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a  b  s  t  r  a  c  t

In  this  work,  the  effects  of Ce  doping  on  the  Ca and  Nb  ions  in complex  perovskite  Ba3Ca1.18Nb1.82O9−ı

(BCN18)  proton  conductor  have  been  evaluated.  It has  been  found  that cerium  ions  can  be  doped  into
both  the  Ca  and  Nb  sites  to form  a single-phase  complex  perovskite  structure  when  the  sintering
temperature  is  1550 ◦C. Ce  ions  substituted  with  Nb  ions  enhances  the  electrical  conductivity,  espe-
cially  the  grain  boundary  conductivity.  The  highest  conductivity  has been  obtained  for  a  composition
eywords:
roton conductor
omplex perovskite
PS analysis
tability

of  Ba3Ca1.18Nb1.62Ce0.2O9−ı, possessing  a conductivity  of 2.69  × 10−3 S cm−1 at  550 ◦C in  wet  H2, a 78%
enhancement  compared  with  BCN18  (1.51  × 10−3 S cm−1).  The  chemical  stability  tests  show  that  Ce-
doped  BCN18  samples  remain  single  phase  after  treated  either  in  boiling  water  for  7  h  or in pure  CO2

for  4 h at  700 ◦C. This  work  has  demonstrated  a new  direction  in  developing  intermediate  temperature
proton  conducting  materials  that  possess  both  high  conductivity  and  good  stability.
hermal expansion coefficient

. Introduction

Intermediate temperature proton conductors such as BaCeO3,
aZrO3, SrCeO3 and SrZrO3 have been extensively studied in the
ast three decades due to their low activation energy and high
roton conductivity [1–3]. These intermediate temperature proton
onductors can be used in a wide variety of applications such as
roton conducting solid oxide fuel cells, intermediate temperature
ydrogen sensors, hydrogen separation membranes and hydrogen
umps [4,5]. The proton conduction originates from the protonic
efects in the ABO3 perovskites due to dissociative adsorption of
ater or hydrogen [6]:

2O + V
••
O + O×

O ↔ 2OH
•
O (1)

1
2

H2(g) + O×
O ↔ OH

•
O + e′ (2)

here OH
•
O represents proton charge carrier formed within the

tructure by attaching to the lattice oxygen. In order to achieve
ppreciable proton conductivity, trivalent ions are typically doped

nto B-sites to create oxygen vacancies. Among them, doped barium
erates, BaCe1−xAxO3−ı (A = Ln3+, ı = x/2) have exhibited particu-
arly high conductivity (within the order of 10−2 S cm−1 at 600 ◦C)
7–12]. However, barium cerates can easily decompose into cerium

∗ Corresponding author. Tel.: +1 803 777 4875; fax: +1 803 777 0106.
E-mail address: chenfa@cec.sc.edu (F. Chen).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.05.009
© 2011 Elsevier B.V. All rights reserved.

oxide and barium carbonate at elevated temperatures in CO2 even
at low CO2 levels, or into cerium oxide and barium hydroxide
in humid atmospheres [9,13–15]. Chemical instability thus raises
concerns of the applications based on these materials, such as per-
formance degradation in fuel cell tests [16]. One approach to solve
this problem is to prepare mixed barium cerate/barium zirconate
solid solution. Although zirconate-based proton conductors are rel-
atively more stable at elevated temperatures in CO2 or in humid
atmospheres, they have much lower conductivity [17–20].  Conse-
quently, an enhancement of the chemical stability can be achieved
in such solid solutions with relatively high Zr content, but with
substantial sacrifice of the proton conductivity [17,21,22].

In addition to simple perovskite proton conductors, there are
complex perovskites which may  also show proton conduction
given the appropriate degree of oxygen nonstoichiometry. In the
complex perovskites, the B sites are usually occupied by ions from
two or more different elements and can be categorized by the dif-
ferences in the valences of the B site cations. The first category of
these complex perovskites is a double perovskite with A2(B′B′′)O6
perovskite structure. In this case the B′ and B′′ ions have valences
3+ and 5+, respectively [23]. In the second category, B′ and B′′ ions
are 2+ and 5+, respectively, forming A3(B′B′′

2)O9 triple perovskite
[24–26]. Among the complex perovskites, Ba3Ca1.18Nb1.82O9−ı

(BCN18), in which Ca2+ and Nb5+ ions are taken off stoichiometry

by 18% (in opposite directions) to create negatively charged defects
with which oxygen vacancies and/or protons can compensate, has
been demonstrated almost pure proton conduction in reducing
atmospheres [23,27–29].  Further, BCN18 has shown remarkable

dx.doi.org/10.1016/j.jpowsour.2011.05.009
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenfa@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2011.05.009
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Fig. 1. (a) XRD patterns of samples calcined at 1200 ◦C for 5 h; (b) XRD patterns of
918 S. Wang et al. / Journal of Pow

hemical stability in CO2 and water vapor environment at elevated
emperatures [30,31].  However, these impressive characteristics
ave not attracted too much attention because the relatively low
onductivity hinders its practical applications where high proton
onductivity is typically required.

Hence the objective of the current work is to improve the con-
uctivity of BCN18 while retaining its chemical stability. As it is
nown that the choice of 1.18 for Ca sites is based on the order-
ng structure of B-sites ions: when the ratio of Ca2+ reaches 1.18,
he B-sites ions are more randomly distributed, which is more
avored on conductivity compared with pure Ba3CaNb2O9 [27]. In
his study we are exploring B sites doping for BCN18 with Ce4+

0.87 Å), which has smaller ionic radius than Ca2+ (1.00 Å) but larger
onic radius than Nb5+ (0.64 Å), in order to further decrease the B
ites ordering status as well as change the concentration of the oxy-
en vacancies for a more favored electrical conductivity. The B sites
onstoichiometry of Ba3Ca1.18Nb1.82O9−ı (BCN18) is maintained at
a 18% off, by doping different amount of Ce ions into either the B′

r B′′ sites of BCN18, namely Ba3Ca1.08Ce0.1Nb1.82O9−ı (B(CC0.1)N),
a3Ca1.18Nb1.72Ce0.1O9−ı BC(NC0.1), and Ba3Ca1.18Nb1.62Ce0.2O9−ı

C(NC0.2), aiming at enhancing the disordering status while chang-
ng the concentration of the oxygen vacancies in the material. The
hase structures and electrical properties of the doping effects are

nvestigated. The chemical stability such as resistance to water and
O2 of the materials are also evaluated. As very few studies of the
ubstitution on the B-sites in BCN18 have been reported before, this
reliminary work is expected to stimulate further studies, espe-
ially by exploring other potential B-site dopants of BCN18 in the
ursuit of novel proton conducting materials.

. Experimental

The Ce-doped BCN18 samples were prepared by a conventional
olid state reaction method [13,20,32].  Stoichiometric amount of
aCO3 (Alfa Aesar, 99.8%), CaCO3 (Alfa Aesar, 99.5%), Nb2O5 (Alfa
esar, 99.9%) and CeO2 (Alfa Aesar, 99.9%) were mixed together by
all-milling in ethanol for 24 h. After drying, the obtained powders
ere pressed into pellets, followed by calcining at 1200 ◦C for 5 h in

ir with a heating rate of 3 ◦C min−1. The pellets were then grinded
nto powders which were subsequently mixed with 5 wt%  polyvinyl
lcohol (PVA) binder and uniaxially pressed into pellets under a
ressure of 400 MPa. The green pellets were sintered at 1550 ◦C for

 h in air with a heating rate of 2 ◦C min−1.
X-ray diffractometer (Rigaku, Japan) with graphite-

onochromatized Cu K� radiation (�1.5418 Å) was employed
o record the X-ray diffraction patterns (XRD) of the samples.
canning electron microscopy (SEM, FEI Quanta and XL 30) was
sed to characterize the morphology and micro-structures of the
intered pellets. For electrical conductivity measurements, the
intered pellets were polished and applied with platinum paste on
oth sides and then baked at 950 ◦C for 30 min  to form the current
ollector. Platinum wires were attached to the surfaces of the Pt
urrent collector. Electrical conductivity tests were conducted
sing AC impedance spectra with built-in impedance analyzer
Versa STAT3-400, Princeton Applied Research) in the frequency
ange from 0.1 Hz to 1 MHz  at different testing environments. The
et atmospheres used in this study contain 3 vol% H2O, obtained

y flowing gas through a water bubbler at room temperature.
he sintered pellets were also exposed to either boiling water
r CO2 atmosphere at high temperatures. After exposure, XRD

atterns of the surfaces of the pellets were characterized. Thermal
xpansion coefficient measurement of the sintered sample was
easured using a NETZSCH DIL 402C pushrod dilatometer from

oom temperature to 1000 ◦C with a heating rate of 5 ◦C min−1.
BC(NC0.2) calcined at different temperatures. The arrows correspond to the BaCeO3

impurity peaks.

3. Results and discussion

3.1. XRD analysis

Fig. 1(a) shows the XRD patterns of different samples prepared
at 1200 ◦C for 4 h. The calcined powders are composed primarily
of the cubic perovskite phase, with BaCeO3 impurity phase present
upon doping of Ce ions in the B sites, as noted in Fig. 1(a) with
arrows. The majority perovskite structure may thus be Ba defi-
cient due to the formation of BaCeO3 secondary phase. As the
calcination temperature increases, Ce ions gradually dissolve into
the complex perovskite structure. As an example, XRD patterns of
BC(NC0.2) calcined at different temperatures are shown in Fig. 1(b).
The result indicates that the solubility of dopants can be tuned to
a higher extent by increasing the calcination temperature, simi-
lar to that of BaCeO3 based proton conductors [33]. The peak split
of the XRD patterns indicative of two phase structures may  be
caused by the coexistence of unhydrated and hydrated phases of
the powders. As the calcination temperature is further increased,
the unhydrated phase will be dominant. Similar phenomena on
Ba3Ca1.18Ta1.82O8.73, Ba0.5In0.5ZrO3−ı and Sr3Ca1+xNb2−xO9−ı sys-
tems have also been reported [34,35].

Fig. 2 shows the XRD patterns of the samples sintered at
1550 ◦C for 5 h. Single cubic complex perovskite structure with

no secondary phases is obtained for all the samples, showing that
BaCeO3 has reacted with the nonstoichiometric perovskite phase
completely. Weak (1 1 1) peaks at 2� angle around 18.2◦ are an
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Fig. 2. XRD patterns of samples sintered at 1550 ◦C for 5 h, with step scan of (1 1 1)
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[22]. The other samples also have similar impedance spectrum evo-
lution as a function of the testing temperature to that of BC(NC0.2).
nd (2 2 0) peaks in the inset pictures.

ndication of B site 1:1 ordering of the perovskite structure for all
he samples (shown in Fig. 2 inset for the (1 1 1) step scan). The
attice parameters for the samples are 8.4095, 8.4149, 8.433 and
.442 Å for BCN18, B(CC0.1)N, BC(NC0.1) and BC(NC0.2), respec-
ively, consistent with step scan results of (2 2 0) peaks which shows

 peak shift to a lower 2� degree (shown in Fig. 2 inset). For pure
CN18, it is B site 1:1 ordering mixed with random ordering [27].
he introduction of Ce4+ (0.87 Å) into either Ca2+ (1.00 Å) sites or
b5+ (0.64 Å) sites would promote the B-sites-disordering of the

tructure, which would be expected to increase the ion mobility
nd consequently enhance the ionic conductivity [36]. However,
or sample B(CC0.1)N, a decrease in lattice parameter, with expec-
ation of Ce4+ (0.87 Å) substitution on Ca2+ (1.00 Å), has not been
bserved. The increase of the lattice parameter may  probably be
ue to the valence change of Ce4+ ions into Ce3+ ions (1.01 Å) for
harge compensation consideration. Ce3+ is more likely to substi-
ute into Ca2+ site because its ionic radius is more closely matched
o that of Ca2+. This will in turn deteriorate the disordering sta-
us of BCN18 structure and results in a decreased conductivity. For
C(NC0.1) and BC(NC0.2) samples, it is consistent with the expec-
ation that the increase in the lattice parameters is a consequence
f large Ce ions (either 3+ or 4+ oxidation states) substituted into
mall Nb5+ sites and an enhancement of the conductivity has been
bserved.

To further determine the oxidation states of the Ce ions from
he doping effect, XPS measurements were employed to obtain the
e 3d spectra for sample B(CC0.1)N and BC(NC0.1), as shown in
ig. 3. The Ce 3d spectra for CeO2 and BaCe0.85Y0.15O3−ı (denoted
s BCY) were also collected as references. It can be seen that for
oth B(CC0.1)N and BC(NC0.1) samples, the Ce-ions show a mix-
ure of 3+ and 4+ oxidation states, indicating that Ce3+ and Ce4+

o-exist for both samples. For example, for the proposed substi-
ution of Ce-ions into Nb5+ sites, there are Ce3+ ions that might
ither doped into Nb5+ or Ca2+ sites. Compared with B(CC0.1)N,
he peak intensities for BC(NC0.1) are stronger at binding energy
f 881 eV and 915.5 eV, which are characteristics of Ce4+ spectrum
37], indicating that more Ce4+ ions exhibited in BC(NC0.1) than
hat in B(CC0.1)N. Therefore, XPS results are consistent with the
RD analysis that the Ca2+ sites are more favorable for Ce3+ sub-
titution while smaller Nb5+ sites are more favorable for Ce4+ ions
ubstitution. It is also noted that even for BaCe0.85Y0.15O3−ı, the Ce
d spectrum shows a mixture of 3+ and 4+ oxidation states, proba-

ly due to large covalent characteristics of the ionicity in perovskite
tructures [38].
Fig. 3. XPS spectra of Ce 3d for samples BC(NC0.1), B(CC0.1)N, BaCe0.85Y0.15O3−ı

(BCY) and CeO2 collected at room temperature.

3.2. Microstructures

The microstructures of the sintered pellets are presented in
Fig. 4. The top images reveal the surface morphologies while
the bottom images are the corresponding cross-sectional view of
the same samples. All the samples show dense microstructures,
consistent with the Archimedes density tests that all the sam-
ples have greater than 94% relative densities. The average grain
sizes measured from the surface images for the sintered pellets
are 3.14 ± 1.18, 2.41 ± 0.90, 3.57 ± 1.19 and 4.20 ± 1.60 �m,  respec-
tively, indicating that the introduction of cerium into Ca2+ sites will
inhibit the grain growth, while the introduction of Ce ions into Nb5+

sites will promote the grain growth and consequently reduce the
density of grain boundaries [39]. Therefore, the doping of Ce ions
into either B′ or B′′ sites shows a clear effect on the grain growth
of the sintered samples which would in turn affect the electrical
performance.

3.3. Electrical conductivity

The AC impedance spectra for the samples are conducted to
measure the bulk and grain boundary conductivity of the sam-
ples. Typical Nyquist plots of the impedance spectra for sample
BC(NC0.2) in wet air at 122 and 200 ◦C are shown in Fig. 5(a) and
(b), respectively. The insets are the expanded views of the high
frequency regions. The impedance spectra typically have three
semi-circles corresponding to the bulk, grain boundary and elec-
trode responses from high to low frequencies. As shown in the inset
of Fig. 5(a) that at 122 ◦C, a semicircle related to the bulk conduction
process in the high frequency range (capacitance ∼ 10−12 F cm−1)
can be clearly seen. With the temperature increased to 220 ◦C, as
shown in the inset of Fig. 5(b), only a portion of the semicircle corre-
sponding to the bulk conduction response is observable in the high
frequency range. When the temperature was further increased, the
semicircle corresponding to the bulk conduction response can no
longer be well defined and the bulk resistance can be then derived
from the high frequency intercept of the intermediate frequency
semicircle with the real axis. The semicircle in the intermediate
frequency range is attributed to grain boundary responses (capac-
itance ∼ 10−9 F cm−1) while the spectrum in the low frequency
range is due to the electrode response (capacitance ∼ 10−4 F cm−1)
Fig. 6(a) and (b) show the total conductivities of the samples in
wet air and wet  H2, respectively. It can be seen that the introduction
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Fig. 4. SEM images of the sintered pellets. Top images: surface mor

f Ce ions into either Ca or Nb sites presents a distinct effect on the
onduction behavior. Sample B(CC0.1)N shows the lowest conduc-
ivity among the different samples both in air and in H2 at the same
esting conditions. As discussed above in the XRD and XPS analysis,

ost Ce4+ ions may  probably be reduced to Ce3+ ions to be sub-
tituted into Ca2+ sites. A decrease in the grain size has also been
bserved for B(CC0.1)N (as shown in Fig. 4 and Table 1), result-
ng in an increase in grain boundary numbers and consequently
n expected reduction in the total electrical conductivity. Another
mportant factor that influences the electrical conductivity is the
oncentration of oxygen vacancies generated through doping. Sub-
tituting Ca2+ with either Ce4+ or Ce3+ will not lead to an increase
f oxygen vacancies. Thus the decrease in conductivity for sam-
le B(CC0.1)N can be viewed as a collective result of the above
orrelations. As for samples BC(NC0.1) and BC(NC0.2), the electri-
al conductivity are increased compared with the undoped BCN18,
ith sample BC(NC0.2) showing the highest conductivity among

he different samples tested at similar conditions (an enhancement
f 78% in electrical conductivity is achieved). Doping Ce ions (either
e4+ or Ce3+) into Nb5+ sites will result in an enhancement of the
-sites disordering and an increase in the concentration of oxygen
acancies. In addition, as shown in Fig. 4, an increase in grain size
as been observed for BC(NC0.1) and BC(NC0.2) compared with
hat of BCN18. All these factors are expected to lead to an increase
n the electrical conductivity, which has been confirmed by the
onductivity data in Fig. 6.

In Fig. 6(a), by linearly fitting the slopes of the Arrhenius plots,

he activation energies for samples BCN18, B(CC0.1)N, BC(NC0.1)
nd BC(NC0.2) in wet air are calculated to be 0.77, 0.73, 0.63, and
.47 eV, respectively, clearly showing the effect of Ce doping on
he crystal structure and consequently influence on the electri-

able 1
ummary of structural and electrical properties of the sintered samples.

Sample denotation Lattice parameter (Å) 

BCN18 (Ba3Ca1.18Nb1.82O9−ı) 8.4095 

B(CCN0.1) (Ba3Ca1.08Ce0.1Nb1.82O9−ı) 8.4149 

BC(NC0.1) (Ba3Ca1.18Nb1.72Ce0.1O9−ı) 8.4330 

BC(NC0.2) (Ba3Ca1.18Nb1.62Ce0.2O9−ı) 8.4420 
gy of the pellets; bottom images: cross-section view of the pellets.

cal conductivity. A larger decrease in activation energy is observed
with Nb sites doped samples. This can be understood that more B-
sites ions are disorderly distributed (“randomly” distributed) rather
than ordered because of the Ce ions doping, thus the charged ions
can move more easily, consistent with the reported data [36]. A
tendency of decreased activation energy with increasing unit cell
volume has also been observed for proton conductors with simple
perovskite structure [40].

For samples tested in wet  H2 atmosphere as shown in Fig. 6(b),
a decrease in activation energy at high temperature range (higher
than 550 ◦C) has been observed, indicative of change in conduction
mechanism. When the testing temperature increases, a decrease in
proton conductivity is anticipated as a result of the dehydration of
the oxide lattice due to the exothermal nature of reaction (1) [41].
A gradual change from proton conduction into mixed oxygen ion
and proton conduction is expected. Electronic conduction may also
exist under high temperature regime [42]. Other proton conducting
materials such as BCN18, BaZr0.1Ce0.7Y0.2O3−ı, BaZr0.9Y0.1O3−ı, and
Sr3CaZr0.5Ta1.5O8.75 also show change of shapes in the conductivity
Arrhenius plots in wet H2 atmospheres [18,23,24,43].

By separating the bulk and grain boundary conductivity, it is
able to obtain detailed information on different contributions to
the total conductivity. To evaluate the effect of introduction of
Ce ions into Nb sites on the bulk and grain boundary conduc-
tion mechanisms, Fig. 7(a) and (b) shows the Arrhenius plots of
the bulk and grain boundary conductivity for samples BCN18 and
BC(NC0.1) in wet  air and wet  H2, respectively. Typically it is dif-

ficult to separate the grain boundary conductivity from the bulk
conductivity when the testing temperature is high, however, in
our experiments, because of the unique microstructure and char-
acteristic of the BCN18 based samples, they can be separated

Average grain size (�m) Conductivity @550 ◦C (S cm−1)

Wet  air Wet H2

3.14 1.25 × 10−3 1.51 × 10−3

2.41 0.719 × 10−3 0.905 × 10−3

3.57 1.95 × 10−3 2.13 × 10−3

4.01 2.42 × 10−3 2.69 × 10−3
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Fig. 5. Nyquist plots for BC(NC0.2) in wet air at (a) 122 ◦C and (b) 200 ◦C. Inset
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reported by Thangadurai and coworker [31].
The stability tests were also conducted in CO2 atmosphere at
ictures are expanded views of high frequency regions.

p to 700 ◦C (see Fig. 7(a) inset). In wet air the activation ener-
ies for BCN18 bulk, BC(NC0.1) bulk, BCN18 grain boundary, and
C(NC0.1) grain boundary conduction are 0.53, 0.463, 1.10, and
.12 eV, respectively, showing almost linear behavior in Arrhenius
lots. In wet H2 at temperatures below 550 ◦C, for bulk conduc-
ion, the activation energies for BCN18 and BC(NC0.1) are 0.57
nd 0.55 eV, respectively. While at elevated temperatures higher
han 550 ◦C, a decrease in activation energy for bulk conduction is
learly observed, with activation energy of 0.13 and 0.1 eV, respec-
ively, characteristic of electronic conduction. It should be noted
hat the slope change of the bulk conduction proceeds gradually
hile there is little change for that of the grain boundary conduc-

ion. The activation energies for grain boundary conductivity are
.88 and 0.89 eV for BCN18 and BC(NC0.1), respectively. Therefore,

t can be concluded that the bowed behavior of the total conduc-
ivity plot above 550 ◦C is mainly attributed to the change in the

echanism of the bulk conduction.
In both air and H2 atmospheres, substitution of Nb5+ with Ce

ons leads to a decrease in activation energy as well as an increase
n bulk conductivity. The activation energy for grain boundary con-
uction remains almost the same with different substitution of Ce

ons. However, the magnitude of the grain boundary conduction
s significantly enhanced because of the substitution. This can be
artly reflected by the influence of the grain sizes on grain bound-
ry conductivity, with larger grain sizes showing enhanced grain
oundary conductivity. Further, perhaps more importantly, dop-
ng Ce4+ and/or Ce3+ ions in the Nb5+ sites may  lead to an increase
n oxygen vacancies in the grain boundary region, resulting in
Fig. 6. Arrhenius plots of total conductivity for samples (a) in wet  air and (b) in wet
H2.

higher grain boundary conductivity without changing the conduc-
tion mechanism.

It is also noticed that at temperatures lower than 550 ◦C,
improvement of total conductivity in wet H2 is observed compared
with that in wet air for the samples, indicating enhancement of pro-
ton conduction in H2 atmosphere (as shown in the inset in Fig. 7)
[19]. Table 1 lists the conductivity values of the samples tested in
different atmospheres at 550 ◦C.

3.4. Chemical stability

To evaluate the chemical stability of Ce doped BCN18 materi-
als, the sintered pellets were exposed into boiling water and CO2
atmosphere at elevated temperatures. Fig. 8(a) shows the XRD pat-
terns of the pellets after boiling in water for 7 h. It can be seen that
after boiling in water for 7 h, all the samples maintain pure per-
ovskite structure with no detectable impurity phases. It is noticed
that the peak intensity decreased after the treatment, especially for
sample BC(NC0.2). This may  be caused by the absorption of H2O in
the samples during treatment. FTIR spectrum study also confirmed
the water adsorption on boiled Ba3CaNb1.75Ti0.25O9−ı samples as
700 ◦C for 4 h as well as in wet  3 vol% CO2 (air as the balance gas,
3 vol% H2O) at 700 ◦C for 24 h, both with a flow rate of 50 mL min−1
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Fig. 7. Arrhenius plots of bulk and grain boundary conductivity for sample BCN18
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Fig. 8. (a) XRD patterns of the sintered pellets after exposure in boiling water for
nd BC(NC0.1) in (a) wet  air and (b) wet H2. Inset (a) is the Nyquist plot for BC(NC0.1)
t  700 ◦C in wet air and inset (b) is the Arrhenius plot for BC(NC0.1) in wet air and
et  H2.

o evaluate the stability in carbon dioxide environments. XRD pat-
erns of the samples after exposures are presented in Fig. 8(b) and
c), respectively. It can be seen that no impurity phases have been
etected for the samples treated in CO2 environment, suggesting
o reaction taken place between CO2 and the samples. Inspection
f the samples after treatments revealed no apparent change in
ither color or morphology of the samples, consistent with the
RD results. Consequently, the introduction of Ce ions into either
′ site or B′′ site did not show any detrimental effect on the chem-

cal stability for BCN18. Combined with the conductivity results,
he doped BCN18 system turns to be a very promising intermedi-
te temperature proton conductors, with respect to the stability
ests mentioned above for Ba(Ce,Zr)O3 based simple perovskite
ystems. For instance, BaCe0.7Zr0.2Y0.1O3−ı will discompose when
ither treated in boiling water for 6 h or held in carbon dioxide
tmosphere for 2 h at 900 ◦C [17]; even for BaCe0.3Zr0.5Y0.2O3−ı,
mpurity phase is formed after exposure to CO2 at 900 ◦C for 3 h
21]. BaCe0.45Zr0.45Sc0.2O3−ı has been reported to be stable in pure
O2 up to 900 ◦C, but the total conductivity is relatively low, only
.49 × 10−4 S cm−1 at 600 ◦C in air [22].

.5. Thermal expansion coefficient
The thermal expansion coefficient (TEC) matching among the
omponents in a device is of crucial importance for real applica-
ions in order to minimize the thermally induced stresses during
7  h; (b) XRD patterns of the sintered pellets after exposure in 100% CO2 at 700 ◦C
for 4 h; (c) XRD patterns of the sintered pellets after exposure in 3% CO2 + 3% H2O at
700 ◦C for 24 h.

the thermal cycling process. For instance, TEC mismatch between
the electrolyte and the cathode in SOFCs can potentially lead to
cracking in the electrolyte–cathode interface, and even to the spal-
lation of the cathode from the electrolyte surface. Fig. 9 shows the
thermal expansion behavior of sample BC(NC0.2) measured in air
and 5% H2/95% N2 forming gas from 150 to 1000 ◦C. Almost lin-

ear curves are obtained in the entire temperature range studied,
indicating no structural transformation within this temperature
range. The TEC value from 150 to 1000 ◦C for BC(NC0.2) is cal-
culated to be 14.73 × 10−6 and 15.03 × 10−6 K−1 in air and in
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ig. 9. Thermal expansion behavior of BC(NC0.2) sintered pellets in air and in form-
ng  gas with 5% H2 balanced with 95% N2.

% H2, respectively. The lattice expansion observed at elevated
emperatures in reducing atmosphere may  be attributed to the
oss of lattice oxygen and the formation of oxygen vacancies
ue to low oxygen partial pressure [44]. The TEC values show
ood compatibility with typical intermediate temperature cath-
de materials such as La0.6Sr0.4Co0.2Fe0.8O3−ı (17.5 × 10−6 K−1)
nd BaCo0.7Fe0.2Nb0.1O3−ı (14.64 × 10−6 K−1 from 200 to 1000 ◦C)
45,46], indicating that doped BCN18 can be potentially applied as
he electrolytes for intermediate-temperature SOFCs.

. Conclusions

The effects on Ce ions substituted with either Ca or Nb for
a3Ca1.18Nb1.82O9−ı have been investigated. The following conclu-
ions have been obtained:

1) By sintering at 1550 ◦C for 5 h, single phase complex perovskite
structure has been formed for all the samples studied. Ce ions
showed mixed oxidation states for both substitutions, with
more 4+ oxidation states for Nb substitution. Ce substituted
with Nb ions promoted the grain growth and enhanced elec-
trical conductivity, especially the grain boundary conductivity.

2) The introduction of Ce ions into Ca and/or Nb sites does
not show any detrimental effect on the chemical stability for
BCN18 system, demonstrating very satisfactory chemical sta-
bility compared with that of cerate based simple perovskite
proton conductor systems.

3) The thermal expansion coefficient value is larger than conven-
tional electrolyte materials, showing good compatibility with
typical intermediate temperature cathode materials in SOFC
area.
Overall, an optimum composition of Ba3Ca1.18Nb1.62Ce0.2O9−ı

as been achieved, possessing both high proton conductivity and
ood stability in the intermediate temperature range.
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