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Abstract

Thin proton-conducting electrolyte with composition BaCe(sGd,03_s (BCGO) was prepared over substrates composed of CepsGdy20;9
(CGO)-Ni by the dry-pressing method. Solid oxide fuel cells (SOFCs) were fabricated with the structure Ni-CGO/BCGO/Bag 5Srg 5CogsFeg,05_5
(BSCFO)-CGO. The performance of a single cell was tested at 600 and 650 °C, with ammonia directly used as fuel. The open circuit voltages
(OCVs) were 1.12 and 1.1V at 600 and 650 °C, respectively. The higher OCV may be due to both the compaction of the BCGO electrolyte (no
porosity) and complete decomposition of ammonia. The maximum power density was 147 mW cm~2 at 600 °C. Comparisons of the cell with
hydrogen as fuel indicate that ammonia can be treated as a substitute liquid fuel for SOFCs based on a proton-conducting solid electrolyte.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To reduce dependence on fossil fuels, diversify renewable and
sustainable energy sources and reduce pollution and greenhouse
gas emissions, fuel cells have been extensively investigated as a
clean and efficient power generation system. Of the various fuel
cell types, solid oxide fuel cells (SOFCs) combine the benefits
of environmentally benign power generation with fuel flexibil-
ity [1]. Hydrogen is the preferred fuel, but hydrogen production,
storage, and the refueling infrastructure still pose major chal-
lenges. In particular, for mobile systems such as cars, the need
for efficient hydrogen storage strategies is evident. Ammonia is
a good hydrogen carrier, and is carbon free. It can be easily lig-
uefied under about 10 atm at ambient temperature or at —33 °C
under atmospheric pressure, it can be stored easily and is widely
available [2]. Ammonia, although well known as a feedstock for
producing hydrogen [3], has received little consideration for use
as a direct fuel for SOFC [4-9].

While SOFCs based on an oxygen-ion conducting elec-
trolyte, such as YSZ, are already in a mature state after
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several decades of development, NO, may be produced in the
direct ammonia conventional SOFCs [10,11]. High-temperature
proton conductors have also been studied as a promising alter-
native electrolyte for intermediate or lower temperature SOFCs
because of their low activation energy for proton conduction
[12-15]. Moreover, pure proton conductors provide the pos-
sibility of fuller utilization of the fuel, as there is no water
handling or dilution of the fuel [16,17]. Many perovskite-type
oxides show high proton conductivity in a reducing atmosphere
[18-21]. For example, doped barium cerate (BaCeO3) mate-
rials have sufficiently high ionic conductivity over the wide
temperature range of 300-1000°C. To fuel SOFCs based on
a proton-conducting electrolyte (such as doped-BaCeO3) with
ammonia is an effective way to avoid formation of NO,. At the
anode, ammonia is cracked to produce hydrogen and nitrogen,
protons are generated at the anode and transported through the
proton-conducting electrolyte to the cathode where they react
with surface oxygen ions generated electrochemically from oxy-
gen. Overall, nitrogen and water are the only chemical products
of the direct ammonia fuel cell utilizing a proton-conducting
solid electrolyte.

In this paper, SOFCs have been developed based on a Gd-
doped-BaCeO3 BaCen3Gdp203_s (BCGO) thin film and the
cell performance has been reported with commercial ammo-
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nia as fuel and oxygen as oxidant operating at temperatures of
600-650°C.

2. Experimental

Doped barium cerate (BaCeggGdg,03—s) and Gdgo
Ce801.9 (CGO) powders were prepared by combined citrate
and ethylenediaminetetraacetic acid (EDTA) complexing syn-
thesis techniques with appropriate stoichiometric precursors of
BaCOs3 (99%), CeO3 (99.9%), and Gd O3 (99.99%).

Instead of barium cerate, we selected CGO as the ceramic
component for the substrate due to better sintering activity and
mechanical properties. Commercial NiO (60 wt.%) and CGO
(40 wt.%) powders were mixed and ground with alcohol for
2 h. After the alcohol had been evaporated, the dried mixture
was first pressed under 100 MPa into a substrate in a stainless-
steel die. Then, the BCGO powder was added and co-pressed
at 200 MPa to form a green bilayer and subsequently co-fired at
1450°C in air for 3 h to densify the BCGO film, and a dense,
well-bonded electrolyte—anode assembly was obtained. The
thickness of the BCGO layer was well controlled by the amount
of powder added. The total thickness of the electrolyte—anode
substrate assembly was about 1 mm. Graded cathodes were
applied to optimize performance by printing. The first layer was
Bag 5Srp.5Cog gFep.203_5 (BSCFO) 80 wt.%, CGO 20 wt.%, the
second layer was pure BSCFO and then it was co-fired at
970°C in ambient air for 5h using heating and cooling rates
of 120°Ch™! to form a porous cathode. To minimize the con-
tact resistance between the cathode and Ag mesh, Ag paste was
painted on the cathode surface to serve as a current-collector.
The assembly was then sintered at 600 °C for 30 min.

Cells were tested at 600 and 650 °C in a home-made sys-
tem with commercial liquefied ammonia or humid hydrogen
(~3% H,O0) as fuel and oxygen as oxidant, respectively. Digital
multi-meters (XIELI, DPM) were used to collect the voltage and
current data for the cells. During cells operation, the inlet flow

rate of NH3 (H») to the anode was maintained at 30 cm? min~!,

and the flow rate of oxygen at the cathode was 50 cm® min~!.
Phase identification of the BCGO powder and BCGO elec-

trolyte film was studied with powder X-ray diffraction (XRD,
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Fig. 1. XRD patterns of BCGO powder and a BCGO thin film.

Rigaku D/Max-RB) and using Cu Ka radiation. The microstruc-
tures of the sintered films and tested cells were characterized by
scanning electron microscopy (SEM, FEI Quanta 200 FEG).

3. Results and discussion
3.1. Film characterization

The dry-pressing process is a simple, reproducible and cost-
effective approach for thin-film fabrication [22]. Fig. 1 shows
the X-ray diffraction patterns of an as-sintered BCGO film
and the starting powder. The data show good phase purity in
the BCGO film, and no other evident phases were detected.
Fig. 2(a) shows a cross-sectional view of a post-test cell with Ni-
CGO/BCGO/CGO-BSCFO. It was observed that the BCGO film
was about 30 pm thick and uniform, and appeared well-bonded
to the Ni-CGO substrate. It can be seen clearly in Fig. 2(b)
that the as-sintered BCGO film is free from pores and cracks
within the scale of SEM observation. These results indicate that
the 30 wm thick BCGO electrolyte film has been successfully
fabricated on the Ni-CGO substrate by the dry-pressing method.

Fig. 2. SEM micrographs of a fracture surface of a post-test cell (a) and the as-sintered surface of BCGO film (b).
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Fig. 3. OCVs of the cell with ammonia or hydrogen as fuel and oxygen as
oxidant at different temperatures.

3.2. Fuel cell measurements

Fig. 3 shows the effect of increasing temperature on the open
circuit voltage (OCV) of the same SOFC operating on ammo-
nia and hydrogen, respectively. It can be seen that the OCVs
essentially decrease with increasing temperature. The measured
OCVs of a SOFC operating on ammonia were slightly lower
than that on wet hydrogen. The reason can be attributed to a
lower partial pressure of hydrogen due to the co-production of
nitrogen. The OCVswere 1.14 and 1.12 V at 600 °C operating on
wet hydrogen and ammonia, respectively, close to the theoretical
value, indicating that a dense BCGO film had formed. However,
as operating temperature increased to 750 °C, the OCVs were
only 1.035 and 1.02 'V fueled with wet hydrogen and ammonia,
respectively, which were less than the theoretically expected val-
ues. The reason for the lower voltage was most probably due to
electronic conductivity development on the BCGO electrolyte
at higher temperature.

Fig. 4 shows I-V curves together with the power density of
the cell fueled with ammonia. Relationship between the terminal
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Fig. 4. I-V characteristics of fuel cell with ammonia as fuel and oxygen as
oxidant at different temperatures.
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Fig. 5. I-V characteristics of fuel cell with wet hydrogen (~3% H>0O) as fuel
and oxygen as oxidant at different temperatures.

voltage and the current density is linear, which demonstrates that
the electrodes polarization is low due to the better compatibility
between the electrolyte and the electrode materials, and the com-
plete decomposition of the inlet NH3 into H, and N> within the
range of temperatures under investigation. A steady and stable
current supplied by the cell indicates that the dense BCGO thin
film could serve as the solid electrolyte of a fuel cell. With ammo-
nia as fuel and oxygen as oxidant, maximum power densities of
147 and 200 mW cm™?2 were obtained at 600 and 650 °C, respec-
tively. At the peak power cell voltage of 0.55V (about OCV/2),
current density of 0.361 and 0.267 A cm™2 were measured at
650 and 600 °C, respectively. The power density decreases as
temperature decreases because the cell resistance increases. In
addition to the performance with ammonia as fuel, the same
cell was also tested at 650 and 600 °C with wet hydrogen as
fuel, and the results are shown in Fig. 5. With oxygen as oxi-
dant, maximum power densities of 223 and 172 mW cm™2 were
obtained at 650 and 600 °C, respectively. The maximum power
densities were only slightly higher when the cell was operated
using hydrogen compared to ammonia. Comparisons of the cell
with hydrogen as fuel indicate that ammonia can be treated as a
substitute liquid fuel for SOFCs based on a proton-conducting
solid electrolyte.

The improved power output is attributed to the use of a thinner
electrolyte. The long-term stability for electrolyte materials in
the working environment is a major factor. Doped-BaCeO3 has
sufficiently high ionic conductivity at low temperatures, but the
chemical stability in an atmosphere containing CO, and HO is a
major challenge for fuel cell applications [23,24]. The long-term
performance of cells with direct air oxidant will be investigated
in later work.

4. Conclusions

A direct ammonia SOFC based on a proton-conducting elec-
trolyte offers potential cost and environmental benefits over
SOFCs employing an oxygen-ion conducting electrolyte fueled
by hydrocarbon fuels. Nitrogen and water are the only chemical
products of the direct ammonia SOFCs based on a proton-
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conducting solid electrolyte. BCGO is a promising electrolyte
material for a direct ammonia fuel cell operating at temperatures
of about 600 °C. A BaCe g§Gdy03—_s thin film-based single cell
has been prepared with the structure Ni-CGO/BCGO/BSCFO-
CGO and tested with liquefied ammonia as fuel and oxygen as
oxidant. The OCV and maximum power density were 1.12V
and 147 mW cm™2, respectively, at 600 °C. Ammonia can be
viewed as an attractive alternative fuel for SOFCs based on
proton-conducting electrolytes.
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