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a  b  s  t  r  a  c  t

The  anode  material  BaZr0.1Ce0.7Y0.1Yb0.1O3−ı (BZCYYb)  for solid  oxide  fuel  cells  (SOFCs)  is  prepared  by
solid  state  reaction  method  and  its  chemical  compatibility  with  Y2O3 stabilized  ZrO2 (YSZ)  is evaluated.
The  electrochemical  performance  of  the  pure  and  Pd-  and  Cu0.5Pd0.5-impreganated  BZCYYb  electrodes
is  characterized  in  the temperature  range  between  650  and  750 ◦C by  AC  impedance  spectroscopy  in  H2

and/or  CH4 atmospheres,  respectively,  under  the  condition  of  open  circuit.  It  is confirmed  that  the  BZCYYb
is  chemically  compatible  with  the  YSZ at temperatures  below  1000 ◦C. The  polarization  resistance  of  the
BZCYYb  anode  in  H2 is decreased  from  2.08  to  0.51  � cm2 as  the  measuring  temperature  increases  from

◦ −1

aZr0.1Ce0.7Y0.1Yb0.1O3−ı anode
d  impregnation
ydrogen oxidation
ethane

650  to  750 C with  an  activation  energy  of 117  kJ  mol . With  Pd-  or Cu0.5Pd0.5-impregnation,  the polar-
ization  resistance  of the  BZCYYb  electrode  in  H2 is  reduced  significantly  to  approximately  0.40  �  cm2

at  650 ◦C  and 0.12  � cm2 at 750 ◦C.  With  dry  CH4 as  the  fuel,  the  polarization  resistance  of  the Pd- and
Cu0.5Pd0.5-impregnated  BZCYYb  anodes  is  obviously  increased  below  1.00 � cm2 at  650 ◦C  and  0.22  �  cm2

at  750 ◦C.  Both  Pd  and  Cu0.5Pd0.5 impregnations  are  equivalently  effective  in  enhancing  the  electrochem-
ical  performance  of the BZCYYb  anode.
. Introduction

Solid oxide fuel cells (SOFCs) can utilize a wide variety of hydro-
arbon fuels, which makes it tremendous attractive as a promising
echnology for generation of electrical energy [1].  The conventional
node consisting of Ni and Y2O3 stabilized ZrO2 (YSZ) for the SOFCs
as demonstrated excellent performance when hydrogen is used
s the fuel, but it is susceptible to carbon deposition (coking) and
eactivation (poisoning) by contaminants commonly encountered

n readily available fuels [2].  Substantial effort has been devoted
o the development of new anode materials and novel electrode
tructures to solve these problems [3,4]. Various anode catalysts,
ncluding ceria-based cermets [5,6], Sr-doped LaCr0.5Mn0.5O3−ı

LSCM) [7,8], (La, Ca)(Cr, Mn)O3(LCCM) [9],  Sr2MgMoO6−ı-based
ouble perovskites [10], were reported to be more effective in pre-
enting carbon formation than the conventional Ni-base anodes.

nfortunately, the power density of the SOFCs using these oxide
nodes is somewhat low due to their insufficient conductivity or
ow activity towards hydrocarbon oxidation. Metal catalysts added
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to the ceramic anodes can facilitate reforming reactions that gener-
ate H2 and CO from hydrocarbons at their operating temperatures
(650–750 ◦C) and can improve the performance of the cell.

BaZr0.1Ce0.7Y0.2O3−ı (BZCY) [11], which was previously used
as a SOFC electrolyte, has attracted a great deal of attention due
to its excellent chemical stability at low operating temperatures.
However, the conductivity and the electrocatalytic activity of the
BZCY have limited its application as an anode material by poor
electrochemical performance. To improve the conductivity and
electrocatalytic activity of the BZCY, transition metal elements
have been introduced into the Y-site. Recently, a chemically sta-
ble perovskite-type material, BaZr0.1Ce0.7Y0.1Yb0.1O3−ı (BZCYYb)
[12], is reported for the anode of the SOFCs. It has demonstrated
adequate electrochemical stability over a wide range of conditions
relevant to SOFC operation, is very effective for in situ reforma-
tion of hydrocarbons, and is helpful for inhibiting carbon deposition
while hydrocarbon fuels are used.

Wet  impregnation has been confirmed to be an effective method
to fabricate nano-structured electrodes and enhance electrode

electrochemical performance [13,14].  It has been used for the
development of the cathodes [15–19] and anodes [20]. And elec-
trode performance can be further promoted by incorporating ionic
or electronic conducting phase, such as Gd-doped CeO2 (GDC) [21]

dx.doi.org/10.1016/j.jpowsour.2011.10.082
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. The X-ray diffraction pattern of the prepared BZCYYb in comparison with
JCPDS file 01-089-2485 for cubic perovskite Ba(Ce0.7Zr0.3)O3, showing a cubic per-
ovskite structure with a lattice parameter of 0.434 nm.
0 J.-T. Zhang et al. / Journal of

r Pd [22,23] for the cathodes and Cu or Cu–Pd for anodes [20,24]. In
he present study, Pd- and Cu0.5Pd0.5-impregnated BZCYYb anodes
ave been evaluated electrochemically, in comparison with the
ure BZCYYb anode, with both H2 and CH4 as the fuel in the tem-
erature range of 650–750 ◦C.

. Experimental

The anode material BZCYYb was prepared by the conventional
olid state reaction method [25]. Stoichiometric amount of high-
urity barium carbonate, zirconium oxide, cerium oxide, yttrium
xide and ytterbium oxide powders (Sinopharm Chemical Reagent
o., Ltd.) were mixed by ball-milling in ethanol for 48 h, followed
y drying in an oven and calcination at 1100 ◦C in air for 10 h.
he calcinated powder was ball milled again, followed by another
alcination at 1150 ◦C in air for 10 h.

The formed phase in the calcinated powder was identified by X-
ay diffraction (XRD) using a Phillips X’Pert Pro diffractometer with
u K� radiation. The diffraction patterns were registered over a 2�
ange between 20◦ and 80◦.The chemical compatibility between
he prepared BZCYYb powder and the YSZ (TZ8Y, Tosoh, Japan) elec-
rolyte was studied by firing pressed pellets of BZCYYb/YSZ mixture
f 1:1 weight ratio at temperatures of 800, 900, 1000 and 1100 ◦C
n air for 10 h, followed by XRD phase analysis.

The well-sintered YSZ electrolyte pellets (relative density >98%)
as prepared by pressing the YSZ powder at a pressure of ∼200 MPa

nd sintering at 1500 ◦C for 4 h. In order to fabricate the elec-
rode, the BZCYYb powder was mixed with terpineol, ethyl cellulose
nd proper amount of rice starch to form slurry, which was then
creen printed on the sintered YSZ pellets. The BZCYYb/YSZ bi-
ayer was sintered at 1000 ◦C in air for 2 h to form a porous
ZCYYb electrode on the electrolyte. The thickness of the sin-
ered electrode was 10 �m and the effective electrode area was
.5 cm2 (0.8 cm in diameter). Nano-sized Pd and Cu0.5Pd0.5 alloy
articles were also introduced into the porous BZCYYb electrode,
espectively, by impregnation of the BZCYYb scaffold with aqueous
olutions containing 15 weight percent of HCl and desired amount
f PdCl2 and/or CuCl2, followed by heating at 300 ◦C for 1 h. The
mpregnation-heat treatment cycle was carried out repeatedly in
rder to obtain a proper loading of Pd or Cu0.5Pd0.5. After reduction
n 95% N2 + 5% H2 atmosphere at 800 ◦C for 5 h, the weight percent-
ge of the impregnated catalyst in the BZCYYb scaffold was around
0 wt.%. High temperature silver paste (Sino-Platinum Co., Ltd.) was
ainted on the top of the BZCYYb electrode as the current collec-
or and on the opposite side of the electrolyte disk as the counter
nd reference electrodes. The distance between the ring-shaped
eference and circular-shaped counter electrodes was 4 mm.  Such
repared cells were fired at 850 ◦C for 2 h.

The three-electrode configuration was used for the electro-
hemical measurement of the cells with dry H2 or CH4 as the fuel
nd stagnant air as the oxidant. Electrochemical impedance spectra
f the cells were obtained in a frequency range of 0.01 Hz to 1 MHz
ith a signal amplitude of 10 mV  at temperatures between 650 and

50 ◦C using an impedance gain/phase analyzer (Solartron1260)
nd an electrochemical interface analyzer (Solartron1287) at open
ircuit. A scanning electron microscopy (SEM, Quanta 200, FEI Cor-
oration, Holland) was employed to examine the cross-sectional
orphology of the cells.

. Results and discussion
In comparison with the JCPDS file 01-089-2485 for cubic per-
vskite BaCe0.7Zr0.3O3, the XRD pattern of the as-prepared BZCYYb
owder is shown in Fig. 1. This pattern is identical to that of
he BaZr0.1Ce0.7Y0.1Yb0.1O3−ı reported by Ding and Xue [26]. The
Fig. 2. The X-ray diffraction patterns of a mixture consisting of the BZCYYb and
YSZ  powders at various temperatures, indicating that the BZCYYb is chemically
compatible with the YSZ at temperatures below 1000 ◦C.

comparison confirms that the prepared BZCYYb is a pure phase
with the cubic perovskite structure. Fig. 2 demonstrates the XRD
diffraction patterns of the mixed BZCYYb/YSZ powders fired at var-
ious temperatures between 800 and 1100 ◦C in air for 10 h, which
suggests that there were no XRD evidence of chemical reactions
between the YSZ and the BZCYYb at temperatures below 1000 ◦C.
However, extra phases were formed as the calcination tempera-
ture was increased to 1100 ◦C; some minor peaks corresponding to
Yb0.1Ce0.9O2−ı and BaZrO3 were seen in the XRD spectrum, indi-
cating solid state reaction between the YSZ and the BZCYYb.

By using the above described screen-printing and sintering pro-
cesses, a layer of uniform and porous BZCYYb anode, as shown
in Fig. 3a, was  fabricated on the dense and crack free YSZ elec-
trolyte with a well adhered interface. The porosity of the BZCYYb
anode was about 37%, which was  sufficient for fuel gas diffu-
sion in the pores and oxygen ions/electrons transportation inside
the BZCYYb scaffold. With 10 wt.% impregnated Pd or Cu0.5Pd0.5,
discrete catalyst particles were deposited on the surface of the
BZCYYb backbone. The microstructure of the impregnated anode
is shown in Fig. 3b and c Fig. 3 for Pd and Cu0.5Pd0.5 impregnations,
respectively. After impregnation, the porosity of the anodes was

somewhat reduced.

Fig. 4 a displays the impedance spectra of the prepared cells with
the BZCYYb anode measured under the condition of open circuit in
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Fig. 4. The electrochemical performance of the prepared pure BZCYYb anode: (a) AC
impedance spectra measured at various temperatures between 650 ◦C and 750 ◦C

as the convoluted contributions of the adsorption and diffusion
of the fuel gas at the gas/anode interface and the surface diffu-
sion of intermediate species [7,19].  The temperature dependence
of the Rp1 and Rp2 are also shown in Fig. 4b. For comparison the
ig. 3. SEM microstructures of the prepared (a) pure, (b) Pd-impregnated and (c)
u0.5Pd0.5-impregnated BZCYYb anodes.

ry H2 at different temperatures from 650 to 750 ◦C. The value at
he low frequency intercept with the real axis represents the total
ell resistance (Rt); and the value of the high frequency intercept
ith the real axis represents the ohmic resistance (Ro) of the cell,

ncluding the ohmic resistances contributed by the testing leads,
lectrolyte and electrode. The polarization resistance of the anode
P, which is not ohmic in nature, is the difference between Rt and
o. The purpose of the present study is on the electrochemical per-
ormance of the anode; and hence only the polarization resistance
s of interest hereafter. Fig. 4b shows the RP as a function of the

easuring temperature, which obeys the well-accepted relation
19,27] that
P = R0
P exp

(
Q

RT

)
(1)
under the condition of open circuit; (b) the overall electrode polarization resis-
tance RP and the deconvoluted polarization resistances Rp1 and Rp2 as a function of
temperature.

where R0
P is a pre-exponential constant and Q the activation energy.

As expected, increasing the measurement temperature resulted in
a significant reduction in the RP, typically from 2.08 � cm2at 650 ◦C
to 0.51 � cm2 at 750 ◦C with an activation energy of 117 kJ mol−1

for hydrogen oxidation in the temperature range. These values of
the RP are lower than those obtained from cells with LCCM/GDC
(1.01 � cm2 at 750 ◦C [9]), LCCM/YSZ(1.4 � cm2 at 900 ◦C [28]) and
LSCM/YSZ(2.1 � cm2at 900 ◦C [28]) composite anodes, which is
most likely related to the high catalytic activity and ionic conduc-
tivity of the BZCYYb phase below 750 ◦C as compared to the GDC
or LCCM phase in the composites [12].

Conventionally, the polarization arc can be deconvoluted into
the high-frequency and low-frequency arcs by an equivalent cir-
cuit with a configuration of (Rp1 − CPE1) (Rp2 − CPE2) as shown in
Fig. 5. In the equivalent circuit, the CPE1 and CPE2 are the constant
phase elements, and the Rp1 and Rp2 are the resistances associated
with the high- and low-frequency arcs, respectively. It is considered
that the high-frequency arc is the characterization associated with
the charge-transfer process occurring at the electrode/electrolyte
interfaces and the electron-transfer process accompanying with
the fuel oxidation reaction; and the low-frequency arc is considered
Fig. 5. The electrical circuit used to fit the AC impedance spectra of the prepared
pure, Pd-impregnated and Cu0.5Pd0.5-impregnated BZCYYb electrodes.
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Fig. 6. Open circuit AC impedance spectra of the prepared impregnated BZCYYb electrod
650 ◦C and 750 ◦C; (c) and (d) Cu0.5Pd0.5-impregnated at 650 ◦C and 750 ◦C.

Table 1
The values of polarization resistances (� cm2) of the prepared electrodes in H2 and
CH4 at various temperatures.

Anode Temperature (◦C) RP Rp1 Rp2

BZCYYb in H2

650 2.08 0.39 1.80
700 0.89 0.36 0.59
750 0.51 0.29 0.22

BZCYYb + Pd in H2
650 0.40 0.25 0.14
750 0.12 0.04 0.08

BZCYYb + Pd in CH4
650 0.98 0.92 0.12
750 0.20 0.12 0.10

BZCYYb + Cu0.5Pd0.5

in H
650 0.39 0.26 0.14
750 0.12 0.04 0.08
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BZCYYb + Cu0.5Pd0.5

in CH4

650 0.99 0.91 0.11
750 0.22 0.11 0.09

lectrochemical impedance of the prepared cells with the Pd- and
u0.5Pd0.5-impregnated BZCYYb anodes was measured under the
ondition of open circuit in dry H2 and CH4, respectively, at tem-
eratures 650 and 750 ◦C. With the ohmic resistance subtracted, the
ypical impedance spectra (measured at 750 ◦C) are shown in Fig. 6.
he spectra are featured by two frequency dependent arcs, indi-
ating the fuel oxidation reaction in the impregnated anodes was
learly separated into high and low frequency steps. The total polar-
zation resistance RP and the deconvoluted polarization resistances
p1 and Rp2 were derived from the impedance spectra acquired at
arious temperatures, as listed in Table 1 together with those of the
ure BZCYYb anodes.

In the case of H2 fuel, it is noticed that with Pd or Cu0.5Pd0.5
mpregnation into to the BZCYYb scaffold the overall RP of the
mpregnated anodes for H2 oxidation was reduced significantly
n comparison with that of the BZCYYb anodes. For example, the
P was 0.12 � cm2for the Pd- and Cu0.5Pd0.5-impregnated BZCYYb
omposite anodes at 750 ◦C, which is only around 1/5 of that of the
ure BZCYYb anode at the same temperature. The same tendency
as observed for the RP measured at 650 ◦C. As a matter of fact, both

he Rp1 and Rp2 were decreased simultaneously by the impregna-
ion of the nano-sized catalyst particles into the BZCYYb anode due
o the improved electronic conductivity of the composite anodes

nd the promoted electrode processes related to H2 adsorption,
issociation and surface diffusion. However, the Rp2 was  decreased
ore considerably than the Rp1, which suggests that the nano-

ized Pd or Cu0.5Pd0.5 particles is more effective in enhancing the
es measured in H2 and CH4 at various temperatures: (a) and (b) Pd-impregnated at

electrode processes of H2 adsorption, dissociation and diffusion
than in providing the electronic paths in the anode for electron
conduction. These phenomena are similar to what reported for the
Pd-impregnated LCCM–GDC and Ni–GDC anodes [9,29];  and it is
considered that Pd/PdO redox accelerates the low frequency elec-
trode processes, because around 27% of the surface of impregnated
Pd particles remains as PdO after high temperature H2 reduction,
and the presence of Cu further retards Pd reduction [9].  Also seen
from Table 1, there is no significant difference in the impedance per-
formance of the Pd- and Cu0.5Pd0.5-impregnated BZCYYb composite
anodes for H2 oxidation reaction, thus Cu0.5Pd0.5 impregnation is
preferred for applications from the cost point of view.

With dry CH4 as the fuel, the overall electrode polarization resis-
tance RP of the Pd- and Cu0.5Pd0.5-impregnated BZCYYb composite
anodes was  increased significantly, compared to that with H2 as the
fuel. However, no SEM evidence of carbon deposition was  observed
from the post-test samples, and the RP increment became smaller
with the increase of the measuring temperature. At 650 ◦C, the RP
of the Pd- and Cu0.5Pd0.5-impregnated BZCYYb anodes in dry CH4
was 0.99 and 0.98 � cm2, respectively, which is about 2.5 times
of that in H2. As the temperature was increased to 750 ◦C, the
RP for the both electrodes was  decreased to 0.20 and 0.22 � cm2,
respectively, which is less than 2 times of that in H2. Such elec-
trochemical performance of the Pd- and Cu0.5Pd0.5-impregnated
BZCYYb anodes in dry CH4 is much more superior to that of the
Pd-impregnated LCCM–GDC [9] and Ni–GDC [29] anodes. In order
to further understand the electrode process of CH4 oxidation in the
BZCYYb anode with Pd or Cu0.5Pd0.5 impregnation, it is necessary
to examine the deconvoluted polarization resistances Rp1 and Rp2.
From the data listed in Table 1, it is obvious that the oxidation reac-
tion of CH4 in the Pd- or Cu0.5Pd0.5-impregnated BZCYYb anodes is
more likely dominated by the high frequency process than the low
frequency one at the lower temperature 650 ◦C, and both high and
low frequency processes become almost equally important at the
higher temperature 750 ◦C. Further comparing the deconvoluted
polarization resistances Rp1 and Rp2 in CH4 and H2, it is noticed
that the Rp1 was  increased more significantly than the Rp2, which
once again indicates that the impregnation of Pd or Cu0.5Pd0.5 is

more likely to promote the low frequency electrode processes of
CH4 oxidation reaction as previously reported [9,29].  The oxida-
tion of CH4 may  take an indirect pathway involving CH4 cracking
and electrochemical oxidation of the cracking products; therefore it
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s required that the electrode is highly active for CH4 cracking and
lectrochemical oxidation of the cracking products [30]. As well
nown, the BZCYYb is an active catalyst for reforming of hydro-
arbon fuels such as CH4 [12] and Pd shows high catalytic activity
owards breaking the C–H bond of CH4 [31]. Therefore, in the Pd-
r Cu0.5Pd0.5-impregnated BZCYYb composite anodes, CH4 could
rstly be broken into C and H2 at the dispersed Pd or Cu0.5Pd0.5
articles on the surface of the BZCYYb anode. Subsequently, H2
roduced by CH4 decomposition is electrochemically oxidized to
2O. The produced H2O reacts with C to form CO and H2. And then
roduced CO and H2 are electrochemically oxidized to CO2 and H2O
gain without carbon deposition in the anode.

. Conclusions

Based on the present study, the following conclusions can be
ade:

1) The prepared BZCYYb possesses a cubic perovskite struc-
ture and is chemically compatible with the YSZ electrolyte at
temperatures below 1000 ◦C in air. The electrochemical perfor-
mance of the BZCYYb electrode characterized by the impedance
spectra in H2 is better than that of the LCCM–GDC, LCCM–YSZ
and LSCM–YSZ composite anodes due to its higher catalytic
activity and conductivity than those of the GDC, YSZ or LCCM
phase in the composites electrode.

2) Pd or Cu0.5Pd0.5 impregnation into the BZCYYb scaffold
decreases the polarization resistance of the electrode RP for
H2 oxidation by simultaneously decreasing the low- and
high-frequency polarization resistances Rp1 and Rp2; and the
impregnated Pd or Cu0.5Pd0.5 particles are more effective in
enhancing the low frequency electrode process that relate to
H2 adsorption, dissociation and diffusion than in providing the
electronic paths in the anode for electron conduction.

3) The electrode polarization of the Pd- or Cu0.5Pd0.5-impregnated
BZCYYb anode in dry CH4 is higher than that in H2. It appears
that the oxidation of CH4 is more likely dominated by the high
frequency process than the low frequency one at lower tem-
peratures; and both high and low frequency processes almost
equally contribute to the overall polarization at the higher tem-
peratures.

4) Pd and Cu0.5Pd0.5 impregnation are equivalently effective in
enhancing the electrochemical performance of the BZCYYb

anode in both H2 and CH4 atmospheres. And Cu0.5Pd0.5 is con-
sidered more appropriate as the impregnated species from the
cost point of view.
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