Chemical solution deposition of thin films for protonic ceramic fuel cells
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Abstract

Chemical solution deposition (CSD) offers the opportunity to fabricate very thin electrolyte films at
lower temperatures than traditional powder-based methods. CSD methods have not been used
much in production of protonic ceramic fuel cells (PCFC) until now. In this contribution we describe
thin film deposition of the two proton-conducting materials BaZrosY0.103.5 (BZY) and LazsxW4+xOs4+5
(LWO) by spin coating. BZY films deposited on single-crystalline MgO grew epitaxially on the
substrate. On a realistic PCFC cermet anode, 800 nm thick BZY films could be fabricated with a
columnar structure which is promising to circumvent the low conductivity at grain boundaries of BZY.
LWO films with some porosity were deposited on platinized Si from an aqueous solution.

Keywords: Spin coating, thin film, proton conductors, TEM, BZY, lanthanum tungstate



1. Introduction

Ceramic fuel cells with proton-conducting electrolytes are promising for fuel cells operating at 400-
600 °C due to the relatively low activation energy for proton conduction (about 0.3-0.6 eV) and the
efficient fuel utilization [1]. At these operating temperatures it is desirable to use thin electrolytes
and nanoscaled cathodes to enhance the fuel cell performance. The relatively low operating
temperature makes it possible to also use lower fabrication temperatures than traditionally used for
ceramics, which have several benefits: nanoscale structuring of porous electrodes is easily achieved,
cheaper metallic supports can be used instead of ceramic ones, harmful interface reactions are
reduced, and less thermal energy is needed in the production process. Lowering of the fabrication
temperature while at the same time obtaining dense thin electrolytes necessitates physical or
chemical deposition methods as traditional methods typically requires temperatures well above
1000 °C. The fabrication temperature should however be high enough to obtain phase-pure materials
without organic residue and to establish good ionic contact between the electrolyte and the
electrode, and between the electrode grains. The reduced diffusion at lower temperatures may also
make it necessary to use longer time at the maximum fabrication temperature compared to higher
fabrication temperatures.

Chemical solution deposition (CSD) methods can be used to lower the fabrication temperature for
protonic ceramic fuel cells (PCFC). CSD technology generally involves applying a homogeneous
solution onto an underlying material, followed by drying to remove the solvent, pyrolysis annealing
and crystallization annealing. To achieve films of appropriate thickness several layers are often
deposited and the annealing is then typically done in a diffusion or rapid thermal processing furnace
to save time and to control the densification and nucleation processes [2]. CSD methods have been
used widely for oxide ion-conducting ceramic fuel cells [3], but in PCFC processing there are few
reports. Proton-conducting electrolyte thin films of BaCeOs [4], BaCeosGdo.203-5[5], BaZrixYx03.5[6-
8], SrZr1.xYbx03.5[9], SrCeo.05Ybo.0503.5[10] and SrsCaZrosTa150s.75 [11] have been reported in the
literature. For PCFC cathodes, infiltration into a porous backbone [12-15] and spray pyrolysis [14]
have been used. Here we demonstrate CSD of two proton-conducting materials: LazsxW4.xOsa+s
(LWO), from an aqueous solution, and BZY, from a propionic acid-based solution. LWO is an
alternative to the alkaline earth cerates or zirconates and exhibits a relatively pure proton
conduction at low and intermediate temperatures which is useful as an electrolyte in PCFC [16,17].
BZY is one of the most promising electrolytes for PCFC due to its high chemical stability and relatively
high bulk proton conductivity [1]. Here we demonstrate CSD of BZY on a cermet anode to show the
feasibility of CSD fabrication of PCFC at a relatively low fabrication temperature of 1000 °C.

2. Experimental

LazsxW4+xOsa+s (LWO) electrolyte thin films were deposited from an aqueous solution stabilized with
either citric acid or ethylenediaminetetraacetic acid (EDTA) as chelating agent. La(NOs)3:9H,0 (99%,
Merck) was dissolved in water followed by citric acid (anhydrous, 99.5%, SAFC) or EDTA (99%, Acros
Organics) addition. NH40H (32 wt%, Merck) was added to obtain a neutral pH, resulting in the
formation of a white gel-like substance that dissolved after several hours of stirring. W03 (99.9%,
Fluka) was dissolved in NH4OH by stirring at 75 °C for several hours followed by citric acid or EDTA
addition. The La and W solutions were standardized by thermogravimetry and mixed to obtain the
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desired La/W atomic ratio, typically La/W = 5.5 (LassWO11.35, LWO). The cation:citric acid or
cation:EDTA molar ratio was 1:1 and the total salt concentration of the final solutions was

0.66 mol-L for the citric acid solution and 0.45 mol-L* for the EDTA solution. Thin films were
deposited by multiple spin coatings onto a platinized Si substrate (Pt/TiO,/Si0,/Si), with intermediate
pyrolysis on a hotplate at 200 °C and then 500 °C. Before deposition of the first layer the substrate
was heat-treated at 200 °C for 2 min on a hotplate and cooled to room temperature, to improve the
adherence of the aqueous solution to the substrate. After the desired number of layers had been
deposited the film was crystallized by annealing in a muffle furnace (heating rate 3 K-min) or by
rapid thermal processing (RTP, 200 K-min).

BaZrosY0.103.5 (BZY) electrolyte thin films were deposited from a modified propionic acid-based
solution described in [6]. First stoichiometric amounts of BaCO3 (99.997 %, Alfa Aesar) and
Y(OOCCHs3)3-4H,0 (99.99 %, Alfa Aesar) were dissolved at elevated temperature in a mixture of
propionic acid (f. s., Merck) and propionic acid anhydride (f. s., Merck). The propionic acid anhydride
was added to remove the crystal water of the acetate precursor. In the second step
Zr(OCH,CH,CH,CHs)4,-HOCH,CH,CH,CH3 (Alfa Aesar) was diluted with anhydrous n-butanol (p. a.,
Merck) and stabilized with two equivalents of acetylacetone (p. a., Merck). The two solutions were
mixed and filled up to reach an A cation concentration of 0.3 mol-L ! in the final precursor stock
solution. The deposition was performed by spin coating onto single crystalline MgO(100) or
composite anodes (BaCeo2Zro7Y0.103.5 (BCZY27) 35 wt% - NiO 65 wt%, supplied by CoorsTek) followed
by a one-step thermal treatment in a diffusion furnace after each deposition cycle at temperatures of
800-1000 °C.

Basic microstructure characterization of the LWO films was done by scanning electron microscopy
(SEM, FEI Nova NanoSEM 650). For advanced characterization a (scanning) transmission electron
microscope ((S)TEM, JEOL 3000F) equipped with X-ray energy-dispersive spectroscopy (XEDS), high
angle annular dark field (HAADF) and energy-filtered TEM (EFTEM) was used. TEM specimens were
prepared by focused ion beam machining (FEI Nova NanolLab 600). The phase composition was
studied by grazing incidence X-ray diffraction (GIXRD, Bruker AXS D8 Discover).

3. Results and Discussion

For deposition of the LWO films, two chelating agents were evaluated for stabilization of La and W in
the aqueous solution: citric acid and ethylenediaminetetraacetic acid (EDTA). The LWO films from
citric acid solution became crystalline after annealing at 800 °C or above (Fig. 1), while at lower
temperatures the films were mostly amorphous. The diffractograms correspond well to the pattern
of LagWO12 (PDF number 30-686) and to the diffractograms for lanthanum tungstate with La/W
atomic ratio 5.5 reported by Magraso et al. [18].The diffractogram of the film annealed at 800 °C for
10 min indicates a small amount of La,0s present in the film, but further annealing (30 min) produced
single-phase LWO. The TEM images in Fig. 2 show the small grain size (10-20 nm) of the film annealed
at 800 °C for 30 min and the individual layers can be seen. It is clear that the film contains layered
pores as seen by the brighter areas in the TEM image. Lower magnification SEM images revealed that
the films tended to crack or form circular craters during annealing at 600 °C and above, with more
craters being formed with increasing temperature. The origin is probably incomplete burnout of
organic residue in the intermediate pyrolysis on the hotplate between each layer; also, citrate
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compounds can undergo an explosive decomposition. As a result the films could not be densified
further by increasing the annealing temperature as it resulted in an increase in the number of cracks
and craters.

To avoid the crater formation, citric acid was replaced by EDTA. The LWO films deposited from EDTA
solution were more homogeneous than the citric acid-deposited films and craters were not
observed. A thickness of about 350 nm was achieved after 10 successive depositions (Fig. 3).
Annealing at 800 °C for 4 h led to a polycrystalline LWO film with nanoscaled grains (20-60 nm). The
film had some porosity especially in the in-plane direction reflecting the multi-layer deposition. Final
annealing at higher temperatures generally led to substantial grain growth and formation of larger
pores instead of densification. Initial measurements for determining the through-plane conductivity
was unsuccessful due to short-circuiting, probably due to cracks in the film, open porosity, or
mechanical failure as the top electrode was applied. Thus, for use as a gas-tight electrolyte the
density has to be improved; further optimization of the processing conditions is necessary to achieve
completely dense LWO films, such as a lower concentration of the solution, intermediate
crystallization annealing at 800 °C or above between each layer, and the use of a shrinking substrate
such as an unsintered ceramic. However, the time used for deposition of a LWO with a certain
thickness will inevitably increase with these implementations.

BZY thin films were also deposited. First, BZY was deposited on single-crystalline MgO substrates. The
BZY film had an epitaxial interface to the MgO substrate as the lattice match between BZY and MgO
is very good. The film was monolithic and without grain or twin boundaries. For the BZY film
annealed at 1000 °C, imaging in scanning TEM mode showed a layered pattern of higher intensity in
the single-crystal film (Fig. 4). This was attributed to regularly occurring voids, which possibly
originates from incomplete removal of carbonate species during the initial crystallization of that layer
followed by removal at later crystallization steps. A detailed electron microscopy study of the BZY
films on MgO is reported in ref. [7]. Measurements of the in-plane conductivity are in progress and
will be reported later.

In a real fuel cell the electrodes naturally have to be porous to allow gas transport towards the
electrolyte. It is challenging to deposit a thin, even and dense film onto a porous support, especially if
the pores are large. Solutions to this challenge can be to minimize the pores in the electrode closest
to the electrolyte by reducing electrode grain size, to clog the pores with electrolyte phase grains
[19] or a polymer film [5], to deposit thicker films that more easily cover the pores, or to introduce
the pores after electrolyte deposition. The last option is probably the easiest when using a NiO-
electrolyte material cermet as anode; the NiO of the cermet is reduced to Ni in reducing atmosphere
at the operating conditions, which induces porosity for gas diffusion. The film can therefore be
deposited onto a dense support. Fig. 5 shows an example of such a BZY film deposited onto a
BCZY27-NiO anode and annealed at 1000 °C. The anode was not reduced before the TEM study so
the anode was still dense. The film grew partly epitaxially on the BCZY anode grains but there was no
epitaxial relationship between the NiO part of the substrate and the BZY film. As seen in Fig. 5b the
BZY grains in the film were columnar; 20-100 nm in diameter and about 800 nm long (full film
thickness). The columnar growth is a result of the crystallization between each layer to promote
heterogeneous nucleation on the grains of the previous layer, instead of homogeneous nucleation in
the deposited layer that would have given a random crystalline structure.



The columnar film structure should in principle avoid the problem of low proton conduction along
the grain boundaries of BZY [20], as each grain stretches through the whole electrolyte thickness so
that a proton traveling through the electrolyte do not have to pass any grain boundaries from the
anode to the cathode side. The in-plane conductivity is however expected to be low due to the high
number of grain boundaries in that direction. Previously, Pergolesi et al. demonstrated that grain-
boundary-free BZY thin films show a very high proton conductivity of 0.11 S-cm™ at 500 °C [21]; those
BZY films were deposited onto MgO substrates by pulsed laser deposition and were epitaxially
oriented. Due to the non-conducting MgO substrate their measurements were performed in-plane.
For a practical fuel cell, columnar grain growth with partial epitaxial relation to the electrodes is
more realistic than single-crystalline electrolyte films, as the latter are difficult to deposit onto
functional anodes.

As a final comment, if dense thin films cannot be obtained by CSD, the porous structure can anyway
be useful, for instance as catalytic surface layer or as a thin cathode backbone for infiltration. Porous
thin films have also recently been shown to exhibit proton conduction at room temperature due to

water adsorption [22] and CSD methods will be important for any practical use of this phenomenon.

4. Conclusions

A columnar BZY thin film with thickness of 800 nm was successfully deposited onto NiO-BCZY anode
from a propionic acid-based solution. The columnar microstructure avoids the challenge of low grain
boundary conduction in BZY and the BZY film should therefore be highly suitable as an electrolyte in
a PCFC. On single-crystalline MgO substrate, the BZY film grew epitaxially on the substrate.

Deposition of LWO thin films on platinized Si from an aqueous solution was demonstrated. The films
were not dense and further optimization of the CSD processing is needed for use as an electrolyte in
PCFC. Using EDTA as stabilizer proved to be better than using citric acid as the prior gave smoother
films.

Compared to traditional powder-based methods, CSD methods offer the opportunity to fabricate
very thin electrolyte films (< 1 um) at much lower temperatures (< 1000 °C) but optimization of the
solution chemistry and deposition procedure are vital.
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Figure captions

Figure 1. X-ray diffractograms with grazing incidence &= 1° of five LWO thin films deposited from
citric acid solution. After the final layer deposition and pyrolysis the films were annealed for
crystallization and sintering as indicated.

Figure 2. (a) TEM image and (b) high resolution TEM (HRTEM) image of LWO film deposited from
citric acid solution, heat-treated at 800 °C for 30 min by RTP. A fast Fourier transform of the HRTEM
image is displayed in inset showing a polycrystalline pattern corresponding to LWO without
preferential orientation.

Figure 3. (a) SEM image of LWO thin film deposited from an EDTA-stabilized aqueous solution on
platinized Si. 10 layers were deposited with pyrolysis at 500 °C on a hotplate between each layer. The
film was finally crystallized at 800 °C for 4 h in air. (b) X-ray diffractogram with grazing incidence

0= 1° of the LWO thin film imaged in (a).

Figure 4. STEM bright field image of an epitaxial BZY film on MgO annealed at 1000 °C. The regular

STEM-brighter spots are volumes of lower density (voids), in an otherwise monolithic (single crystal)
matrix.

Figure 5. (S)TEM images of BZY film deposited by CSD (20 layers) on a dense BCZY27-NiO anode and
annealed at 1000 °C. (a) Overview STEM HAADF image. (b) Higher magnification TEM image of the

columnar BZY growth on a NiO part of the anode.
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Figure 1. X-ray diffractograms with grazing incidence 8= 1° of five LWO thin films deposited from
citric acid solution. After the final layer deposition and pyrolysis the films were annealed for
crystallization and sintering as indicated.



Figure 2. (a) TEM image and (b) high resolution TEM (HRTEM) image of LWO film deposited from
citric acid solution, heat-treated at 800 °C for 30 min by RTP. A fast Fourier transform of the HRTEM
image is displayed in inset showing a polycrystalline pattern corresponding to LWO without
preferential orientation.
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Figure 3. (a) SEM image of LWO thin film deposited from an EDTA-stabilized aqueous solution on
platinized Si. 10 layers were deposited with pyrolysis at 500 °C on a hotplate between each layer. The
film was finally crystallized at 800 °C for 4 h in air. (b) X-ray diffractogram with grazing incidence

6= 1° of the LWO thin film imaged in (a).
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Figure 4. STEM bright field image of an epitaxial BZY film on MgO annealed at 1000 °C. The regular
STEM-brighter spots are volumes of lower density (voids), in an otherwise monolithic (single crystal)
matrix.
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Figure 5. (S)TEM images of BZY film deposited by CSD (20 layers) on a dense BCZY27-NiO anode and
annealed at 1000 °C. (a) Overview STEM HAADF image. (b) Higher magnification TEM image of the
columnar BZY growth on a NiO part of the anode.
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