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bstract

Yttrium-doped barium cerate, BaCe0.85Y0.15O3−α (BCY15), membranes are proton-conducting electrolytes for intermediate-temperature protonic
eramic fuel cells (IT-PCFC), useful for, among other processes, co-production of power and ethylene by dehydrogenation of ethane. BCY15

−1 ◦
embranes showed good conductivity at intermediate temperatures, 15 and 20 mS cm at 700 and 750 C, respectively. Maximum power density
as 174 mW cm−2 at 700 ◦C, with a corresponding current density of 320 mA cm−2, using a C2H6,Pt/BCY15/Pt,O2 fuel cell, with a ca. 0.5 mm thick
embrane, producing 34% ethane conversion with 96% ethylene selectivity Comparison of performances using vertical and horizontal set-ups

howed that horizontal set-ups are subject to torsional strain, causing reduced cell performance resulting from even minor leakage at the glass seal.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Conversion of alkanes to the corresponding alkenes is an
ndustrially important process due to the high demand for feed-
tocks, and in particular for high purity alkenes for manufacture
f polymers. Recently, intermediate-temperature proton ceramic
uel cells (IT-PCFC) which simultaneously produce value-added
hemicals and electrical power gained much attention for their
igh energy conversion efficiency and low environment impact
1–3]. Previous research showed that direct hydrocarbon solid
xide fuel cells (SOFC) using oxygen ion-conductive solid elec-
rolytes such as yttrium-stabilized zirconia (YSZ) can generate
lectrical power by conversion of hydrocarbon fuel to carbon
xides and water over the anode catalyst [4]. However, conven-

ional YSZ-based SOFC require an operation temperature above
50 ◦C, which places severe demands on the materials used as
nterconnects and sealants. Interestingly, replacing the oxygen
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on conductor by proton conductor in the fuel cell systems can
ring significant potential advantages for selective conversion of
ydrocarbons (Fig. 1) [5]. Firstly, no carbon oxides are generated
n the anode chamber, because the proton-conducting electrolyte
nly permits the transfer of protons, and no oxygen is available
or further reactions of the dehydrogenation product. Secondly,
roton conduction implies that water vapor is produced at the
athode, where it is swept away by air, rather than at the anode (as
n SOFC), where it dilutes the fuel. Thirdly, PCFC can be oper-
ted at intermediate temperatures with good electrochemical
erformance, which makes it easier to find suitable connection
nd sealing materials for these fuel cell systems.

To date, proton-conducting doped perovskites (AB(1−x)

xO(3−α); A = Ca, Sr, and Ba; B = Ce and Zr; C = Sc, Y and lan-
hanides) are the most attractive solid electrolyte candidates for
lkane dehydrogenation IT-PCFC. Partial substitution of tetrava-
ent B ions by trivalent C ions (acceptor doping) in perovskites
an introduce oxygen ion vacancies (VO

••
). The exposure of

hese doped perovskites to either humid or hydrogen-containing

tmospheres at elevated temperatures results in the incorporation
f protons by reactions (1) and (2) [6]:

2O(g) + VO
•• + OO

× ↔ 2OHO
•

(1)

mailto:jingli.luo@ualberta.ca
dx.doi.org/10.1016/j.jpowsour.2007.10.056
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ig. 1. Schematic of an intermediate-temperature proton ceramic fuel cell (IT-
CFC) using hydrocarbon as fuel.

2(g) + 2OO
× ↔ 2OHO

• + 2e′ (2)

The proton forms a covalent bond with a lattice oxygen, and
igrates mainly as lone protons jumping between stationary

xide ions in oxides (Grotthuss mechanism), different from the
echanisms using proton transport by vehicles such as OH−,
2O, H3O+, and NH4

+ in liquids and in solids with loosely
onded vehicles or open channels or layers (vehicle mechanism)
1]. The activation energy of proton hopping is at least 0.4 eV,
hich is assigned to activation of host and target oxygen ions

1].
Due to its high lattice constants and very small deviation from

he ideal cubic perovskite structure, doped barium cerates show
he highest proton conductivities among the family of proton-
onducting perovskites: BaCeO3 > SrCeO3 > BaZrO3 > CaZrO3
2]. Intense studies have been conducted into the stability of this
lass of materials in a high surface area powder form at high
emperatures in a pure CO2 atmosphere [7–11]. Unfortunately,
he stability of doped and undoped BaCeO3 is poor in CO2 at
levated temperatures, though the reaction of BCY15 with CO2
o form BaCO3 is very slow in an atmosphere containing a rela-
ively low partial pressure of CO2 [12]. The stability of barium
erates can be increased when Ce atoms are partially substituted
y Zr atoms because BaZrO3 is chemically more stable than
aCeO3 [13]. However, BaZrO3 has much lower conductivity

han BaCeO3, and partial substitution by Zr resulted in lower
roton conductivity.

In this paper, we describe a successful approach to apply
rotonic fuel cells for co-production of power and value-added
roducts. Using ethane as a fuel, an IT-PCFC generates both
lectrical power and ethylene, with high selectivity, and this
rocess has higher energy conversion efficiency when com-
ared with current commercial technologies for direct catalytic
ehydrogenation of ethane to ethylene in chemical reactors.
e will also describe means for improving electrochemical

erformance, ethane conversion and ethylene selectivity by
sing a torsional stress free design set-up and a glass sealant
nstead of a ceramic sealant in a horizontal IT-PCFC. We also
ound that conventional sealants were prone to leakage under

tandard laboratory operational conditions. To our knowledge,
nly a few prior studies focused on glass–ceramic composite
ealants [14,15] and glass sealant [16] for high temperature
uel cells. We will now demonstrate improved sealing of the
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embrane using glass sealant in IT-PCFC using BCY15 as
lectrolyte.

. Experimental

.1. Material preparation and characterization

Polycrystalline powders of BaCe0.85Y0.15O(3−α) (BCY15)
ere synthesized by solid-state reactions from stoichiomet-

ic BaCO3 (Sigma–Aldrich, 99+%, A.C.S. reagent), CeO2 and
2O3 (nano-sized powders, both from Inframent Advanced
aterials). Twenty-four hours ball-milled raw mixtures were

alcined at 1400 ◦C for 10 h in air. The resulting materials were
all-milled again for 24 h, pressed at 30 MPa into discs with a
iameter of 20 mm and a thickness of ∼2 mm, and sintered at
550 ◦C for 10 h in air to obtain high-density membranes. Sur-
ace layers which may have contained impurities were removed
y polishing, and the thickness was reduced to about 0.5 mm.
latinum paste (Heraeus Inc., CL11-5100) was applied to each
ide of the sintered discs with an area of ∼0.5 cm2, and the discs
ere calcinated at 900 ◦C for 30 min before use for electrochem-

cal measurements.
The yttrium-doped barium cerate series of electrolyte

aterials, BaCe0.85Y0.15O(3−α) (BCY15) showed the high-
st conductivity in the temperature range of 550–800 ◦C.
ence we used BCY15 as electrolyte. The crystallinity of
CY15 was determined using powder X-ray diffraction (XRD)
nalysis using Rigaku Rotaflex X-ray diffractometer. The
icro-structure and morphology of BCY15 membrane was

nvestigated using scanning electron microscopy (SEM) tech-
ique with Hitachi S-2700 microscope. The micro-structures
nd compositions of used ceramic sealant (Aremco 503) and
lass sealant (Aremco 617), both scratched from the fuel cell set-
p after high temperature testing, were determined by SEM and
nergy-dispersive X-ray spectroscopy (EDS) analysis (Hitachi
-2700).

.2. Fuel cell system fabrication

In our fuel cell set-up, platinum wires and meshes were used
t both electrodes as output terminals and current collectors.
he test station was designed for operation at temperatures as
igh as 900 ◦C with the fuel cell in either vertical or horizon-
al orientation. As described previously, the anode and cathode
as chambers were formed by placing the membrane electrode
ssembly (MEA) between concentric pairs of alumina tubes,
nd the assembly was heated in a Thermolyne F79300 tubular
urnace [17]. All the above components were assembled and the
ssembly was supported using a stainless steel support, which
as set on a frame with a rotational axis so the fuel cell set-up

ould be operated in horizontal or vertical orientation. The inner
ube of each compartment extended from outside the heated
eaction zone to a position close to the respective electrode of

he cell. The outer perimeter of each outer tube was sealed to
he membrane electrolyte with a thin layer of ceramic sealant
Aremco 503) at the cathode side, or with a thin layer of glass
ealant (Aremco 617) at the anode side. To cure the sealants,
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yttria stabilized zirconia (8YSZ), the most used electrolyte cur-
rently used in SOFC, which is in the range of 10 and 15 mS cm−1

at 700 ◦C [20,21]. Therefore, BCY15 is a promising candidate
for use as electrolyte in intermediate-temperature fuel cells.
24 Z. Shi et al. / Journal of Pow

he furnace temperature was increased at a rate of 0.5 ◦C min−1

o 110 ◦C, where it was kept for 2 h and then was increased
o 871 ◦C at a rate of 1 ◦C min−1 and kept for 20 min. Then
he furnace temperature was decreased to a set point for con-
ucting the test. Nitrogen (Praxair, Grade 4.8) was fed into the
node chamber and extra dry oxygen (Praxair, Grade 2.6) was
ed into the cathode chamber during sealant curing. After the
ell had stabilized at the selected temperature, ethane fuel was
ntroduced into the anode chamber. The system was maintained
nder these conditions for 30 min to stabilize before conducting
easurements at each selected temperature. Pure C2H6 (Praxair,
rade 2.0) and extra dry O2 were introduced into the anode and

athode compartments via the inner tubes, and after reactions in
he fuel cell gases exited via the gas outlets in the outer tubes.
ll gas flows in fuel cell tests were controlled using mass flow

ontrollers.
The Thermolyne F79300 tubular furnace had a uniform tem-

erature zone (±0.6 ◦C) in the central part of the cell. The
emperature of the zone where the MEA was located during
ests was monitored using a calibrated thermocouple to ensure
onsistency of readings in each test.

.3. Electrochemical characterization

Cell open circuit voltage (OCV) was monitored as a func-
ion of time on stream. Data were recorded with a Solartron SI
287 electrochemical interface and SI 1260 frequency response
nalysis instruments. When a steady OCV was reached, elec-
rochemical impedance spectrum (EIS) measurements were
erformed in the frequency range 0.1 Hz to 1 MHz and ac
mplitude of 10 mV to determine the cell resistance and conduc-
ivity of BCY15 electrolyte. Potentiodynamic measurements at

scanning rate of 5 mV s−1 were conducted to determine the
ell current–voltage curves from which the current density and
ower density were calculated.

.4. Tests of ethane conversion and ethylene selectivity

The outlet gases from the anode chamber were analyzed
nline using a HP5890 Gas Chromatography with a packed
olumn (OD: 1/8 in.; length: 2 m; Porapak QS) and a thermal
onductivity detector (TCD).

. Results and discussion

.1. High temperature fuel cell set-up

A series of tests was conducted on a cell in horizontal ori-
ntation using, for example, sleeves containing a controlled
tmosphere. These tests showed that performance improved
hen the atmosphere surrounding the seal contained no oxygen,

ndicating that leakage of external air through the seal affects
he fuel cell performance. Thus we sought means to prevent

ormation of leaks through the seal.

We found that when the fuel cell set-up had vertical orienta-
ion, glass sealant could be beneficially used instead of ceramic
ealant. In addition, in vertical orientation there was less tor-
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ional strain, and consequently less propensity to cracking the
ealant. Fuel cell performance was thereby improved by reduc-
ng the propensity for leakage of oxygen into the anode chamber.
part from the influence of different sealants, we also wanted to
etermine if there were additional effects of cell orientation on
uel cell performance. Therefore, the fuel cell set-up had a rota-
ional axis so that the fuel cell could be tested in either vertical
r horizontal orientation.

.2. Phase composition and micro-structure of BCY15

BCY15 perovskite was prepared using a solid-state reac-
ion method. Its bulk structure and micro-structure, electrical
onductivity and proton transport numbers were determined.
RD analysis proved that BCY15 powder calcined at 1400 ◦C

or 10 h comprised a single perovskite phase with good crys-
alinity [18]. SEM analysis (Fig. 2) showed that BCY15

embrane was very dense and formed by intimate contact
CY15 particles of 2–7 �m size, which favored fast conducting
rocess by suppressing the impedance of grain boundary regions
2].

.3. Conductivity of BCY15

Based on its high oxygen defect concentration, which incor-
orate protons upon exposure to humidity or H2-containing
tmospheres [19], BCY15 membranes provided good con-
uctivity: 12, 15 and 20 mS cm−1 at 650, 700 and 750 ◦C,
espectively (Fig. 3). Thus the components of the reaction mix-
ures and surface intermediates in the anode (H2, surface H
pecies) and cathode (H2O) compartments provided the nec-
ssary protons. The activation energy (Ea) of the mobility of
rotonic defects is 0.53 eV, which is typical of perovskite-type
rotonic conductors [1]. The ion conductivity of BCY15 in
ntermediate-temperature region is comparable with that of 8%
ig. 2. Cross-sectional scanning electron microscopy (SEM) of
aCe0.85Y0.15O(3−α) (BCY15) sintered in air at 1550 ◦C for 10 h.
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ig. 3. Conductivity–temperature curves for BaCe0.85Y0.15O(3−α) (BCY15)
eramic membrane tested at fuel cell operating temperatures and open circuit
ondition. Ea is activation enthalpy of the mobility of protonic defects.

lthough BCY is a mixed ion conductor [22], oxygen ion
onductivity is sufficiently low that it does not affect cell per-
ormance under the present operating conditions [18].

.4. Enhanced performance of vertically oriented IT-PCFC

C2H6–O2 IT-PCFC at a vertical orientation can deliver
nhanced performance when using Pt/BCY15 (thick-
ess = 0.44 mm)/Pt membrane electrode assembly (MEA)
nd glass sealant (Aremco 617) applied on the anode side. The

3 −1
ow rates of C2H6 and O2 are both kept at 100 cm min
uring testing. At 650 ◦C, the maximum power density was
nhanced to 116 mW cm−2 and the corresponding current
ensity was 235 mA cm−2 in a vertical IT-PCFC (Fig. 4),

ig. 4. Current density–voltage (open markers) and current density–power den-
ity curves (solid markers) of a C2H6–O2 IT-PCFC with vertical orientation,
aving BCY15 membrane and Pt paste as both anode and cathode electrodes at
50 ◦C (squares) and 700 ◦C (triangles). The flow rates of C2H6 and O2 were
oth 100 cm3 min−1.
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uch higher than that of 21 mW cm−2 and 58 mA cm−2 in a
orizontal orientation using ceramic sealant [18]. Accordingly,
he ethane conversion and ethylene selectivity improved to
0% and 97%, respectively. At 700 ◦C, the maximum power
ensity and the corresponding current density improved to
74 mW cm−2 and 320 mA cm−2, respectively, again much
igher than that of 56 mW cm−2 and 164 mA cm−2 for the
orizontal set-up. Also, both ethane conversion and ethylene
electivity were enhanced to 34% and 96%, respectively. The
igh ethane conversion and ethylene selectivity showed the
dvantage of an IT-PCFC reactor for C2H6 conversion to C2H4,
ompared with catalytic oxidative dehydrogenation of ethane
o ethylene on chromium oxide or nickel oxide based catalysts
23,24].

It is noteworthy that no acetylene was detected in the effluent
rom the anode chamber. The divergence from 100% selectivity
herefore arose from formation of coke and other unidentified by-
roducts. Consequently, we are investigating modifications to
he catalyst and its environment with the objectives of reducing
oking while avoiding formation of unwanted by-products. In
arallel, we are modifying operating parameters to enhance con-
ersion toward commercially viable levels without deleteriously
ffecting selectivity.

.5. Enhancement of performance of IT-PCFC

When using the vertical design of the C2H6–O2 IT-PCFC,
wo of the factors contributing to the improvement of cell per-
ormance compared to other tests were (i) excellent sealing
erformance of glass sealant, and (ii) thinner BCY15 membrane
thickness = 0.44 mm).

We found in preliminary experiments that several ceramic
ealants were unsuitable for use with ca. 0.5 mm BCY15
embranes, as they were very prone to cracking, detached

rom the membranes, or compromised the physical integrity
f the membrane surfaces. As discussed in the literature,
lass sealant heated to 850 ◦C can provide an excellent gas-
ight seal [15]. We have now shown using SEM micrograph
f glass sealant coating formed after heating to 871 ◦C that
well-bonded contiguous and dense layer is formed with-

ut any holes or cracks (Fig. 5A). EDS analysis identified
he bar-shaped crystalline phase (point 1 in Fig. 5A) as
aSiO3 (Fig. 5B), and the composition of non-crystalline
hase (point 2 in Fig. 5A) was Na2O–K2O–CaO–SiO2 com-
osites (Fig. 5C). The more amorphous phase extended
etween the crystallites to form a more dense seal. Bansal
nd Gamble showed that a glass sealant of composition
5BaO–15CaO–5Al2O3–10B2O3–35SiO2 (mol%) does not
ully crystallize even after long term heat treatment at
50–900 ◦C [16]. When calcined, the ceramic sealant composed
f alumina phosphates was shown by EDS (Fig. 6B) to be a
orous assemblage of small particles 2–7 �m (Fig. 6A), which
esulted in detrimental effects caused by continuous leakage of

mall amounts of air into the anode chamber, producing unde-
irable carbon oxides. Therefore, it is preferable to use calcined
lass sealant which forms a dense and gas impermeable coating
uitable for fuel chambers of hydrocarbon IT-PCFC. However,
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Fig. 6. (A) Scanning electron microscopy (SEM) and (B) overall energy-
dispersive X-ray spectroscopy (EDS) analysis of ceramic sealant (Aremco 503)
scratched from the fuel cell set-up after high temperature test.

Fig. 7. Electrochemical impedance spectra (EIS) of a C2H6–O2 IT-PCFC
having a vertical orientation with BCY15 membrane as electrolyte (thick-
n
s
1

4

ig. 5. (A) Scanning electron microscopy (SEM) and (B and C) energy-
ispersive X-ray spectroscopy (EDS) analysis of glass sealant (Aremco 617)
cratched from the fuel cell set-up after fuel cell tests at high temperature. (B)
DS of point 1 in Fig. 7A. (C) EDS of point 2 in Fig. 7A.

s shown in Section 3.4, the glass sealant cannot be subjected to
orsional strain.

EIS of a single SOFC often reveals electrolyte resistance,
ndicated by the intersection on the real axis, and electrode polar-
zation resistance indicated by the succeeding semi-circle [25].

hen using a thin (0.44 mm) BCY15 membrane instead of a
mm BCY15 membrane as electrolyte and Pt paste as elec-

rodes at both sides in an IT-PCFC, the electrolyte resistances
ere reduced to 3.2 and 2.8 � cm2 at 650 and 700 ◦C (Fig. 7),

espectively, thus significantly improving cell performance. The
ise in electrode polarization resistance from 2.7 to 4.2 � cm2

ested at 650 ◦C first and then at 700 ◦C is caused by coke accu-
ulation over the anode when heating from 650 to 700 ◦C and

uring stabilizing at 700 ◦C, as is well known from hydrocar-
on cracking reactions. Therefore it is important to find effective

lectro-catalysts for dehydrogenation of C2H6 without coking in
C2H6–O2 IT-PCFC. It is also important to develop supported

hinner film proton-conducting electrolytes to further improve
ell performance.

m
a

ess = 0.44 mm) and Pt paste as both anode and cathode electrodes at 650 (open
quares) and 700 ◦C (solid squares). The flow rates of C2H6 and O2 were both
00 cm3 min−1.

. Conclusions
Proton-conducting perovskite BaCe0.85Y0.15O3−α (BCY15)
embranes showed good conductivity of 15 and 20 mS cm−1

t 700 and 750 ◦C, respectively. A vertically oriented C2H6–O2
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T-PCFC with BCY15 as electrolyte and Pt paste as both elec-
rode catalysts, sealed into place using glass sealant, provided
igh ethane conversion (34%) with very good ethylene selec-
ivity (96%) at 700 ◦C with ethane and oxygen flow rates both
00 cm3 min−1. Maximum power density up to 174 mW cm−2

nd related current densities up to 320 mA cm−2 were achieved.
glass sealant provided enhancement sealing of ca. 0.5 mm

CY15 membranes when compared to other ceramic sealants,
nd so enhanced cell performance, but only when there was no
orsional strain.
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