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a b s t r a c t

Y-doped BaCeO3−ı (BCY) powders synthesized using a combustion method are pure perovskite phases.
The particles are uniform spherical particles about 50 nm. The properties of BCY proton-conducting elec-
trolyte sintered at different temperatures from pressed nanopowders were systematically investigated.
Dense BCY pellets are obtained at temperatures higher than 1400 ◦C for 10 h. Electrical conductivity and
resistance to CO2 atmosphere each increase with sintering temperature. Fuel cells having about 0.8 mm
eywords:
oped barium cerate
erovskite
anopowders
roton-conducting electrolyte

thick BCY electrolyte and Pt electrodes co-produce 151 mW cm−2 electrical power and value-added
ethylene with selectivity over 90% at ethane conversion about 35% at 700 ◦C.

© 2009 Elsevier B.V. All rights reserved.
olid oxide fuel cell
thane dehydrogenation to ethylene

. Introduction

Proton-conducting oxides have received considerable atten-
ions as potential electrolyte materials for solid oxide fuel cells
SOFCs) in recent years [1–7]. Compared with conventional SOFCs
sing oxygen ion electrolytes, those with proton-conducting elec-
rolyte have unique advantages. For example, water is produced
t the cathode, thus avoiding fuel dilution at the anode. Espe-
ially, value-added alkenes can be co-generated with electricity
nd without greenhouse gas (CO2) emission when alkanes such as
thane and propane are used as fuels [8–11]. Among the proton-
onducting electrolyte materials for SOFCs, Y-doped BaCeO3−ı

BCY) perovskite oxides have been intensively investigated due to
heir excellent proton conductivity at intermediate temperature
12–17].

The reported BCY powders were prepared mostly using con-
entional solid state reactions since the processes are simple and
ost-effective. However, using these reactions it is difficult to obtain
uper-fine ceramic powders with homogeneous composition, uni-
orm shape and size because of poor raw materials dispersion by

hysical mixing and relatively high sintering temperature for phase
ormation [18,19]. Dense electrolyte with excellent properties can
e easier to obtain by sintering uniform nanopowders when com-
ared with the use of irregular micrometer sized powders [20,21].

∗ Corresponding author. Tel.: +1 780 492 2232; fax: +1 780 492 2881.
E-mail address: Jingli.Luo@ualberta.ca (J.-L. Luo).
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Furthermore, very thin electrolyte film can be readily fabricated
from nanopowders [22]. However, there are few reports about bar-
ium cerate based perovskite nanopowders as electrolyte materials
for SOFCs [18,21,23], in particular for hydrocarbon SOFCs to gener-
ate value-added alkenes.

In this paper, we describe synthesis of BCY nanopowders, their
structure and properties as proton-conducting electrolyte sintered
at different temperatures, and performance of ethane SOFCs using
BCY proton-conducting electrolyte to co-produce ethylene and
electricity.

2. Experimental

2.1. Sample preparation and characterization

15% Y-doped BaCeO3−ı (BaCe0.85Y0.15O3−ı) nanopowders were
prepared by a citric acid–nitrate combustion method. Stoichio-
metric amounts of Ba(NO3)2, Ce(NO3)3·6H2O and Y(NO3)3·6H2O
salts were first dissolved in deionized water. Subsequently, cit-
ric acid as chelating agent and NH4NO3 as oxidant agent were
added (the molar ratio of citric acid:total metal ions:NH4NO3 was
1.5:1:3). The resulting solution was adjusted to pH 8 with ammo-
nium hydroxide and heated on a hot plate to evaporate water until

it changed into brown foam and then ignited. After combustion,
the obtained ash was calcined at 900 ◦C in air for 5 h to obtain BCY
powders.

BCY electrolyte pellets were prepared by pressing the BCY
nanopowders at 5 tonnes in a 2.54 cm diameter die and sintering

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Jingli.Luo@ualberta.ca
dx.doi.org/10.1016/j.jpowsour.2009.10.069
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Fig. 1. XRD patterns of calcined BCY powders prepared by combustion method.

Fig. 2. TEM images of calcined BCY powders prepared by combustion method.
660 X.-Z. Fu et al. / Journal of Pow

ubsequently at different temperatures for 10 h. Platinum paste
as placed on each side of the sintered discs to form 0.28 cm2

lectrodes, then they were heated at 900 ◦C for 30 min to obtain
embrane electrode assemblies (MEA) ready for conductivity mea-

urement and fuel cell fabrication.
The phase structures of materials were identified using a Rigaku

otaflex X-ray diffractometer (XRD) with Co K� radiation. The
hapes and particle sizes of powders were determined using a
hilips Morgagni 268 transmission electron microscope (TEM). The
ensity of each sintered BCY disc was calculated directly from their
eights and volumes after sintering. Morphologies of sintered BCY
isc surfaces were determined using a Hitachi S-2700 scanning
lectron microscope (SEM).

The chemical stability of sintered BCY electrolytes in CO2
tmosphere was determined using a TA SDT Q600 thermal
ravity analysis (TGA) in a CO2/He flow (CO2 = 15 mL min−1;
e = 100 mL min−1) from room temperature to 1200 ◦C at a heating

ate of 10 ◦C min−1.
The conductivity of BCY electrolyte was measured in 10% H2

balance with He) humidified gas using a.c. impedance spec-
roscopy in the frequency range from 0.1 Hz to 106 Hz. A Solartron
287 electrochemical interface together with 1255B frequency
esponse analysis instrumentation was used for all electrochemical
ests.

.2. Fuel cell system fabrication and tests

The fuel cell was set up by securing the MEA between coaxial
airs of alumina tubes (the internal diameter of the outer alumina
ubes was 8 mm) and sealed using ceramic sealant (Aremco 503),
hich was cured by heating in a vertical Thermolyne F79300 tubu-

ar furnace. The heating rate of the furnace was 1 ◦C min−1. Ethane
nd oxygen were used as anode and cathode gas, respectively.

The outlet gases from the anode chamber were analyzed using
Hewlett-Packard model HP5890 GC equipped with a packed bed

olumn (OD: 1/8 IN; length: 2 m; Porapak QS) operated at 80 ◦C with
hermal conductivity detector. The ethane conversion and ethylene
electivity were calculated according to the previously reported
ethod [8].

. Results and discussion

.1. Characterization of BCY nanopowders

The combusted powders after calcination at 900 ◦C was pure
erovskite phase (XRD, Fig. 1), and matched file data PDF#01-071-
752 for BaCe0.85Y0.15O3−ı. This result showed that the perovskite
hase of BCY could be obtained at lower temperatures via com-
ustion method relative to the conventional solid state reaction
ynthesis which usually exploits temperatures more than 1000 ◦C
24]. The metal ions were dissolved into the solution and chelated
ith citric acid that led to homogeneous distribution of the ele-
ents and thereby enabled ready formation of perovskite phase.

he BCY powders consisted of spherical particles with average
iameter about 50 nm (TEM, Fig. 2). During the combustion pro-
ess, a large amount of gas emanated from the reaction of NH4NO3
nd the homogenously mixed metal citric acid complex gel, result-
ng in formation of very small sized particles of BCY precursor oxide.
owever, physical aggregation of nanopowders was noted after
alcination at 900 ◦C due to cosintering of nanoparticles.
.2. Properties of sintered BCY electrolyte

Densities of BCY discs remarkably depended on the sinter-
ng temperature (Fig. 3). Density exponentially increased with
intering temperature from 70% to 96% of the theoretical value

Fig. 3. Density of BCY discs as a function of sintering temperature.
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Fig. 4. Surface SEM images of BCY discs sintered at different temp

s the temperature increased from 1200 ◦C to 1700 ◦C. Dense
CY discs were formed when sintered at 1400 ◦C for 10 h (SEM,
ig. 4a). Thus, BCY nanopowders could be sintered well within
0 h at the relatively low temperature of 1400 ◦C to form dense
tructure, which was attributed to the very small particle size
nd uniform shape of BCY powders. The average sintered grain
ize was about 3 �m, which was much larger than that of the
riginal (calcined) BCY nanopowders. The average grain size of

CY became larger as the sintering temperature increased, about
0 �m at 1700 ◦C (Fig. 4). XRD patterns (Fig. 5) displayed sharper
CY perovskite phase diffraction peaks as the sintering tempera-
ure increased, showing that the BCY became more crystalline at

Fig. 5. XRD patterns of BCY discs sintered at different temperatures for 10 h.
res for 10 h: (a) 1400 ◦C; (b) 1500 ◦C; (c) 1600 ◦C; and (d) 1700 ◦C.

higher sintering temperature, which was consistent with the SEM
data.

The XRD data showed an additional characteristic derived from
the low temperature sintering procedure that only applied to the
nanopowders described herein. In contrast to material sintered at
relatively low temperatures, there were weak Ce1−xYxO2 diffrac-
tion peaks (PDF# 083-0326) in the XRD patterns of BCY sintered
at 1600 ◦C and 1700 ◦C due to ceria formed on the BCY surface as
a result of BaO vaporization at high sintering temperatures above
1500 ◦C [25,26]. However, the impurity did not form in detectable

amounts during low temperature sintering, and so the electrolyte
was substantially pure BCY.

It is well known that BCY readily reacts with CO2 at elevated
temperature, with the consequence that the pervoskite structure

Fig. 6. TGA curves in CO2 atmosphere for BCY sintered at different temperatures:
(a) 1400 ◦C; (b) 1500 ◦C; (c) 1600 ◦C; and (d) 1700 ◦C.
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removal from the anode increased (Fig. 9). In addition, the ethane
conversion change is higher at 700 ◦C than 650 ◦C at the same cur-
rent density, showing that electrochemical dehydrogenation was
enhanced relative to chemical dehydrogenation at the higher tem-
perature.
ig. 7. BCY conductivity at 600–800 ◦C in humid hydrogen atmosphere (10% H2,
alance with He).

ecomes increasingly unstable. This reaction causes deterioration
ver time of the performance of hydrocarbon or syngas fuel cells
sing BCY electrolyte [27]. The chemical stability in CO2 atmo-
phere of BCY formed by sintering nanopowder was evaluated
sing TGA in a stream of CO2/He. There was almost no weight
hange below about 550 ◦C (Fig. 6), and then there was strong
eight uptake above that temperature up to a maximum value

f 12.7% for BCY sintered at 1400 ◦C, associated with the reaction
f BCY with CO2. As the temperature increased further the weight
hen sharply declined above a temperature about 1000 ◦C, as BaCO3
ecomposed to BaO and CO2, and BCY was re-formed by reaction of
aO with CeO2 at the higher temperature, similar to the previously
eported results [24]. Thus, the presented results confirmed chem-
cal instability of BCY in CO2 atmosphere. It should be noted that
mount of the weight uptake by reaction of CO2 with BCY decreased
arkedly with the sintering temperature of BCY, and the onset tem-

erature for weight uptake peak increased. In particular, the weight
ptake of BCY sintered at 1700 ◦C was much lower. The observed
ecrease of the weight uptake of BCY samples sintered at higher
emperatures can be attributed to their higher density and ceria
ich surface. This property will be of value in operation of ethane
ueled proton-conducting SOFCs with enhanced resistance to CO2
tmosphere.

The total conductivities in humidified hydrogen of BCY
lectrolyte sintered at different temperatures increased with tem-
erature in the range 600–800 ◦C (Fig. 7). At any given test
emperature, the total conductivity of BCY electrolyte increased as
he sintering temperature increased from 1400 ◦C to 1700 ◦C. The
ncrease in conductivity with sintering temperature was attributed
o increase in the grain size and concomitant grain boundary resis-
ance reduction, leading to improved BCY ionic conductivity.

.3. Performance of ethane fuel cell with BCY electrolyte

Electrolyte prepared with BCY nanopowders sintered at 1700 ◦C
xhibited the best conductivity and CO2 chemical resistance, and
o it was used to fabricate ethane fuel cells with Pt electrodes. The

node and cathode feeds were dry ethane and oxygen, respectively,
ach at 100 mL min−1.

At elevated temperatures, ethane was catalytically dehydro-
enated to ethylene at the anode. The produced protons were
Fig. 8. Current density–voltage and power density curves of ethane/oxygen fuel.
Cells at 650 ◦C and 700 ◦C. The thickness of BCY electrolyte is about 0.8 mm. The
flow rates of ethane and oxygen are 100 mL min−1.

conducted through BCY electrolyte to the cathode where they
reacted with oxygen ions to form water. At 650 ◦C, the maximum
power density of the fuel cell was 118 mW cm−2 at current den-
sity 276 mA cm−2 (Fig. 8). The corresponding ethylene selectivity
was 95.2% at 22.7% ethane conversion, and the major by-product
was methane. Carbon oxides were formed in trace amounts, pos-
sibly by reaction provided by minor transference of oxygen ions
through electrolyte membrane. At 700 ◦C, the maximum power
density of the fuel cell increased to 151 mW cm−2 at current density
393 mA cm−2, with ethane conversion enhanced to 35.1%. However,
ethylene selectivity decreased to 91.6% and selectivity to methane
increased. Increased conversion to methane at higher temperatures
suggested that it arose from cracking of ethane, in competition
with ethane dehydrogenation. Increasing the discharging current
density, the conversion of ethane increased, as the rate of proton
Fig. 9. Change in ethane conversion with increase in current density at 650 ◦C and
700 ◦C. The flow rates of ethane and oxygen each are 100 mL min−1.
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ig. 10. Electrochemical impedance spectra (EIS) of ethane/oxygen fuel cell with
CY electrolyte and Pt electrodes at 650 ◦C and 700 ◦C. The flow rates of ethane and
xygen each are 100 mL min−1.

The electrochemical impedance spectra (EIS) of the dry ethane
ueled fuel cell under open circuit conditions is shown in Fig. 10.
he intercepts with the real axis at high frequency and the suc-
eeding semi-circle, assigned to electrolyte ohmic and electrode
olarization resistances, respectively. The electrolyte resistances of
ry ethane fueled fuel cell were smaller than those calculated from
he data in Fig. 7 which were measured in humidified hydrogen
tmosphere. It might result from the enhancement of electronic
onduction in the BCY electrolyte due to the dry and reduced gas
f ethane in the anode [28], which also was confirmed by open cir-
uit voltages (OCVs) analysis. The measured OCVs of the ethane fuel
ell were 0.80 V and 0.77 V at 650 ◦C and 700 ◦C, respectively. They
ere about 0.2 V lower than the theoretical OCVs (0.99 V at 650 ◦C

nd 0.98 V at 700 ◦C) for the electrochemical dehydrogenation of
thane (Eq. (1)).

2H6 (g) + 1
2

O2 (g) = C2H4 (g) + H2O (g) (1)

Fig. 10 shows that there was no apparent change in ohmic
esistance over 24 h, though the electrode polarization resistance
ncreased. The result showed that the BCY electrolyte was sta-
le, however the Pt electrode degenerated during the 24 h test.
lthough Pt is an excellent dehydrogenation catalyst and electrical
onductor, it is readily poisoned by deposition of carbon derived
rom ethane [9]. Furthermore, Pt is expensive and very unlikely by
sed in practical solid oxide fuel cells. More stable and lower cost
lectrode catalyst will be developed.

Compared to conventional oxidative conversion of ethane to
thylene [29,30], the ethylene selectivity in the proton-conducting
olid oxide fuel cell was higher, the process was simpler, and
hemical energy was recovered as high grade electrical power.
mportantly, there were no detectable amounts of acetylene in the
node effluent, which is a serious issue for manufacture of ethy-
ene for use in polymerization processes: acetylene poisons several
lasses of polymerization catalysts, in particular Ziegler–Natta and
etallocene types of catalyst [31]. Therefore, there were advan-

ages of ethane SOFC resulting from use of a proton-conducting

lectrolyte: (1) there was no exposure of ethane and product ethy-
ene to any oxidative reagents or oxygen ions which might form
rom oxygen ion electrolyte; (2) protons generated at the anode
ere removed rapidly through the proton-conducting electrolyte,
hich separated the electrode reactions, and therefore the ethane

[

[
[
[

rces 195 (2010) 2659–2663 2663

conversion reaction was not equilibrium limited; and (3) the elec-
trochemical process generated high grade electrical energy mainly
via the reaction of protons and oxygen ions.

4. Conclusions

About 50 nm particle size BaCe0.85Y0.15O3−ı (BCY) spherical
powders were synthesized by a modified citric acid–nitrate com-
bustion method. Dense BCY pellets were obtained by sintering
these at more than 1400 ◦C for 10 h. The conductivity and CO2
chemical resistance of BCY electrolyte increased with increasing
sintering temperature. A solid oxide fuel cell with BCY electrolyte
and Pt electrodes demonstrated 91.6% ethylene selectivity at 35.1%
ethane conversion with cogeneration of 151 mW cm−2 power out-
put at 700 ◦C.
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