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a b s t r a c t

Nano-structured Pd-infiltrated YSZ cathodes (Pd + YSZ) are prepared by impregnation method and their
electrocatalytic activity and reduction–oxidation behavior are investigated. It is observed that nano-
sized PdO particles are uniformly distributed on the surface of the YSZ scaffold and decomposed at
a temperature below 800 ◦C in air. Coexistence of Pd and PdO in the Pd + YSZ cathode is detected at
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temperatures between 650 and 750 ◦C. The polarization resistance RE of the Pd + YSZ cathode decreases
continuously as oxygen partial pressure increases from 0.001 to 1 atm at 600 and 850 ◦C, whereas it
reaches a minimum in the vicinity of 0.03 atm of oxygen partial pressure at 750 ◦C. In air with an oxygen
partial pressure of 0.21 atm, the Pd + YSZ shows the lowest activation energy for the oxygen reduction
reaction in the temperature range of 650 and 750 ◦C.

© 2010 Elsevier B.V. All rights reserved.
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xygen reduction reaction

. Introduction

Solid oxide fuel cells (SOFCs) are a kind of high temperature
lectrochemical device that converts the chemical energy stored
n fossil or hydrocarbon fuels to electricity efficiently beyond the
imit of the Carnot cycle, with high quality heat as the byproduct.
hus, for the same amount of electricity generated, the level of pol-
utant and greenhouse gas emission from SOFCs is much lower than
hat from conventional power generation technologies. From both
echnical and commercial perspectives, it is desirable to reduce
he operating temperature of SOFCs from the conventional high
emperature range near 1000 ◦C to the intermediate temperature
ange between 600 to 800 ◦C; low-cost alloys may then be read-
ly used as the interconnects [1]. However, reduction in operating
emperature significantly increases the electrode polarization loss,
specially at the cathode for oxygen reduction [2,3]. Thus, the devel-
pment of high performance cathodes is of critical importance for
he successful application of intermediate temperature SOFCs (IT-
OFCs).
Wet impregnation is an effective method to introduce nano-
ized and catalytic active particles into porous scaffolds to form
unctional composite electrodes of SOFCs, dramatically enhanc-
ng their performance and avoiding the difficulties encountered

∗ Corresponding author. Tel.: +86 27 87557694; fax: +86 27 87558142.
E-mail address: chibo@hust.edu.cn (B. Chi).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.07.011
in preparation of composite electrodes by conventional powder
mixing and sintering. Recently, the wet impregnation method has
attracted greater attention, and its global development has been
thoroughly reviewed by Jiang [4] and Vohs and Gorte [5]. Impreg-
nation of electrolyte particles into porous structure of perovskite
catalysts [6,7] or vice versa [8] has been proven to substan-
tially reduce the cathodic polarization resistance of the cathodes.
Impregnations of noble metals into SOFC cathodes, such as Pt
[9–11], Pd [11,12] or Ag [11,13], have also been investigated in
terms of the effectiveness on cathode performance, and Pd has
been confirmed beneficial in enhancing the oxygen reduction
reaction occurred on various kinds of cathodes. More recently,
detailed studies have been carried out by Liang et al. [14–16] on
the role of Pd as a catalyst or a cathode promoter for oxygen
reduction in SOFCs. It has found that solution-impregnated nano-
sized Pd particles on the scaffold of Y2O3 stabilized ZrO2 (YSZ)
is an effective cathode with a polarization resistance as low as
0.22 � cm2 at 700 ◦C [16], and its performance can be stabilized
by 5 wt.% Mn substitution for Pd [17]. And the electrochemical per-
formance of Pd-promoted LSM-based cathodes was significantly
improved; a considerably low electrode polarization resistance of
0.9 � cm2 at 600 ◦C was achieved, in contrast to 70 � cm2 obtained

at the same temperature from the conventional LSM-YSZ cathode
[15,16].

In the present study, the Pd-impregnated YSZ composite cath-
ode (Pd + YSZ) was further investigated using techniques of high
temperature X-ray diffraction and electrochemical impedance

dx.doi.org/10.1016/j.jpowsour.2010.07.011
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chibo@hust.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.07.011


1 wer So

s
m
i

2

2
J
a
t
s
w
s
c
P
h
s
w
h
d
o
t
c

p
t
t
T
w
m
m
[
c
t
a
c
l
1
o
i
1
m

a
(
t
c
a
A
C
c

3

3

p
P
w
a
r

P

PdO phase in the cathode was stable at temperatures below 800 C
during heating, and the Pd phase appeared at temperatures above
800 ◦C and became the dominate species at 850 ◦C. According to
this result, the decomposition temperature Td of the nano-sized
PdO particles supported on the YSZ substrate was under 800 ◦C
54 F. Liang et al. / Journal of Po

pectroscopy, aiming to identify the mechanisms for the enhance-
ent on oxygen reduction in this type of cathode under

ntermediate temperature SOFC operating conditions.

. Experimental

Dense electrolyte substrates with a dimension of �
1 mm × 1 mm were fabricated from 8 mol% YSZ (TZ8Y, Tosoh,
apan) by die-pressing at room temperature and then sintering
t 1500 ◦C for 4 h in air. To form a porous YSZ scaffold that hosts
he impregnated species on the dense electrolyte substrates, YSZ
lurry was made by mixing YSZ powder and organic binder, which
as then screen-printed on the top surface of the dense electrolyte

ubstrates and heat-treated at 1200 ◦C for 1 h in air. In order to
onstruct functional Pd-impregnated YSZ cathodes (Pd + YSZ), the
d-containing solution was prepared by dissolving PdCl2 in diluted
ydrochloric acid and infiltrated dropwise into the porous YSZ
caffold, followed by firing at 750 ◦C in air for 1 h. PdO particles
ere formed on the surface of the porous YSZ structure after the
eat treatment. Detail preparation of the Pd + YSZ cathode was
escribed in Ref. [14]. The thickness and area of the prepared cath-
de were 10–20 �m and 0.5 cm2, respectively. The PdO content in
he Pd + YSZ cathodes was estimated to be around 5 wt.% after 7
onsecutive impregnations.

For electrochemical evaluation of the Pd + YSZ cathodes, Pt
aste was painted on the opposite side of the working elec-
rode and subsequently baked at 800 ◦C in air for 30 min to form
he counter (0.5 cm2) electrode and circular reference electrode.
he gap between the counter electrode and reference electrode
as 4 mm, ensuring that this distance was at least three times
ore than the thickness of the electrolyte to meet the extreme
easurement requirement in the three-electrode configuration

18]. Pt mesh was used as the current collector; and electro-
hemical impedance spectra at open circuit were obtained at
emperatures between 600 and 850 ◦C after soaking for 30 min
t the measuring temperature in various controlled atmospheres
onsisting of N2 and O2, using an impedance/gain phase ana-
yzer (Solartron 1260) and an electrochemical interface (Solartron
287) in a frequency range from 0.1 to 100 kHz. The amplitude
f the signal was 10 mA and 2 min were needed for a single
mpedance spectrum measurement. The total gas flow rate was
00 mL min−1 with N2 and O2 each controlled by a mass flow
eter.
The phase change with temperature in the cathode was char-

cterized by X-ray diffraction (XRD) using an X-ray diffractometer
X’Pert PRO Holand PANalytical B.V. Company) fitted with a high
emperature specimen holder. The high temperature XRD was
onducted in air during heating and cooling between room temper-
ture and 900 ◦C after soaking 15 min at each testing temperature.

scanning electronic microscope (SEM, Sirion 200 Holand FEI
ompany) was employed for microstructure examinations of the
athodes.

. Results and discussion

.1. Reduction–oxidation of supported PdO nanoparticles

For unsupported PdO particles, the reduction–oxidation (redox)
rocess of PdO was found to consist of two steps. During heating,
dO decomposes at the decomposition temperature Td to form Pd
ith a sharp weight loss; and upon cooling, Pd re-oxidizes to PdO
t the temperature TR with a weight gain, usually below 800 ◦C. The
edox reaction can be expressed as

d + 1
2

O2 ⇔ PdO (1)
urces 196 (2011) 153–158

with an equilibrium constant Kp as follow

Kp = 1

(PO2 )1/2
(2)

Rearranging above gives,

PO2 =
(

1
KP

)2
(3)

where PO2 is the decomposition pressure of PdO. The relationship
between equilibrium constant Kp and temperature (T) is given by:

Kp = exp
(

−�G(T)
RT

)
(4)

where R is the gas constant and �G(T) the formation free energy
of PdO. Using the data provided in Ref. [19], �G(T) can be approxi-
mately expressed as

�G(T) = −111, 261 + 96.67T (5)

Substituting Eq. (5) to Eq. (4) and then Eq. (4) to Eq. (3) gives,

PO2 =
(

1
exp(−111, 261 + 96.67T/RT)

)2
(6)

Fig. 1 shows the graphic dependence of the oxygen partial pres-
sure for PdO decomposition on temperature, as described by Eq.
(6). It is seen that both oxygen partial pressure and temperature
can affect the stability of Pd or PdO. In ambient atmosphere where
the oxygen partial pressure is 0.21 atm, PdO remains stable until
temperature reaches 806 ◦C. This calculated value is the equilib-
rium decomposition temperature (Td, eq.) of PdO in air and is in
good agreement with the Td obtained by TGA with an extremely
low scan rate [20].

Fig. 2 shows the microstructures of the porous YSZ layer and
the prepared Pd + YSZ cathode. The YSZ particles were well sintered
after heat treatment at 1200 ◦C in air for 1 h, forming a porous YSZ
scaffold (Fig. 2a). After Pd-impregnation, PdO particles smaller than
50 nm were formed and uniformly dispersed on the surface of the
porous YSZ scaffold, constructing a functional composite cathode
(Fig. 2b). Fig. 3 shows X-ray diffraction patterns of the Pd + YSZ cath-
ode at various temperatures in air upon heating and cooling. The

◦

Fig. 1. Calculated relationship between equilibrium decomposition temperature of
PdO and oxygen partial pressure.
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ig. 2. Microstructures of the YSZ scaffold and the Pd + YSZ cathode prepared by
olution impregnation.

uring heating and significantly lower than that estimated from
q. (6), thus suggesting that the Td of the nano-sized PdO particles
an be decreased from the equilibrium decomposition tempera-
ure Td, eq. when they are supported on the oxide ion conductive

◦
SZ substrate. In the cooling cycle from 900 C, PdO started to re-
orm at 750 ◦C and coexisted with Pd in the temperature range
etween 750 and 650 ◦C. As a matter of fact, such phenomena that
he variation of the Td temperature with supporting substrates and
he coexistence of Pd and PdO during cooling were reported pre-

Fig. 3. XRD patterns of the Pd + YSZ cathode at various temperatures in air.
urces 196 (2011) 153–158 155

viously [21–23]. The re-oxidation of Pd to PdO upon cooling is not
simply a time–temperature rate process; a specific temperature is
required. No PdO formation was observed at temperatures higher
than the onset re-oxidation temperature Tr (between Tr and Td),
regardless the length of time held at the temperature. And the Tr

is strongly affected by the nature of the supporting substrates. For
the nano-sized Pd supported on CeO2 substrate, the Td tempera-
ture of PdO decreased to 775 ◦C and the Tr temperature was 730 ◦C,
showing a hysteresis (Td − Tr) of 45 ◦C that was much smaller than
those supported on other non-ionic conductive substrates, such as
Al2O3, undoped ZrO2 and so on [21]. The co-existence of Pd and
PdO was attributed to a skin of PdO formed on Pd particles [21,23].
The exchange of oxide ions between PdO and the ionic conduc-
tive substrate, such as the YSZ (present study) and CeO2, may be
responsible for the change of the Td and Tr temperatures in terms
of the equilibrium temperature of PdO and Pd. Detail mechanism
still needs to be further understood.

3.2. Effect of oxygen partial pressure on cathode polarization
resistance

Fig. 4 shows the electrochemical impedance spectra of the
Pd + YSZ cathode under various oxygen partial pressures at 600
(Fig. 4a), 750 (Fig. 4b) and 850 ◦C (Fig. 4c), from which the area
specific polarization resistance of the cathode RE was derived and
plotted as a function of oxygen partial pressure PO2 , as shown
in Fig. 4d. It is noticed that the RE decreased linearly from 8.7
to 1.6 � cm2 as the PO2 increased from 0.001 to 1 atm at 600 ◦C.
According to Fig. 1, the equilibrium oxygen partial pressure for
PdO decomposition is 10−7 atm, which is considerably lower than
0.001 atm; thus it is reasonable to believe than the nano-sized PdO
particles on the YSZ substrate was stable at 600 ◦C in the range of
oxygen partial pressure used in the experiment. This is confirmed at
one point by the high temperature XRD measurement (Fig. 3) that
PdO was the only phase at 600 ◦C in air (PO2 = 0.21 atm). There-
fore, the decreased RE with increasing PO2 at 600 ◦C may be due
to the enhanced O2 adsorption on the PdO surfaces in O2-richer
atmospheres. In pure oxygen (PO2 = 1 atm), the calculated Td, eq.
temperature is around 875 ◦C, which is slightly higher than the
experimentally obtained value 851 ◦C reported in Ref. [20]. How-
ever, considering that PdO decomposes at much lower temperature
than the thermodynamically equilibrium decomposition tempera-
ture as discussed above, it is expected that Pd remained stable in
the Pd + YSZ cathode at 850 ◦C in the range of oxygen partial pres-
sure between 0.001 and 1 atm; the dependence of the RE on the PO2 ,
i.e., the RE decreases continuously at 850 ◦C from 0.8 to 0.02 � cm2

as the PO2 increases from 0.001 to 1 atm, can be understood by the
enhanced O2 access to the cathode surfaces at higher oxygen partial
pressures. In the case of 750 ◦C, the RE reached a minimum at around
0.03 atm of the PO2 , beyond which the RE increased with further
increase in PO2 to 1 atm. From Fig. 1, the equilibrium oxygen partial
pressure for PdO decomposition is 0.054 atm at 750 ◦C, below and
above which Pd and PdO should be the thermodynamically stable
phase, respectively; and coexistence of the two phases could not be
possible under thermodynamic equilibrium conditions. However,
the RE value of the cathode tested at 850 ◦C was higher than the one
at 750 ◦C at PO2 = 0.01 atm (0.35 � cm2 at 850 ◦C vs. 0.2 � cm2 at
750 ◦C in Fig. 4d), which is contradictory to the common knowledge
that Pd becomes more electrocatalytically active at higher tem-
peratures. Furthermore, the coexistence of Pd and PdO at 750 ◦C
in air (PO2 = 0.21) was confirmed by the high temperature XRD

(Fig. 3). Thus these results indicate that Pd and PdO coexisted at
least in the PO2 range between 0.01 and 0.21 atm at 750 ◦C; and
more PdO was formed as PO2 increased. This discrepancy between
the thermodynamic prediction of equilibrium phase and experi-
mental observations suggests that the re-oxidation process of Pd
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ig. 4. Open circuit electrochemical impedance spectra of the Pd + YSZ cathode a
ependence of the polarization resistance of the Pd + YSZ cathode on oxygen partia

s kinetically controlled. The fact that the RE increased with PO2
eyond the minimum indicates that excessive formation of PdO is
etrimental to the oxygen reduction reaction in the Pd + YSZ cath-
de, due to its lower electrical conductivity.

In order to further understand the effect of oxygen partial pres-
ure on the polarization resistance RE of the Pd + YSZ cathodes at
arious temperatures, the impedance arcs in the first quadrant
hown in Fig. 4 were deconvoluted into the high-frequency and
ow-frequency arcs by an equivalent circuit with a configuration
f LR�(RE1 − CPE1)(RE2 − CPE2) as shown in Fig. 5. In the equivalent
ircuit, the R� is the overall ohmic resistance including those from

he electrolyte, electrode and measuring leads, the L is an induc-
ance element, the CPE1 and CPE2 are the constant phase elements,
nd the RE1 and RE2 are the resistances associated with the high-
nd low-frequency arcs, respectively. There is a general consensus
n literature that the high-frequency arc is arisen from the ion-

ig. 5. Diagram of equivalent circuit which simulates the obtained impedance spec-
ra shown in Fig. 4.
600 ◦C, (b) 750 ◦C and (c) 850 ◦C under various oxygen partial pressures, and (d)
ure at temperatures of 600, 750 and 850 ◦C.

transfer process occurring at the electrode/electrolyte interfaces
and the electron-transfer process accompanying with the oxygen
reduction reaction; the low-frequency arc is considered the con-
voluted contributions of the adsorption and diffusion of oxygen at
the gas–cathode interface and the surface diffusion of the inter-
mediate oxygen species. Strong O2 adsorption and dissociation are
likely to cause this kind of low-frequency behavior (loop) according
to our previous study [14], and further understanding of this phe-
nomenon still needs to be established. The dependence of RE1 and
RE2 on oxygen partial pressure is shown in Fig. 6, which is generally
similar to that of the RE shown in Fig. 4d. However, the values of
RE2 at 850 ◦C are significantly higher than those at 750 ◦C in the PO2
range from 0.01 to 0.21 atm, implying that the coexistence of Pd
and PdO occurred in a wider range of PO2 at 750 ◦C than expected
above and considerably enhanced the processes of oxygen adsorp-
tion and surface diffusion associated with the reaction of oxygen
reduction in the Pd + YSZ cathode.

It is known that the effectiveness of Pd as a catalyst to promote
oxidation reactions of methane or other hydrocarbon fuels depends
on its complex interactions with gaseous O2 to form PdO or non-
stoichiometric PdOx [24,25]. If the following steps are assumed for

oxygen reduction taking place in the Pd + YSZ cathode,

Pd + O2 → Pd-O2 ads (7)

Pd-O2 ads → Pd-Oads (8)
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650 and 600 ◦C). This indicates that the coexistence of Pd and PdO
ig. 6. Dependences of (a) RE1 and (b) RE2 on oxygen partial pressure at various
emperatures between 600 and 850 ◦C.

d-Oads → PdO (9)

dO + 2e− + VO YSZ → Pd + O2− (10)

here O2 ads is the adsorbed oxygen molecules, Oads is the adsorbed
xygen atoms, e− is the electron obtained for reduction of PdO
ccompanied with an oxygen ion back-spilled simultaneously into
n oxygen vacant site VO YSZ in the YSZ lattice (O2−), then the coexis-
ence of Pd and PdO is expected to facilitate the surface processes of
xygen reduction in the cathode by the inter-conversion between
d and PdO.

.3. Effect of Pd and PdO coexistence on activation energy of
olarization resistance

Fig. 7 shows the representative electrochemical impedance
pectra of the Pd + YSZ cathode at various temperatures between
00 and 850 ◦C in air under open circuit condition (Fig. 7a) and the
orresponding polarization resistance RE as a function of tempera-
ure (Fig. 7b). The semi-logarithmic plot of RE against 1/T has three
ifferent slopes in the measured temperature range between 600
nd 850 ◦C, corresponding three different electrocatalytic activa-

ion energies for the reaction of oxygen reduction according to the
ell-accepted relation [26]

n(�) = − Ea

RT
+ ln �0 (11)
Fig. 7. Open circuit electrochemical impedance spectra of the Pd + YSZ cathode at
various temperatures between 600 and 850 ◦C (a) and the corresponding polariza-
tion resistance (RE) as a function of temperature (b).

where �0∞ 1
R0

E
, �∞ 1

RE
, R0

E is a constant and Ea is the activation

energy. In the temperature ranges from 850 to 750 ◦C and from
650 to 600 ◦C, Pd and PdO were stable in air, respectively, accord-
ing to the results of high temperature XRD shown in Fig. 3; and
the activation energies estimated were 198 and 155 kJ mol−1 cor-
respondingly. In the temperature range between 750 and 650 ◦C, in
which Pd and PdO coexisted, the activation energy was the lowest
among the three activation energies with a value of 68 kJ mol−1.

In a similar way to what have done in Section 3.2, the RE here
can also be deconvoluted into the RE1 and RE2 to separate the
contributions of the charge-transfer and surface processes in the
oxygen reduction reactions. From the dependence of RE1 and RE2
on testing temperatures shown in Fig. 8, it is observed once again
that a much lower activation energy of 58 kJ mol−1 associated with
the RE2 was obtained in the temperature range between 750 and
650 ◦C, compared to those obtained within the ranges of 850–750 ◦C
(202 kJ mol−1) and 650–600 ◦C (165 kJ mol−1); and the activation
energies associated with the RE1 were not dramatically different in
various temperature ranges (147 kJ mol−1 between 850 and 750 ◦C,
106 kJ mol−1 between 750 and 650 ◦C, and 125 kJ mol−1 between
promotes the thermally activated processes of oxygen adsorption
and surface diffusion in the cathode, considerably decreases the
activation energy associated with the resistance contributed by the
adsorption and surface diffusion processes of oxygen.
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ig. 8. Dependences of (a) RE1 and (b) RE2 of the Pd + YSZ cathode on temperature
n air.

. Conclusions

The redox behavior and electrocatalytic activity of the Pd + YSZ
athode were investigated and the following conclusions can be
ade:

. PdO decomposes at 806 ◦C in air under thermodynamic equi-
librium condition; the presence of YSZ substrate on which PdO
particles are supported will change the redox temperatures in air
and their dependence on oxygen partial pressure. In the Pd + YSZ
cathode, PdO and Pd are stable in air at temperatures below 650
and above 800 ◦C, respectively; and Pd and PdO coexist in air in

the temperature range of 650–750 ◦C.

. The polarization resistance RE decreases as PO2 increases from
0.001 to 1 atm at both 600 and 850 ◦C, whereas it reaches a min-
imum in the same PO2 range at 750 ◦C. This phenomenon is due to
the coexistence of Pd and PdO in the Pd + YSZ cathode at 750 ◦C,

[

[

[

urces 196 (2011) 153–158

promoting the processes of oxygen adsorption and surface dif-
fusion in the cathode.

3. The activation energy of polarization resistance of the Pd + YSZ
cathode for oxygen reduction is 67.8 kJ mol−1 in the temperature
range between 750 and 650 ◦C, which is the lowest compared to
those obtained within the temperature ranges of 850–750 and
650–600 ◦C. This is attributed to the enhanced adsorption and
surface diffusion of oxygen in the cathode.
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