation of the
erovskite structure. The XRD pattern of the Co2MnO4-infiltrated
CCM (or CM-LCCM for short) cathode powders collected from the
SZ substrates after the heat-treatment at 900 ◦C for 50 h showed
he formation of (Co,Mn)3O4 spinel-type oxide in the porous LCCM
tructure. No third phase except for the CM and LCCM was found in
he XRD patterns, indicating chemical compatibility of (Co,Mn)3O4
pinel and LCCM phases under SOFC operating temperatures of
00 ◦C.

Fig. 1c–f shows the XRD patterns of the Co2MnO4–PdO (or

M–PdO) series powders calcined at different temperatures for 5 h

n air. The phase of palladium changes with the heat treatment
emperatures. At temperatures below 800 ◦C palladium exists as
dO (Fig. 1c). Metallic Pd was detected when the heat treatment
egnated LCCM, (c) PdO, (d) CM90Pd, (e) CM50Pd and (f) CM10Pd powders calcined

temperature was  900 ◦C, indicating that the PdO oxides decompose
at temperatures over 800 ◦C. The observed phase transformation
temperature of 800–900 ◦C for PdO–Pd is consistent with that
reported by Liang et al. [46]. Similar phase transformation was  also
observed on the mixed CM–PdO powders (Fig. 1d–f). However, dif-
ferent from pure Pd powders, the presence of Co2MnO4 affects the
phase transformation between PdO and Pd. This is clearly indi-
cated by the presence of PdO in the CM–PdO powders after the
heat treatment at 900 ◦C and the intensity of the XRD peak of PdO
increases with the increase of the Co2MnO4 in the mixture (Fig. 1d
and e). In the case of CM–PdO with 90% Co2MnO4 and 10%PdO, no
XRD peaks associated with metallic Pd were detected (Fig. 1f). This
shows the increased stability of PdO phase at high temperatures,

probably due to the presence of Co2MnO4 spinel. Furthermore, no
other phase except for the Pd–PdO and Co2MnO4 was  found in the
XRD patterns, indicating the chemical compatibility of the Pd–PdO
and spinel phases at temperatures up to 900 ◦C.
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Fig. 2. TGA curves for (a) LCCM, (b) Co2MnO4 (CM), (

Before studying the electrochemical activity and stability of PdO
nd PdO–Co2MnO4 co-infiltrated LCCM cathode, the effect of spinel
o2MnO4 on the microstructure and thermal stability of PdO pow-
ers was investigated. Fig. 2 is the TGA results for LCCM, Co2MnO4,
dO, CM90Pd, CM50Pd and CM10Pd powders. There is no visible
eight loss in both LCCM and Co2MnO4 powders (Fig. 2a and b),

ndicating the thermal stability of the LCCM and CM powders in the
emperature range of 200–900 ◦C. The sudden weight loss observed
n Fig. 2(c–f) is due to the decomposition of PdO to Pd. As shown in
ig. 2c, the decomposition temperature (Td) of pure PdO is 797 ◦C
hat is almost identical to the results reported in reference [50].
vidently, the phase transformation of Pd–PdO is not reversible.

he weight percentage of the specimen is 87.2% after decomposed
t 797 ◦C and the weight loss of 12.8% is due to the decomposition
f PdO to Pd. However, during the reverse cycle the weight per-
entage of the specimen increased to 89.6%, an increase of ∼2.4%.
, (d) CM90Pd, (e) CM50Pd and (f) CM10Pd powders.

This corresponds to a convention rate of only 18.8% of metallic Pd
to PdO (Fig. 2c). The low conversion rate indicates that majority of
metallic Pd is not oxidized during the reverse cycle and the most
likely reason is due to the significant agglomeration of palladium
[46]. Increasing the cycling times did not improve the conversion
rate (Fig. 2c).

As evidenced from Fig. 2d–f, the thermal behavior of the
Co2MnO4–PdO mixed powders is very different. The decomposition
temperature of PdO in CM90Pd, CM50Pd and CM10Pd powders is
798, 806 and 837 ◦C, respectively, and increases with the increased
spinel oxides in the mixture. The conversion rate also increases
significantly with the addition of Co2MnO4 spinel. In the case of

CM50Pd specimen, the weight percentage of the specimen is 93.5%
after decomposed at 806 ◦C and the weight loss of 6.5% is due to
the decomposition of PdO to Pd. After the 1st reverse cycle the
weight percentage of the specimen increased to 96.5%, an increase
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Fig. 3. SEM micrographs of the (a) Co2MnO4, (b) PdO, (c) CM90Pd

f ∼3.0%. This corresponds to a convention rate of 46% of metallic
d to PdO (Fig. 2e). For the specimen of CM10Pd, the conversion
ate is almost 100% (Fig. 2f). The significantly increased conver-
ion rate shows that the presence of Co2MnO4 spinel inhibits the
gglomeration of palladium.

The microstructure of the as-prepared Co2MnO4, PdO, CM90Pd,
M50Pd and CM10Pd powders after calcined at 900 ◦C for 5 h in
ir were examined by SEM and the results are shown in Fig. 3. The
s-synthesized Co2MnO4 spinel powders consist of well-dispersed
ne particles and the particle size is in the range of 0.7 ± 0.32 �m
Fig. 3a). After sintering at 900 ◦C for 5 h Pd particles sintered sig-
ificantly, resulting in the formation of large agglomerates with
ize as large as 58 ± 30 �m (Fig. 3b). The significant agglomeration
f palladium phase explains the significant thermal irreversibility
s shown by the TGA analysis (Fig. 2c) as only the surface layer
f the Pd agglomerates would be reactive with oxygen and oxi-
ized during the reverse cycle. In contrast, the mixed CM–PdO
articles demonstrated a significantly higher resistance to sinter-

ng. Instead of the formation of large particles, there is a formation

f porous networks of Pd phase with Co2MnO4 particles (Fig. 3c). As
he Co2MnO4 spinel in the Co2MnO4–PdO increases, there is clear
ormation of both PdO and Co2MnO4 particles and the particle size
ecreases with the Co2MnO4 contents (Fig. 3d and e). The presence
M50Pd and (e) CM10Pd powders calcined at 900 ◦C for 5 h in air.

of spinel oxides offers a significant resistance to the sintering of
palladium phase. The SEM results are in a good agreement with the
thermal behavior of the PdO and Co2MnO4–PdO mixed powders.

3.2. Effect of infiltration on the O2 reduction reaction on LCCM
cathode

Fig. 4 shows the impedance responses of LCCM with and without
the Co2MnO4, PdO and CM/PdO impregnation, measured at 800 ◦C
in air. In order to compare the polarization resistances, the ohmic
resistances of different samples were adjusted to similar values.
The impedance responses for the O2 reduction reaction on pure
LCCM cathode are characterized by a large impedance arc and the
interfacial (polarization) resistance, RE, is 3.59 � cm2 (Fig. 4a). As
shown in Fig. 4a, with the impregnation of 0.54, 0.9 and 1.4 mg cm−2

CM,  RE is reduced to 2.25, 1.65 and 0.5 � cm2, respectively. The RE
for the reaction on 1.4 mg  cm−2 CM-infiltrated LCCM is ∼7 times
smaller than that on the pure LCCM cathode.

Infiltration of palladium also shows the significant reduction

in RE for the reaction on LCCM cathodes. With the infiltration of
0.14, 0.28, 0.36, 0.51 and 0.64 mg  cm−2 PdO, RE is reduced to 1.44,
0.86, 0.33, 0.23 and 0.13 � cm2, respectively (see Fig. 4b). The RE for
the O2 reduction reactions on the 0.64 mg  cm−2 PdO-impregnated
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ig. 4. Impedance responses of LCCM electrodes infiltrated with (a) Co2MnO4 (CM),
t  800 ◦C in air.

CCM cathode is ∼28 times smaller than that for the O2 reduc-
ion reactions on the pure LCCM and is also ∼4 times smaller
han that on the 1.4 mg  cm−2 CM-infiltrated LCCM cathode. The
ubstantial decrease of RE for the O2 reduction reactions on the
dO-infiltrated LCCM cathode is clearly related to the high electro-
atalytic activity of the infiltrated PdO nanoparticles. The results
lso indicate that the electrocatalytic activity of PdO for the O2
eduction reaction is higher than that of Co2MnO4 spinel phase.
he significant performance enhancement with the impregnation
f PdO nanoparticles has also been observed on La0.8Sr0.2MnO3
athode [34], La0.8Sr0.2Co0.5Fe0.5O3 cathode [40], Pd + YSZ cathode
44]. The RE value of ∼0.13 � cm2 for the O2 reduction reaction

n PdO-infiltrated LCCM at 800 ◦C is comparable to ∼0.4 � cm2 at
00 ◦C reported on GDC-impregnated LCCM cathode [28]. It has also
een found that with the impregnation of 0.14, 0.28, 0.36, 0.51 and
.64 mg  cm−2 PdO, RE at 700 ◦C is reduced from 35 � cm2 to 14.6,
O, (c) CM90Pd, (d) CM50Pd and (e) CM10Pd, measured under open circuit potential

9.6, 8.7, 5.6 and 31.9 � cm2, respectively. It is evidenced that fur-
ther increase in the PdO loading higher than 0.51 mg  cm−2 results
in a degradation in the electrochemical activity of the electrodes
especially at intermediate operating temperature. The deteriora-
tion of the electrochemical activity with high Pd loading was also
observed for the H2 oxidation reaction on Pd-infiltrated Ni/GDC
cermet anodes [51].

With the impregnation of 0.14, 0.24, 0.40 and 0.52 mg  cm−2

CM90Pd, RE for the oxygen reduction reaction at 800 ◦C is 1.03,
0.27, 0.17 and 0.20 � cm2, respectively (Fig. 4c). The RE value of
the 0.4 mg  cm−2 CM90Pd-impregnated LCCM cathode is lower than
that of 0.36 mg  cm−2 PdO–impregnated LCCM cathode (0.17 � cm2
vs. 0.33 � cm2), although they contain same amount of PdO. The
higher electrocatalytic activity of the former indicates that the pres-
ence of Co2MnO4 spinel phase can inhibit the agglomeration of PdO
nanoparticles.
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ig. 5. Plots of electrode polarization resistance (RE) for the O2 reduction on LCCM
athodes as a function of infiltrated oxide loading.

As shown in Fig. 4d, the RE of the LCCM cathode infiltrated
ith 0.18, 0.32, 0.64, 0.84 and 0.88 mg  cm−2 CM50Pd is reduced

rom 3.59 � cm2 to 1.37, 0.61, 0.28, 0.07 and 0.10 � cm2, respec-
ively. The RE value of ∼0.07 � cm2 for the O2 reduction reaction
n CM50Pd-infiltrated LCCM at 800 ◦C is significantly lower than
0.13 � cm2 on PdO-infiltrated LCCM cathode and comparable to
0.05 � cm2 reported on Pd + YSZ cathode [44]. It is evidenced that

he higher electrocatalytic activity of the CM50Pd-infiltrated LCCM
athode is due to a better separation of PdO-nanoparticles by co-
nfiltration of Co2MnO4 spinels.

The interfacial resistance of 0.48, 0.88 and 1.87 mg  cm−2

M10Pd-infiltrated LCCM cathode is 2.21, 1.37 and 0.31 � cm2,
espectively (Fig. 4e). Compared with the LCCM cathode with
ame CM loading, the RE value for the O2 reduction reaction
n the CM10Pd-impregnated LCCM at 800 ◦C is slightly lower
∼0.31 � cm2 vs. ∼0.5 � cm2), probably improved by the small
mpregnated PdO nanoparticles.

The effect of the infiltrated PdO and CM–PdO loadings on the
lectrode polarization resistance is summarized in Fig. 5. The best
esult was obtained on infiltrated PdO and co-infiltration with PdO
nd Co2MnO4 spinels with 90/10 and 50/50 weight ratio (CM90Pd
nd CM50Pd). In the case of co-infiltrated PdO and Co2MnO4 spinels
ith 10/90 ratio, the electrocatalytic activity of LCCM is similar to

hat of Co2MnO4-infiltrated LCCM, significantly lower than that of
nfiltrated LCCM with PdO, CM90Pd and CM50Pd. The results show
hat excess Co2MnO4 spinels will reduce the electrocatalytic activ-
ty of the infiltrated phase as Co2MnO4 spinels are not as active
lectrochemically as that of PdO phase.

.3. Electrochemical activity stability of impregnated LCCM
athode

Fig. 6 shows the impedance responses at open circuit poten-
ial and polarization curves of LCCM cathode with and without
dO- and CM–PdO-infiltration under a cathodic current density of
00 mA  cm−2 for 50 h at 800 ◦C in air. The size of the impedance arcs
or the O2 reduction reaction on pristine LCCM cathode decreases
ith the cathodic current passage. After current passage for 60 min,

E was reduced from an initial value of 3.59 � cm2 to 1.96 � cm2

nd reached a stable value of 1.08 � cm2 after polarized for 50 h

Fig. 6a). The initial polarization potential of the LCCM electrodes
ehaved similarly to the impedance behavior. As evidenced from
ig. 6b, the initial electrode potential, Ecathode was  very high,
.15 V at 200 mA  cm−2 before current passage. With a cathodic
mpounds 509 (2011) 9708– 9717

current passage, the cathode potential decreased very rapidly. After
cathodic current treatment for 30 min, the Ecathode was  reduced
from 1.15 V to 0.64 V. However, the change in Ecathode with further
current passage time is very small. The electrode ohmic resistance,
R� changed slightly changed from 1.39 � cm2 to 1.52 � cm2 after
current passage for 50 h and is more or less stable. This indicates
that the reduction in Ecathode is mainly due to the overpotentials,
� which is reduced from 865 mV  to 135 mV.  Such impedance and
polarization behavior with cathodic current passage are identical
to the well-known activation processes for the oxygen reduction
on the LSM electrodes [52–55].

The initial impedance responses of LCCM cathode with
0.33 mg  cm−2 PdO loading are very similar to that of the pure
LCCM cathode (Fig. 6c). The impedance arc decreased with the
cathodic current passage. After the current passage for 60 min,
RE of 0.33 mg  cm−2 PdO-infiltrated LCCM cathode reduced from
0.66 � cm2 to 0.40 � cm2, which is significantly lower than
1.96 � cm2 of pure LCCM cathode under identical cathodic current
passage treatment. The overall Ecathode decreases with the polar-
ization time, similar to that of pure LCCM. However, the initial
polarization potential of the PdO-infiltrated LCCM cathode behaved
differently to that of the pure LCCM cathode. With a cathodic cur-
rent passage, the cathode potential increased very rapidly initially,
followed by a region where the increase in Ecathode was  much
smaller (see the inset in Fig. 6d). The increase in Ecathode is about
90–150 mV.  The exact reason for such initial polarization poten-
tial behavior is not clear at this stage. The value of R� was slightly
increased from 0.60 � cm2 to 0.68 � cm2, which imply that the
variation in Ecathode was mainly due to the variation in overpoten-
tials, �. The � of PdO-infiltrated LCCM cathode gradually decreased
and finally stabilized at ∼45 mV,  significantly lower 135 mV  of pris-
tine LCCM cathode. The result demonstrates a much more improved
electrochemical performance for the O2 reduction reactions than
the pure LCCM cathode.

In contrast to that of the pristine LCCM and PdO-infiltrated LCCM
cathodes, the initial impedance of LCCM cathode with 1.4 mg  cm−2

CM loading increased with the cathodic polarization treatment
(Fig. 6e). After the current passage for 50 h, RE was increased from
0.25 � cm2 to 0.54 � cm2. Similar to the impedance behavior, the
Ecathode and � of the CM-infiltrated LCCM cathode show an increase
with the cathodic current passage and become stable after being
polarized for ∼3 h. Also different to that of LCCM cathode, R�

increases with the cathodic polarization time and it increased from
0.5 � cm2 to 0.88 � cm2 after cathodic polarization for 50 h. Nev-
ertheless, the RE and � for the reaction on the CM-infiltrated LCCM
cathode are lower than that on the pure LCCM cathode tested under
the same conditions. This indicates that the incorporation of the
nanosized Co2MnO4 nanoparticles enhances the electrocatalytic
activity of the LCCM cathode.

The initial impedance and polarization behavior of LCCM cath-
ode infiltrated with 0.72 mg  cm−2 CM50Pd are similar to that of
CM-infiltrated LCCM cathodes, but the magnitude of the increase
in Ecathode and R� is much smaller (Fig. 6g and h). After the cur-
rent passage for 50 h, RE was  0.25 � cm2, significantly lower than
that of pristine LCCM cathode. The significant differences in the
electrode behavior of the LCCM and CM50Pd-infiltrated LCCM indi-
cate that the activation effect of cathodic polarization is no longer
effective for the O2 reduction reaction on the CM50Pd-infiltrated
LCCM cathode. The Ecathode and � of the CM50Pd-infiltrated LCCM
cathode also show an increase with the cathodic current pas-
sage and become stable after being polarized for ∼6 h. The �
of the CM50Pd-impregnated LCCM cathode after being polarized

at 200 mA  cm−2 for ∼6 h is 65 mV.  Despite the increase in RE
and �, the stabilized RE and � for the reaction on the CM50Pd-
impregnated LCCM cathode are only ∼ 19 and 42% of those on
the pristine LCCM cathode tested under the same conditions. This
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Fig. 6. Electrochemical impedance spectra and polarization performance as a function of polarization time for the O2 reduction reaction on (a and b) pure LCCM electrode,
(c  and d) 0.33 mg  cm−2 PdO-infiltrated LCCM, (e and f) 1.4 mg  cm−2 CM-infiltrated LCCM and (g and h) 0.72 mg cm−2 CM50Pd-infiltrated LCCM. The impedance curves were
measured at 800 ◦C and open circuit before and after polarization under 200 mA cm−2 for different period.

d
P
i
T

emonstrates that the incorporation of the nanosized CM and
dO mixed particles not only increases the electrocatalytic activ-
ty but also enhances the life performance of the LCCM cathode.
he � value of CM50Pd-infiltrated LCCM cathode was  stabilized at
∼65 mV  after cathodic polarization for 50 h, very close to the value
of 45 mV,  measured on PdO-infiltrated LCCM cathode. This indi-
cates that the co-infiltrated Co2MnO4–PdO is equally effective to
promote the electrocatalytic activity of LCCM electrodes but with
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ig. 7. FESEM micrographs of LCCM cathode with (a and b) 0.33 mg  cm−2 PdO-in
M50Pd-infiltrated LCCM. The images a, c and e are before and b, d and f are after t

ignificantly enhanced thermal stability as shown in Fig. 2 as well
s microstructure stability as will be discussed in the following
ections.

.4. Microstructure of the infiltrated LCCM cathode

Fig. 7 shows the FESEM micrographs of the surface of PdO,
o2MnO4 and Co2MnO4–PdO infiltrated LCCM electrodes before
nd after cathodic galvanostatic treatment at 200 mA cm−2 and
00 ◦C for 50 h. The histogram of the size distribution of infil-
rated nanoparticles is also shown in the figure. As evidenced from
ig. 7a, the initial size of fine PdO particles on the LCCM surface is
22 nm with symmetric distribution. After cathodic current treat-
ent there is significant agglomeration of PdO nanoparticles with

ubstantial reduced fine particles (Fig. 7b). The average size of
dO nanoaprticles is ∼35 nm but there are large numbers of PdO
articles in the range of 50–60 nm.  The agglomeration of finely

istributed PdO nanoparticles is clearly due to the cathodic polar-

zation treatment at 800 ◦C. In the case of infiltrated CM,  the initial
pinel particles were in the range of ∼11 nm and increased to
30 nm after the cathodic current treatment (Fig. 7c and d).
ed LCCM, (c and d) 1.4 mg cm−2 CM-infiltrated LCCM and (e and f) 0.72 mg  cm−2

arization treatment.

In the case of CM50Pd co-infiltrated LCCM electrodes, the ini-
tial particle size was ∼19 nm in average and grew to ∼29 nm after
cathodic current passage at 200 mA cm−2 and 800 ◦C for 50 h (Fig. 7e
and f). The change of the co-infiltrated Co2MnO4–PdO nanoparti-
cles is relatively small. Different to that of pure PdO nanoparticles,
there is no visible agglomeration of the co-infiltrated CM50Pd
nanoparticles and the distribution of the Co2MnO4–PdO nanoparti-
cles is close to that before the polarization (Fig. 7f). The SEM results
clearly show that co-infiltration of Co2MnO4 spinel significantly
stabilizes the PdO nanoparticles. This explains the better electro-
chemical performance of the Co2MnO4 and PdO co-infiltrated LCCM
cathode, as compared to that of the PdO- and Co2MnO4-infiltrated
LCCM cathode (see Figs. 4 and 5). The improved microstructure
stability is particular important for the long-term stability of nano-
structured electrodes operated under IT-SOFCs conditions.
4. Conclusions

The effect of co-infiltration of Co2MnO4 on the microstructure
and thermal stability of PdO and electrochemical performance and
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tability of the PdO-infiltrated La0.7Ca0.3Cr0.5Mn0.5O3−ı cathodes
or the O2 reduction reaction were investigated and the following
onclusions can be obtained:

 Pd/PdO and Co2MnO4 powders are chemically compatible. The
presence of Co2MnO4 spinel increases the decomposition tem-
perature of PdO to metallic Pd and significantly improves the
conversion rate of Pd to PdO during the thermal recycle. Adding
Co2MnO4 to PdO significantly inhibits the agglomeration and
grain growth of PdO/Pd nanoaprticles of the infiltrated LCCM
cathodes due to the significantly inhibiting effect of spinel oxides
on the agglomeration of Pd/PdO nanoparticles.

 The infiltration of PdO, Co2MnO4 and Co2MnO4–PdO enhances
the electrochemical performance of the LCCM cathodes for the
oxygen reduction reaction. Co-infiltrated LCCM cathode with
50 wt% PdO and 50 wt% Co2MnO4 (CM50Pd) exhibits the sig-
nificantly enhanced electrochemical activity and performance
stability. The enhancement is evidently due to the stable
Co2MnO4–PdO nanoparticles under IT-SOFCs operation condi-
tions, as shown by the SEM results.
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