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Abstract

A versatile fabrication process combining three techniques easy to scale up was successfully developed to prepare advanced multilayered structures
integrating proton conducting ceramic materials. This enables the production of novel solid oxide fuel cells with proton conducting electrolytes
(PCFCs) and asymmetric membranes designed as thin dense layers coated on thick porous mechanical supports. The manufacturing process makes
use of ceramic powders synthesized by spray-pyrolysis using water-based solutions. Porous supports of membranes and anodes of PCFCs were
prepared by tape-casting and their porosity was tuned by addition of corn starch filler. Membrane and electrolyte layers were prepared by spin-
coating colloidal ceramic suspensions. A single coating-sintering step was carried out to produce gas tight layers with thickness ranging from 4 to
26 wm. Cathodes of PCFCs were screen-printed using commercial Pt ink. This paper describes the successful preparation of SrCeos5Ybg 05035

asymmetric membranes and novel concepts of PCFCs integrating BaZr Y 103_s and Lag 995St 00sNbOy.5 electrolytes.
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1. Introduction

In solid oxide fuel cell and hydrogen separation technologies,
ceramic proton conducting devices have attracted considerable
attention. Dense ceramic membranes of mixed proton and elec-
tron conductors may provide a simple and efficient way to
separate Hy from a gas stream. The efficiency of these devices
strongly depends on the performance of the dense ceramic mem-
branes in which hydrogen transport takes place by diffusion of
protons. The diffusion occurs mainly through the bulk and the
flux is often inversely dependent on the membrane thickness. It
is therefore very desirable to develop thin membranes.

Various attempts have been made to develop time- and
cost-effective processes allowing the preparation of thin dense
ion conducting ceramic films coated onto porous supports.'=
Numerous factors can challenge successful preparation, e.g.,
chemical reactivity and/or the thermo-mechanical mismatch at
the interface between the dense layer and the porous support.
Additionally, most of techniques currently used are expensive
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or difficult to scale-up, such as hydrothermal process, metal-
organic chemical vapor deposition (MO-CVD) and atmospheric
spray pyrolysis, and time consuming due to the need to repeat
cycles of coating and thermal treatment, as often encountered
with chemical solution deposition techniques.*® Among other
critical issues to address, proton conducting materials generally
require high sintering temperature that may result in segrega-
tion of dopants, impurities, secondary phases, and pore trapping
in grain boundaries. This may lead to undesirable effects like
significant increase in resistivity in the functional layers, and
subsequently, low performance of the fuel cell or the hydrogen
membrane.

To address these bottlenecks, our efforts focused on
the production of new materials and architectures starting
with the synthesis of powders exhibiting high sinterability.
Spray-pyrolysis technique was chosen for this purpose, as it
allows reliable batch scale production of powder with con-
trolled morphology and composition. Water-based solutions
were used to prepare proton conducting BaZrpoYo 103_;5
and Lag 995510 00sNbO44s oxides and mixed proton and elec-
tron conducting SrCepo9sYbg 0503_s oxide. These powders
were further used for the preparation of novel multilayered
structures by means of a time- and cost-effective processing
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combining tape-casting, spin-coating and screen-printing tech-
niques. BaZrg 9Y (.1 O3_s perovskite oxide and strontium doped
Lag 995S10.00sNbO4+s monazite oxide were used for the prepa-
ration of fuel cells with respect to their high mechanical stability
and appreciable proton conductivity as electrolyte materials.”!°
SrCep.95 Ybg0503_s perovskite oxide was used for the prepara-
tion of asymmetric membranes.'!

2. Experimental procedure
2.1. Preparation of dense ceramic films

BaZrp9Y.103-s (BZY), SrCep.95Ybp 05035 (SCYb) per-
ovskites and strontium doped and Lag 995S19,005NbO445 (LNb)
monazite were synthesized by spray-pyrolysis at the Norwegian
University of Science and Technology (NTNU), according to a
proprietary method, using water-based solutions.® The precur-
sor materials were calcined in air at 1000 °C for 48 h for BZY,
800 °C for 10:00 h for LNb, and 1000 °C for 6:00 h for SCYb in
order to obtain fully crystallized powders.

For the preparation of Ni-based composite anodes, NiO pow-
der was purchased at GFS Chemicals. Tape-casting was applied
for the production of SCYb porous supports and LNb/NiO
anodes (20.5 wt.%/22.5 wt.%). The powders were firstly mixed
in an azeotropic mixture of methylethylketone and ethanol, using
a planetary mill with zirconia balls and mortar. Butvar B-98
commercial binder (7 wt.%, Monsanto, US) and two plasticiz-
ers, such as polyethyleneglycol (3 wt.%) and dibutylphtalate
(3 wt.%) were then added to provide adequate strength and plas-
ticity to the green tapes. For tailoring anodes porosity, corn starch
filler (4 wt.%) was added in the slurries.

The slurry was cast onto a Mylar™ film and left drying
overnight at room temperature in a closed box. Several dried
tapes of 10 cm x 10 cm dimensions were laminated at 45 °C with
apressure of 5 tons applied for 30 s. Green laminates of 20 mm in
diameter were heated up to 550 °C at a heating rate of 10°Ch™~!
and subsequently held for 10h to burnout organic compounds.
A further annealing step at 1000 °C for 2h was conducted to
achieve sufficient strength.

Stable ceramic colloidal suspensions were prepared by dis-
persing SCYb, BZY or LNb powders (13 wt.%) in a mixture
of methylethylketone and terpineol (60/40 vol.%). Butvar B-
98 binder (0.03 wt.%) was also added. The suspensions were
homogenised for 2h in a planetary mill at 360 rpm. Their vis-
cosity ranges from 10 to 25 mPas, depending on the ceramic
powder used. The suspensions were then spin-coated once onto

Table 1
Composition of slurries and suspensions

Powders Dispersant Binder + plasticizer
SCYb support 33 0.02 15
BZY anode 43 0.01 6
LNb anode 43 0.01 6
SCYb membrane 19, 50 0.02 0.03
BZY electrolyte 19 0.02 0.03
LNb electrolyte 13,19 0.02 0.03

Values are indicated in weight percentage calculated from the total weight of
the solutions.

the porous layers with a spinning speed of 2000 rpm for 30 s. The
half-cells (electrolytes + anodes) and membranes were sintered
in air at 1350 °C for 2 h, with a heating rate of 100 °C/h. The
sintered half-cells were thereafter screen-printed using a com-
mercial Pt ink and subsequently annealed at 1000 °C for 2 h.
The compositions of both slurries and suspensions are reported
in Table 1.

2.2. Characterization of powders and films

XRD analysis was carried out with a Siemens D710 diffrac-
tometer. The ceramic particles size distribution in the fresh
slurries and in the suspensions was evaluated using a Mas-
tersizer 2000 particle size analyzer. For scanning electron
microscopy (SEM) observations, both membranes and fuel cells
were embedded in an epoxy resin. Cross-sections of embed-
ded samples were carefully polished down to 1 wm using SiC
grinding papers followed by diamond suspension. The samples
were examined with a JEOL JSM-5900LV SEM using back
scatter electron detector. The gas tightness of the dense lay-
ers was examined at room temperature using a measurement
cell with a rubber gasket sealing. Helium leakage was investi-
gated by concentration cell measurements using 60 ml/min of
helium as feed gas and 50 ml/min of argon (pO, & 1073) as per-
meate sweep gas. The concentration of helium in the permeate
gas after passing through the membrane was determined by gas
chromatography.

3. Results and discussion

BZY, LNb and SCYDb spray-pyrolysed powders are fairly
agglomerated and exhibit a narrow particle size distribution with
a mean size of about 150 nm (Fig. 1).

Fig. 1. SEM micrographs of (a) SCYb, (b) LNb and (c) BZY spray-pyrolysed powders.
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Fig. 2. XRD pattern of SCYb powder (a) and membrane (b).

XRD patterns taken for all spray-pyrolysed powders are
shown in Figs. 2—4. All patterns were indexed with a single phase
structure of the corresponding perovskite for SCYb (Fig. 2a) and
BZY (Fig. 3a) and of the monazite phase for LNb (Fig. 4a), in
agreement with literature data.*> The crystallographic density
was extracted from Rietveld refinement of XRD patterns and is
5.81 gecm™ for SCYb, 5.90 gcm™> for LNb and 6.21 gcm ™3
for BZY.

The particles size distribution of powders dispersed in the
slurries used for tape-casting and in the suspensions used for
spin-coating is shown in Fig. 5a—c. For all samples, the distri-
bution is characterized by two peaks centred at ~150 nm and
~1.5 wm. The former contribution is attributed to the presence
of primary particles, while the latter indicates the presence of
agglomerates in the suspensions, in agreement with SEM obser-
vations. These solutions were stable for several days and were
thus used for tape-casting and spin-coating.
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Fig. 3. XRD pattern of BZY powder (a) and sintered electrolyte (b).
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Fig. 4. XRD pattern of LNb powder (a) and sintered electrolyte (b).

In this work, three types of cells were investigated. Novel
PCFCs consisting of LNb electrolyte coated onto LNb-NiO
anode were prepared to take advantage of the high mechanical
and chemical stability of LNb material. For comparison, cells of
BZY electrolyte coated onto BZY/NiO anode were also investi-
gated. Further, original ‘mixed’ cells integrating BZY electrolyte
coated onto LNb/NiO anodes were prepared to prevent potential
degradation of BZY material in CO, atmosphere. SEM micro-
graphs of BZY-LNb/NiO, BZY-BZY/NiO and LNb-LNb/NiO
cells are shown in Figs. 6 and 7. SCYb membranes are shown
in Fig. 8.

All samples remained flat after sintering. SCYb membranes
and LNb electrolytes coated onto LNb/NiO anodes were fully
dense. The thickness of the functional layer increases with
increasing ceramic solid loading in suspension and is rang-
ing from 4 to 25 pm for SCYb membranes (Fig. 8), and from
9 to 26 um for LNb electrolytes (Fig. 7). The dense layers
exhibit homogeneous composition and show good adhesion to
the underlying porous supports. The gas tightness of the func-
tional layers was confirmed by checking potential He leakage at
room temperature. No leakage was detected by gas chromatogra-
phy indicating that both LND electrolytes and SCYb membranes
were free of transversal crack or connected pores. XRD analysis
performed on both sides of samples confirmed that no change
in material composition and structure occurred during sintering
at 1350 °C (Figs. 2b and 4b).
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Fig. 5. Particle size distributions of (a) LNb in suspension; (b) LNDb in slurry;
(c) BZY in suspension; (c) SCYDb in suspension.
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Fig. 6. SEM micrographs of cells with BZY electrolytes sintered at 1350 °C for 2 h and coated onto (a) LNb/NiO anode and (b) BZY/NiO anode. The solid loading

in suspension is 19 wt.%.

SEM analyses reveal drastic changes in BZY electrolyte
microstructure depending on the anode support (Fig. 6). The
“mixed cell” exhibited a fully dense and leak-free BZY elec-
trolyte with a thickness of 4 wm after sintering at 1350 °C
(Fig. 6a). XRD pattern of BZY electrolyte (Fig. 3b) indicates
that the electrolyte is single-phase and no interfacial reac-
tion between BZY and LNb/NiO anode is observed. There
was no visible delamination between the electrolyte and the
anode layers after sintering, as expected since LNb and BZY
have close thermal expansion coefficient of ~8 x 107 and
~7x 107K, respectively. In contrast, BZY electrolyte
coated onto BZY/NiO anode remains highly porous (Fig. 6b).
In order to explain the differences encountered while using
either BZY/NiO or LNb/NiO anodes, the sintering shrink-
age of half-cells was calculated from the measurement of
anodes geometrical dimensions. The results are depicted in
Fig. 9.

LNDb/NiO anode-supported cells shrunk about 36% after sin-
tering at 1350 °C, seemingly independently of the electrolyte
materials. It should be emphasized that this shrinkage is simi-
lar to that observed on un-coated anodes sintered at the same
temperature. In contrast, BZY/NiO anode-supported cells only
shrunk ~10% at 1350 °C. The cells were thus annealed at higher
temperature in an attempt to achieve higher shrinkage. Neverthe-
less, increasing sintering temperature up to 1650 °C only led to
a shrinkage of 30%, while the electrolyte remained porous. One
may therefore presume that the larger contraction of LNb/NiO
anode during sintering imposes larger shrinkage to the BZY
electrolyte layer, which promotes faster sintering kinetics. This
sintering temperature is low compared to data published in the
literature, which usually referred to temperatures above 1500 °C
for BZY material.'>~!3

The coating of the Pt cathode and its subsequent annealing
did not affect the flatness of the fuel cells. Samples remained

Fig. 7. SEM micrographs of fuel cells with LNb electrolyte coated onto LNb/NiO anode sintered at 1350 °C for 2 h. The solid loading in suspension is (a) 13 wt.%

and (b) 19 wt.% Pt cathode is screen-printed (c).

Fig. 8. SEM micrographs of SCYb membrane sintered at 1350 °C for 2 h. The solid loading in suspension is 19 wt.% (on the left) and 50 wt.% (on the right).
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Fig. 9. Evolution of samples radial shrinkage as a function of the annealing
temperature.

crack-free and neither shrinkage nor phase reaction between the
different layers was detected.

4. Conclusion

We have developed a time- and cost-effective process for
the preparation of dense ceramics films of protonic conduc-
tors based on ceramic powders produced by spray-pyrolysis.
SCYb asymmetric membranes and new PCFC devices integrat-
ing state-of-the-art BZY or novel LNb proton conducting thin
film electrolytes with a thickness ranging from 4 to 26 p.m, were
produced by a versatile process combining reliable techniques,
which make it potentially cost-effective and easy to up-scale.
The new architectures were based on semi-monolithic cells with
LNb material present in all functional layers to take advantages
of its chemical and mechanical stability and inherent materi-
als integration. Mixed cells combining LNb-based anode and
BZY electrolyte were also successfully produced in order to
benefit of the high grain interior conductivity of BZY elec-
trolyte material, while avoiding issue regarding its stability as
anode-based material. A dramatic decrease in the sintering tem-
perature of BZY and LNb electrolytes was demonstrated in this

work, as both electrolytes were fully dense after annealing in
air at 1350°C without pressure or sintering aids assistance.
This alleviated sintering process enables controlling materials
composition and microstructure, and avoids interfacial reaction
between the functional layers.
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