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Abstract

This study reports the synthesis of proton-conducting Ba, _ K,Ce ¢Zro,Y 205 _ 5 (x=0.025-0.075) ceramics by using a combination of citrate—EDTA
complexing sol-gel process and the composition-exchange method. Compared to the sintered oxides of similar composition prepared from conventional
sol-gel powders, Ba;, ,K.CeyeZro,>Y0203_ s oxides synthesized by sol-gel combined with the composition-exchange method are found to exhibit
improved sinterability, higher conductivity, more homogeneous phase, and excellent chemical stability against CO,. Among all sintered oxides in this
study, the Bag 925Ko,075Ce0.6Z102 Y0205 _ s pellet fabricated by this new method has the highest conductivity, 0.0094 S/cm at 800 °C, which is higher than
those pressed from conventional sol-gel powders in the K doping range of 0-15%. Based on the experimental results, we discuss the mechanism for
improvement in these properties in terms of calcined particle characteristics. This work demonstrates that Ba; _ K, Ceg ¢Z19>Y,05_ 5 oxides synthesized
by sol-gel combined with the composition-exchange method would be a promising electrolyte for H*-SOFC applications. More importantly, this new

fabrication approach may be applied to other similar material systems, such as Sr-doped Ba(Ce,Zr)O; ceramics.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) have been recognized as high-
efficient and clean power-generation devices due to their high
thermodynamic efficiency, low environmental impact, and possi-
bility of internal reforming of the fuel [1-3]. Traditional SOFCs are
composed of oxygen-ion-conducting electrolytes (O*~-SOFCs)
and usually require operation at approximately 1000 °C. Such a
high operation temperature introduces many practical problems,
such as high costs, materials degradations, thermal expansion
mismatch, reactions between the components, slow start-up and
shut-off, [4,5] etc. Therefore, there is increasing interest in

*Correspondence to: Institute of Materials Science and Engineering,
National Central University, No. 300, Jhongda Rd., Jhong-Li City, Taoyuan
County 32001, Taiwan, ROC. Tel.: +886 3 4227151x34905;
fax: +886 3 2805034.

E-mail address: schon0911@gmail.com (S.-W. Lee).

developing SOFCs based on proton-conducting electrolytes
(H"-SOFCs) operating at an intermediate temperature range of
400-800 °C that facilitates the selection of sealing and interconnec-
tion materials, control of the interactions between the electrode/
electrolyte, and thereby prolongs the operational lifetime of devices
[6-8]. Moreover, H*-SOFCs have higher theoretical electromotive
force (EMF) and electrical efficiency than O®~-SOFCs [9]. The
key issue in the development of H*-SOFC is the use of a highly
proton-conductive electrolyte with sufficient thermal stability at
intermediate temperatures in various environments.
Perovskite-type oxides including BaCeO3;, BaZrO3, SrCeOs;,
and SrZrO; have been reported to exhibit predominant proton
conduction at elevated temperature in hydrogen containing or
humidified atmosphere [10]. Among these proton-conductive
electrolytes, BaCeOs-based oxides are generally believed to have
the highest conductivity [11]. However, their chemical instability
has been confirmed under CO,, H,O, or H,S containing atmo-
sphere at high temperature [12-14]. Unfavorable reactions with
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carbon species and H,S could lead to the decomposition
of BaCeOs-based electrolyte and performance degradation
of H™-SOFCs. Many efforts have been devoted to partially
substitute Ce with Zr in the hope to improve the chemical
stability [15—17]. In addition, to enhance the protonic conduction
in BaCe;_,Zr, O3, doping with lower-valence cations is also
essential. A trivalent dopant such as Y>* can lead to the creation
of oxygen vacancies, thus resulting in enhanced protonic
conduction. Many studies have reported the promising perfor-
mance of proton-conducting BaCe,_,_,7Zr,Y,Os_; since it
maintains the good chemical stability of BaZrOs; but with
improved electrical conductivity compared to BaCe;_ Zr,O3
[18-20].

Several synthesis techniques have been utilized to prepare
BaCe; _,_,7Zr,Y,O3_s powders, including solid-state reaction
[21], combustion [22], sol-gel [23], etc. The sol-gel process
has gained considerable attention because it can produce powders
with great compositional uniformity, low residual carbon level,
and nano-scale particle size [16,24], which is important to make
dense products at lower sintering temperatures. In addition, the
nano-crystalline conductors have been reported to have higher
conductivity compared to micro-scale oxides prepared using other
processes due to favorable ionic mobility along the grain
boundaries [25]. On the other hand, protonic conductivity of
perovskites is found to be strongly affected by the basicity of the
constituent oxides due to its dominant influence on water uptake
capacity [10]. Therefore, introducing highly basic alkaline cations
into perovskite oxides should further improve the protonic
conductivity. A significantly higher conductivity has been shown
in K-doped BaZrO; than that in undoped BaZrO; [26]. Xu et al.
also demonstrated that the water uptake of Y-doped BaZrO;
synthesized by solid state reaction was increased with 5% K
doped at the A-site of perovskites [27]. However, both works
found that introducing K into perovskites may lead to poor
sinterability, high porosity, and second phase formation, possibly
due to the limit of K doping at A-site and high volatility of
K-doped oxide at high process temperatures. In this study, we
first report the synthesis of proton-conducting Ba;_ K.Cegg
Z102Y 0203 _ s (x=0.025-0.075) ceramics by using a combina-
tion of citrate—ethylenediaminetetraacetic acid (EDTA) complex-
ing sol-gel process and the composition-exchange method.
Compared to those sintered oxides of similar composition
prepared from conventional sol-gel powders, Ba;_,K.Cegg
Zr0>Y 0,03 _ s oxides synthesized by sol-gel combined with the
composition-exchange method are found to exhibit improved
sinterability, higher conductivity, more homogeneous phase, and
excellent chemical stability against CO,. Based on the experi-
mental results, the mechanism for improvement in these proper-
ties is discussed in terms of calcined particle characteristics.

2. Experimental procedure

In this Stlldy, Bal_xKxCeo_6Zrol2Y0A203_,; (X20025—0075)
oxides were prepared by using a citrate—-EDTA complexing
sol-gel method combined the composition-exchange process.
The starting materials were commercial Ba(NO;), (J.T. Baker,
99.3%), KNO3; (J.T. Baker, 99.9%), ZrO(NO3),-2H,0

(Showa, 99.0%), Ce(NO3);-6H,O (Alfa Aesar, 99.5%), and
Y(NO3)3 - 6H,0 (Alfa Aesar, 99.9%). Both citric acid and EDTA
were used as chelating agents to complex metal cations. The
molar ratio of citric acid and EDTA to the total metal cations
content was set at 2:2:3. The pH value of the solution was
adjusted to be around 6 using NH,OH. The mixed solutions were
heated to 100 °C under stirring until viscous gels were obtained.
After further heating at 250 °C to evaporate residual water and
organics, these gels were converted into black powders. The
synthesized powders were then calcined at 1000 °C for 12 h with
a heating rate of 5 °C/min. Subsequently, the calcined powders
with the nominal K doping of 5%, 10%, and 15% were separately
mixed with the non-doped powders (by the molar ratio of 1:1)
and uniformly stirred in 95% ethanol for 3 h to attain the so-
called composition-exchange powders with an equivalent nom-
inal K content of 2.5%, 5%, and 7.5%. To obtain dense ceramics,
all as-calcined and mixed powders were uniaxially pressed into
cylindrical pellets (1 cm in diameter and 1 mm in thickness) at
250 MPa for 20 s and then sintered in air atmosphere. Sintering
was carried out at 1600 °C for 4 h. In the following discussion,
we refer to the sintered pellets pressed from sol-gel combined
with composition-exchange powders as CE-1 (2.5% K), CE-2
(5% K), and CE-3 (7.5% K) samples.

The phase identification of the sintered ceramics was performed
with a powder diffractometer (Bruker DSA) with Ni-filtered Cu Ko
radiation and the diffraction angle from 20° to 80° with a step of
0.01°. Surface morphologies of the calcined and sintered oxides
were examined using a field-emission scanning electron micro-
scope (FESEM, FEI Quanta 200F) in conjunction with an energy
dispersion spectrometer (EDS). Relative densities of the sintered
pellets were determined by the Archimedes method using water as
the liquid medium and the direct measurements of the regular
geometric volume and the corresponding mass. In addition, in-situ
temperature-dependent dilatometry was used to analyze the
densification temperature of calcined Ba; _,K,CeyZ192Y 02055
oxides. To further study the local configuration of chemical
bonding in Ba; _ K,Cey¢Zr92Y0203_s ceramics, Raman spectra
were acquired using an Andor SR-500i spectrometer with a
spectral resolution of 0.5 cm™'. The Raman spectra were excited
by a diode-pumped solid-state (DPSS) laser line with wavelength
of 532 nm in a near-backscattering geometry. Raman signal
mapping was also performed within a 200 pm x 200 pm area on
the sintered pellets with a spatial resolution of 1 pm. The
conductivities of the sintered pellets were measured by a dc two-
probe method; the measurements were performed in air with 3%
relative humidity in the temperature range of 400-800 °C. Silver
ink was painted on both faces of the pellets to create current
collectors and the measurement data were acquired using an
Agilent 34970A meter. Finally, the chemical stability of sintered
pellets was evaluated by exposing the sintered pellets to the CO,
ambient (99.99%) at 600 °C for 16 h.

3. Results and discussion
As shown in Fig. 1a, all sintered Ba; _,K,Ce(Zr0>Y 02035

pellets are predominantly the perovskite-type cubic structure,
showing five major diffraction signals, namely those from the
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Fig. 1. (a) XRD patterns of the sintered Ba; _,K,Ce¢Zry,Y0,03_5 oxides
with varied K doping content fabricated by various methods. (b) Lattice
constants of the sintered Ba; _ K, Ce 671y ,Y 203 _s oxides as a function of K
doping contents based on cubic lattice symmetry. The inset shows enlarged
XRD spectra of (a) around 30°.

(110), (200), (211), (220), and (310) planes (JCPDS Card no.
89-2485). Four very weak peaks associated with the cubic
(Zr,Ce,Y)O,-like structure indicated by “4” are also observed in
Fig. la. These peaks most possibly correspond to a CeO,-like
phase since their XRD peaks are close to main peaks of CeO,
[28]. To further verify the formation of the solid solution over
the range of K doping (0.0<x<0.015), the lattice constants were
determined from XRD analysis based on cubic lattice symmetry
and the results are shown in Fig. 1b. For the sintered pellets
prepared either from conventional sol-gel powders or from sol—
gel combined with composition-exchange powders, a nearly
linear relation between lattice parameter and K doping content is
observed. Since K™ (1.38 A) has only slightly larger ionic radius
than Ba>* (1.35 A) at the A-site of perovskite [29], there exists
another mechanism responsible for the variation of lattice
parameter with K doping. It has been reported that an addition
of K atoms into perovskite-type materials can stabilize the
perovskite structure in terms of increased tolerance factor and
enhanced electronegativity difference [30,31]. Therefore, we
speculate that with an increase in the K doping, the perovskite
structure of Ba;_ ,K,Ce¢Zrg->Y,05_s oxides can be more
stabilized in sintering and in the meanwhile, the formation of
CeO,-like second phase is more suppressed. Under the circum-
stances, Ce** cations (0.87 A) tend to remain at the B-site of

perovskite and their larger ionic radius than Zr** (0.72 A)
results in an increase in lattice parameter [28]. This inference is
also consistent with the XRD results shown in the inset of
Fig. 1b, in which the CeO,-like peak appears to diminish with
the increasing K doping. We also observe that the sintered
pellets pressed from sol-gel combined with composition-
exchange powders have a shaper slope in the relation between
lattice parameter and K doping. It implies that the formation of
CeO,-like phase in sintered oxides can be further suppressed
through the composition-exchange process for the calcined
powders.

Fig. 2a—d shows surface morphologies of the sintered
Ba, _K,CeZrp>Y0,03_s pellets prepared from conven-
tional sol-gel powders. We find that the grain size significantly
increases with increasing K doping. Meanwhile, an increasing
number and size of pores are observed on the pellet surface.
These pores can be ascribed to the oxide volume shrinkage,
which results from the release of structural water and residual
organics, and volatilization of K-doped oxide at high sintering
temperature [26]. Here, we note that the sintered pellet with
20% K doping content was not successfully fabricated due to
its high porosity. These results indicate that adding K into
Ba, _K,Cey¢Z1ry,Y(,03_s oxides would lead to poor sinter-
ability and high porosity in sintering. On the other hand, the
CE-3 sample (prepared from sol-gel combined with
composition-exchange powders) seems considerably densified
and very few pores can be seen on the pellet surface (see
Fig. 2e). Fig. 2f shows the representative SEM micrograph
taken from the fractured cross-section of the CE-3 sample. The
image shows that the interior structure is also well densified,
indicating an obvious improvement in sinterability of the
powders synthesized by sol-gel combined with the
composition-exchange method. In addition, the relative den-
sities of these sintered pellets are also summarized in Fig. 3.
The relative densities for the pellets sintered from conventional
sol-gel powders significantly decrease with increasing K
doping. Nevertheless, relative densities higher than 97% can
be achieved for all pellets sintered from sol—gel combined with
composition- exchange powders. Such compact and dense
Ba, . K,CeyZry,Y (03 _s oxides (not fuel-permeable) could
be a suitable electrolyte for the use in H"-SOFCs.

We attempt to discuss the mechanism for the above-discussed
improvement in terms of calcined particle characteristics. Fig. 4a
and ¢ shows the SEM images of conventional sol-gel calcined
powders with 0% and 15% K doping, respectively. The K doping
content significantly affects the particle size of calcined powders.
The calcined powders with 15% K doping have particle size
ranging from 350 to 900 nm, which is much larger than that of the
non-doped powders, ~85 nm in average. The larger-particle size
and correspondingly larger gaps between particles can provide
pathways for the release of structural water and volatilization of
K-based oxide, leading to higher porosity in the sintered pellets as
seen in Fig. 2d. On the other hand, the CE-3 calcined powders
prepared through the composition-exchange process (see Fig. 4b)
exhibit bimodal particle size distribution since it is a mixture of
two respective K-doped powders. We speculate that the smaller
calcined particles can fill the gaps between the larger particles
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Fig. 2. SEM images of surface morphologies of the Ba; _ K,Ce ¢Z19,Y0,05_s pellets with (a) x=0, (b) x=0.05, (c) x=0.1, (d) x=0.15, from conventional sol-gel
powders, and (e) x=0.075 prepared from sol-gel combined with composition-exchange powders (the CE-3 sample). (f) Fractured cross-section view of the CE-3 pellet.
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Fig. 3. Relative densities for the sintered Ba; _ K, Ceg ¢Zro2Y 055 pellets
obtained from conventional sol-gel or sol-gel combined with composition-
exchange powders. The inset also shows a photograph of a sintered
Ba; _,K,Ce6Zr92Y 02055 (x=0.15) pellet prepared from sol-gel combined
with composition-exchange powders.

through the composition-exchange process. The CE-3 pellet
pressed from such mixed powders may give fewer pathways for
the release of structural water and volatilization of K-based oxide

during sintering, thus resulting in an improvement in sinterability
and a considerably dense structure in sintered pellet. This can also
well explain why the loss of K doping in the CE-3 pellet (~4%,
calculated from the EDS result in Fig. 2e) is smaller than those of
samples prepared from conventional sol-gel powders (more than
20%). Fig. 5 also shows the temperature-dependent linear
shrinkage measurements upon heating for the pellets pressed from
various calcined powders. We find that an increase in the K
doping content significantly elevates the densification temperature
of the Ba; _,K.CegZrp2Y0,03_ s pellets pressed from conven-
tional sol-gel powders. This is also consistent with the conven-
tional wisdom that finer powders are crucial for fabricating dense
ceramics at lower sintering temperature. We further observe that
the pellets pressed from sol-gel combined with composition-
exchange powders have a lower densification temperature com-
pared to those with the similar nominal K doping prepared from
conventional sol-gel powders. This indicates that an appropriate
bimodal size distribution of calcined particles through the
composition-exchange process is more beneficial for fabricating
dense ceramic oxides at lower sintering temperature.
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Fig. 5. Linear shrinkage vs. temperature of the calcined Ba;_,K.Cepg
Zr02Y0205_5 oxides with different K dopings pressed from conventional
sol-gel or sol-gel combined with composition-exchange powders. The
calcined sample thickness is 1 mm.

Raman spectroscopy can provide more useful information
about the local configuration of chemical bonding in sintered
Ba; _ ,K,Ce( ¢Z19,Y(,05_5 oxides. In our previous work, we
reported that high phase homogeneity in BaCeq ¢Z1¢,>Y 0203 _5
oxides can be achieved by adding an appropriate amount of Sr
[32]. Fig. 6 shows the representative Raman spectra of all
sintered pellets in this study. Several Raman-active modes,
such as ZrO;-like, CeO,-like, and Y,0s5-like phonon vibra-
tions, have been reported in BaCe,;_,_,Zr,Y,O3_s perovs-
kites [33]. For the sintered pellets prepared from conventional
sol-gel powders, the broad Raman peak around 485cm ™'
most likely corresponds to the (Zr,Ce)O,-like vibration modes,
since the major Raman peaks of CeO, and ZrO, powders
locate at 461 and 474 cm_l, respectively [34,35]. A broaden
peak around 750 em ™! associated with the (Zr,Ce,Y)O,-like
vibration mode is also observed [33]. We find that these
phonon vibrations are shifted toward lower frequencies for the
sintered pellets prepared from sol-gel combined with compo-
sition- exchange powders. This indicates that the composition-
exchange process for calcined powders indeed influences the K
doping behavior and configuration of chemical bonding in
sintered Ba;_,K,Cey¢Zrg->Y02,05_s oxides. However, the
exact mechanism needs to be further clarified. As shown in
Fig. 7, Raman intensity of (Zr,Ce)O,-like band is mapped over
the 15%-K-doped sintered pellet pressed from conventional
sol-gel powders and the CE-3 sample. It is evident that the
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Fig. 6. Raman spectra of the sintered Ba; _ ,K,Ce( ¢Zrp2Y 0,03 _ 5 oxides with
different K doping contents prepared from conventional sol-gel or sol-gel
combined with composition-exchange powders.

15%-K-doped sintered pellet reveals a non-uniform distribu-
tion of (Zr,Ce)O,-like vibration intensity in the mapping
region. On the contrary, for the CE-3 sample, the measured
signal intensity is considerably uniform, showing high phase
homogeneity in the sintered oxide. This result indicates that
although the 15%-K-doped sintered pellet prepared from
conventional sol-gel powders has higher ability to suppress
the formation of CeO,-like second phase as discussed in the
XRD results, its spatial configuration of CeO,-like chemical
bonding is not homogenous, possibly due to non-uniform K
loss from its highly porous structures. This useful information
cannot be revealed in the above-discussed XRD results.
Electrolyte conduction directly affects the overall energy
conversion performance of H*-SOFCs. Here, the ionic conductiv-
ities of the sintered Ba;_,K,Cey¢Zro>Y0205_5 pellets were
evaluated as a function of temperatures in air atmosphere with
3% relative humidity. Fig. 8 summarizes the measurement data.
The increase in conductivity with increasing temperature indicates
that all sintered pellets exhibit ionic conduction. However,
different K-doping dependences of conductivities are observed
for the sintered pellets prepared by various methods. For the
pellets from conventional sol-gel powders, the conductivity is
increased to a maximal value by an addition of 5% K.
It demonstrates that introducing highly basic alkaline cations into
perovskite oxides indeed improve their conductivities. However,
further increasing the K doping content more than 5% dramatically
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prepared from conventional sol-gel or sol-gel combined with composition-
exchange powders as a function of measuring temperatures.

decreases the oxide conductivity mainly due to high structural
porosity. This trend is well consistent with SEM observations and
measured relative densities. On the other hand, the conductivities
of the sintered pellets prepared from sol-gel combined with

composition-exchange powders show an increasing trend with
the increasing K doping. Among all sintered pellets in this study,
the Bag 925K 075Ce0.6Z102Y 0203 _ s pellet fabricated by this new
method has the highest conductivity, 0.0094 S/cm at 800 °C,
which is higher than those pressed from conventional sol-gel
powders in the K doping range of 0—15%. This value is lower than
that reported in BaCey45Z1p45Y0105_s oxide (~0.0106 S/cm)
[36], but is comparable to those of Sr-, In-, Gd-, Sm-, and
Sc-doped Ba(Ce,Zr)O5 electrolytes at the same temperature of
800 °C (Sr-doped: 0.009 S/cm, In-doped: 0.005 S/cm, Gd-doped:
0.0082 S/cm, Sm-doped: 0.0069 S/cm, and Sc-doped: 0.0027
S/em) [32,36,37]. It is expected that this value can be further
improved by tuning the experimental parameters. The related work
is still in progress. Based on the above-discussed results, this
enhanced conductivity in the pellets prepared from sol-gel
combined with composition-exchange powders can be attributed
to the denser microstructures and higher phase homogeneity in
sintered oxides.

One major advantage of H*-SOFCs over low-temperature
polymer-electrolyte fuel cells (PEFCs) is the capable of using
hydrocarbon fuels (instead of pure hydrogen). The hydrocarbon
gas can be in-situ reformed into CO, and H, by the catalysts on
the H"-SOFC anodes. It is essential to ensure that the materials
have thermodynamic or at least long-term Kkinetic stability in
addition to good conductivity in the application environment for
the electrolyte of H*-SOFC. Therefore, the operational reliability
of ceramic electrolytes in the CO,- or H,O-containing atmosphere
is important. In order to verify the chemical stability, the CE-3
pellet was exposed to pure CO, in a tube furnace at 600 °C for
long duration and the phase evolution was identified by XRD. It is
found that the CE-3 pellet exhibits excellent chemical stability
against CO, even after exposure to CO, for 16 h. As shown in
Fig. 9, the XRD peaks from original perovskite phase remain
almost unchanged and no decomposition of Ba;_,K,Cegg
Z192Y 0205 _s into BaCOj3; or CeO; is detected. In recent stability
work, the calcined Ba(Cegg_ ,Zr,)Y0203_ s powders synthesized
by sol-gel exhibit sufficient chemical stability for x > 0.5 when
exposed to CO, atmosphere at 900 °C for 3 h [18]. Similarly, Guo
et al. also studied the chemical stability of BaZr,Ceg_ ,Y0,05_s,
indicating that if y < 0.4, the perovskite structure is destroyed in
CO, atmosphere at 650 °C for 2 h [16]. Moreover, a reliable and

® Ba, K .Ce;¢Zr),Y(,0;3 5 A CeO,-like
o = _ - __. .
S sicEi o§ g
Z lisn L AD a0 o o
2
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Fig. 9. XRD patterns of the CE-3 pellet after exposure to CO, atmosphere at
600 °C for O h, 8 h and 16 h.
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favorable device performance has been demonstrated for the
operation of single cells using these Ba(Cepg_,Zr,)Y020;_s5
oxides as electrolytes. Therefore, the sintered
Ba, _ K,CeyZ1p2Y0203_5 oxides synthesized in the present
study, which have shown excellent resistance to CO, for 16 h,
are supposed to possess sufficient chemical stability and reliability
in the H*-SOFC operation environment. Tests of single cells using
Ba; _ K.Cey¢Zro2Y020;5_5 as electrolyte are still ongoing and
will be discussed elsewhere.

4. Conclusions

In conclusion, this study first investigates the synthesis of
Ba, _ K\CeyeZ1p>Y0205_s oxides by sol-gel combined with
the composition-exchange method. Compared to the sintered
oxides prepared from conventional sol-gel = powders,
Ba, _,K,CeyZro2Y0203_ s oxides synthesized by sol-gel com-
bined with the composition-exchange method exhibit improved
sinterability, higher conductivity, more homogeneous phase, and
excellent chemical stability against CO,. Among all sintered oxides
in this study, the Bag9,5Ko075Ce0 62102 Y0205 _ s pellet fabricated
by this new method has the highest conductivity, 0.0094 S/cm at
800 °C, which is higher than those prepared from conventional
sol-gel powders in the K doping range of 0-15%. Based on the
experimental results, the mechanism for improvement in these
properties is discussed in terms of calcined particle characteristics.
This work shows that Ba, _ ,K,Ce ¢Z15,Y0,03_ 5 oxides synthe-
sized by sol-gel combined with the composition-exchange method
would be a promising electrolyte for H*-SOFC applications. More
importantly, this new fabrication approach may be applied to other
similar material systems, such as Sr- or Gd-doped Ba(Ce,Zr)O5
perovskites.
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