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Abstract

A metal foam supported solid oxide fuel cell (SOFC) with yttria-stabilized zirconia (YSZ)
and gadolinium doped ceria (GDC) bi-layer electrolyte is proposed. The prepared cells are
supported by NiCrAl metal foam, which has been impregnated with La-substituted SrTiO3
(LST) as electrical conductive material. An LST-GDC anode functional layer was tape cast
into green tape and then laminated onto the metal foam support. The measured thickness
of the anode functional layer is approximately 20 um after calcination at 1000 °C. Gas-tight
YSZ electrolyte layers were deposited by vacuum plasma spray (VPS). Alternatively,
porous YSZ layers were dip-coated with a fine suspension containing YSZ nanoparticles in
order to obtain thin-film electrolytes. Successively, a gas-tight GDC electrolyte was
deposited by EB-PVD method. The thickness of the gas-tight VPS YSZ electrolyte and the
thin film YSZ-GDC bi-layer electrolyte was approximately 100 um and 3 pum, respectively.
The pore size distribution of NiCrAl foam supported substrates was characterized by
mercury porosimetry analysis, the microstructure was demonstrated with SEM and the
gas-tightness of the half cells was evaluated.
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1. Introduction

Solid oxide fuel cells (SOFCs) are regarded as high efficient energy conversion devices,
which directly generate electrical power from a variety of chemical fuels. Metal supported
cells (MSCs) apply porous metal substrates to replace the conventional ceramic or cermet
supports in SOFC design. The potential advantages of MSCs include cost-effective
material options, improved mechanical robustness, thermal shock resistance and fast
start-up capability [1, 2]. These features make MSCs especially attractive for mobile
applications such as auxiliary power units (APUs). As interconnect materials for SOFCs,
Cr-containing alloys with good oxidation resistance are suitable for application in
intermediate temperatures range of 600-800 °C [2—7]. However, processing issues remain
as challenges for the fabrication of MSCs. In the case of ceramic or cermet supported
cells, conventional sintering process at over 1200 °C are normally accompanied with
shrinkage of the components, which favors the densification of electrolytes. On the
contrary, metal supported cells (MSC) hardly shrink and are often not chemically or
mechanically stable at the high temperature during the electrolyte sintering process. It is
necessary to avoid exposing the MSCs to excessive high-temperature over 1200 °C during
the cell manufacturing process. Physical deposition methods are extremely attractive for
the low temperature (400-800 °C) fabrication of electrolyte on metal supports [3, 5, 7].

The state-of-the-art MSCs mainly apply Ni/YSZ cermet as anode due to the excellent
catalytic activities and electrical conductivity. However, unsolved problems, including Ni
agglomeration, coking, sulfur poisoning and redox cycling instability, remain obstacles for
the commercialization of SOFCs based on Ni/YSZ cermet anodes [8-12]. SrTiO3-based
materials are considered as alternative to overcome the limitations of Ni/YSZ cermet.
Lanthanum or yttrium-substituted SrTiO; demonstrates properties of high electrical
conductivity after thermally treated in reducing atmosphere, similar thermal expansion
coefficient as that of YSZ and excellent dimensional stability upon redox cycling [13-17].
However, porous lanthanum or yttrium-substituted SrTiO3 substrates with typical thickness
of less 500 um cannot provide reliable mechanical stability. Porous metal substrates may
be applied for supporting or strengthen the SrTiOz-based anode materials.

In this work, a novel cell design with NiCrAl metal foam as structural substrate support,
impregnated LST ceramic as anode material and a gas-tight VPS YSZ electrolyte or a thin
film YSZ-GDC bi-layer electrolyte are demonstrated and investigated.

2. Experiments

2.1 Lag1SrggqTiO3 (LST) powder

The as-received LST powder (CerPoTech, Norway) was measured with a specific surface
area of 9.5 m%g. The LST powder was coarsened by firing the LST powder at 1200 °C
with heating rate of 180 K/h and dwelling time for 5 h.

2.2. Slurry preparation

2.2.1 Slurry for impregnation

The powders were milled in methyl-ethyl-ketone (MEK)/ethanol solvent for 6 h to form
suspensions. Polyvinyl butyral (PVB, Sigma-Aldrich, Germany) and polyethylene glycol
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(PEG, Sigma-Aldrich, Germany) were added and mixed into to the suspensions.
Homogeneous slurries with LST powder were obtained after another 6 h milling process.

2.2.2 Slurry for anode functional layer deposition

LST powder (CerPoTech, Norway) and Gd 2Ceo 0, (GDC) powder (Treibach AG, Austria)
are well mixed and milled in MEK/ethanol solvent for 24 h to obtain a suspension. PVB
(Sigma-Aldrich, Germany) and PEG (Sigma-Aldrich, Germany) were added and mixed into
to the suspension. The homogeneous slurry was obtained after another 6 h milling
process.

2.3 Substrate preparation

NiCrAl foam (Alantum GmbH, Germany) was cut into round substrates with diameter of
48 mm. The substrates were impregnated with LST slurry and dried at 75 °C for 30 min.
Then the substrates were uni-axially pressed to increase the LST powder packing density
and reduce the substrate thickness.

2.4 Anode Layer

The LST-GDC slurry was cast with a doctor blade into a green tape with a thickness of
35 um. The green tape was laminated onto the substrates under a uni-axial pressure. The
substrate and the anode layer were co-fired at 1000 °C with a heating rate of 3 K/min and
dwelling time of 1 to 3 hours.

2.5 YSZ layer

2.5.1

Vacuum Plasma Spray (VPS) was applied to produce the thick YSZ layer, the
experimental details were reported elsewhere in literature [5].

2.5.2
Thin-film YSZ layer was deposited by dip-coating of aqueous YSZ nano-suspension. The
experimental details were reported elsewhere in literature [18].

2.6 Deposition of the thin film GDC Layer
Gdo2Ceps0, (GDC) layers were fabricated by electron beam physical vapor deposition
(EB-PVD) method.

2.7 Characterization

Zeiss ULTRA PLUS SEM (Carl Zeiss AG, Germany) with an X-Flash Detector 5010
(Bruker, Germany) were used for SEM and elemental mapping investigation of the
samples. The gas-tightness of the electrolyte was characterized by an air leakage testing
module (DLR, Germany). Porosity characterization was carried out on a Pascal Mercury
Porosimeters 140 + 240 (Thermo Scientific, Germany). BET measurement was done on a
Sorptomatic 1990 (Thermo Scientific, Germany).

3. Results

It is observed in Figure 1 (a) that the NiCrAl alloy foam has an open pore size of about
450 um. In order support the anode and electrolyte, the pore size of the substrates was
reduced to submicron range through the impregnation of LST ceramic into the metal foam
and a calcination at 1000 °C, as shown in Figure 1 (b). The NiCrAl metal foam as the
structural framework ensured the mechanical strength of the substrates. The pore size of
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the LST-GDC anode is further reduced to less than 100 nm, as seen in Figure 1 (c), which
is suitable to support the dip-coated YSZ layer. Figure 1 (d) shows that the dip-coated YSZ
layer is consisted of fine nanopatrticles.

e a

Figre Topiew SEM: (a) irAI fa, (b) NiCrAl foam ihimpret LS,
(c) LST-GDC anode functional layer, (d) dip-coated YSZ layer

The pore size of the substrates has been adjusted by processing parameters, such as
particles size of LST powders and the thermal treatment conditions. In general, higher
calcination temperature can significantly reduce the specific surface area of the LST
powders, enlarge the particle size and pore size. According to BET measurements, the
specific surface area values of LST powder fired at 1100 °C for 6 h and 1200 °C for 5 h are
9.5 m?/g and 3.0 m%g, respectively. It is observed in Figure 2 (a) that the modal pore
diameter of the substrate impregnated with fine LST powder and fired at 1000 °C for 1 h is
79 nm. Fired at 1000 °C for 3 h, the modal pore diameter of the substrate was enlarged to
164 nm and the cumulative pore volume slightly reduced from 83.8 mm®g to 75.8 mm/g,
as shown Figure 2 (b). In the other case, the LST powder was first coarsened at 1200 °C
for 5 h before the impregnation into the NiCrAl foam. It can be seen in Figure 2 (c) that the
modal pore diameter and the cumulative pore volume of the substrate impregnated with
coarsened LST powder and fired at 1000 °C for 1 h was 216.2 nm and 94.1 mm®(g,
respectively. By prolonging the dwelling time to 3 h, the modal pore size was enlarged to
355 nm and the cumulative pore volume was measured as 178 mm®g, as shown in
Figure 2 (d).
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Figure 2 Pore size distribution of calcined NiCrAl alloy substrates with impregnated LST:
(a) 1000 °C 1h with fine LST, (b) 1000 °C 3 h with fine LST,
(c) 1000 °C 1h with coarsened LST, (d) 1000 °C 3 h with coarsened LST

Figure 3 SEM: (a) cross section of a half cell with VPS YSZ electrdlyte,
(b) surface of the VPS YSZ electrolyte

As demonstrated in Figure 3 (a), YSZ electrolyte prepared on the metal foam support with
VPS technology has a thickness about 100 um in order to ensure the necessary gas-
tightness level, corresponding to an air leakage rate below 5x10° (hPa dm®)/(s cm®?). It is
also observed in the SEM cross section that the laminated LST-GDC anode functional
layer has been completely removed by VPS process because it cannot withstand the
strong mechanical impact from the molten YSZ splat with high velocity. It is observed in
Figure 3 (b) that the surface of the YSZ electrolyte is rough and with plenty of defects. An
excellent performance with high power density cannot be expected on cells with such thick
VPS YSZ electrolyte.
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Aiming to reduce the electrolyte thickness, thin film YSZ electrolyte was deposited by dip-
coating method. It is observed in Figure 5 (a) and (c) that the YSZ layer and an EB-PVD
GDC layer has been homogenously deposited on top of the LST-GDC anode layer. The
thickness of the calcined LST-GDC anode layer is about 20 um. The total thickness of the
crack-free YSZ and GDC double layer is approximately 3 um. The top view of fine
structured GDC layer is shown in Figure 5 (b), reveals that the GDC layer is dense and the
average grain size is below 200 nm. The elemental mapping for the SEM in Figure 4 (c) is
shown in Figure 4 (d), indicating that no obvious elemental interdiffusion between the YSZ
and GDC phases has happened at the LST-GDC/YSZ/GDC interfaces. With the
homogenous YSZ layer and the dense GDC layer, the half cells realized excellent gas-
tightness with air leakage rate values as low as 2x10° (hPa dm®/(s cm?) despite the
extremely thin electrolyte.
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Figure 4 SEM of half cells with dip-coated YSZ layer and EB-PVD GDC layer: (a) overview
cross section, (b) top view of GDC layer, (c) cross section at LST-GDC/YSZ/GDC

interfaces, (d) elemental mapping at LST-GDC/YSZ/GDC interfaces

4. Conclusion

Half cells have been fabricated on substrates consisting of NiCrAl alloy foam as structural
support and impregnated LST ceramic as anode material. Gas-tight YSZ electrolyte of
100 pm thick was deposited by VPS technology. Thin-film YSZ-GDC bi-layer electrolytes
were made of dip-coated 1 um thick YSZ layers and 2 um thick EB-PVD GDC layers.
Despite the extremely thin electrolyte, the leakage rate of the half cells with thin-film YSZ-
GDC bi-layers has been measured as low as 2x10° (hPa dm®)/(s cm?), demonstrating an
acceptable gas-tightness. The electrochemical tests of the cells will follow in future work.
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