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Abstract

Solid oxide protonic fuel cells are one of the most efficient means of directly converting stored
chemical energy to usable electrical energy. Acceptor-doped Ba(Zr, Ce)Os perovskite-type oxides are
the preferred electrolyte choice as they provide higher conductivity due to lower activation energy.
While substantial progress has been made on small-sized protonic laboratory-scale cells, a
considerable challenge has been upscaling robust planar-type devices. In this paper, a cost-effective
inverse tape casting route and screen printing is employed to fabricate flat planar anode-supported
protonic fuel cells consisting of N1O-SrZro.5Ceo.4Y 0.103-5 substrate, SrZro.5Ceo.4Y 0.103.5 electrolyte, and
BaCoo.4Feo4Zro.1Y 0.103:-5 as the cathode. The processing parameters were analyzed and adjusted to
obtain defect-free single cells of dimension up to 100 mm x 100 mm % 0.5 mm with diminished
warping. In addition, the smooth tri-layered green tapes yielded suitably dense and gas-tight electrolyte
layers after co-sintering at 1300 °C/5h. Finally, the electrochemical performance of the 50 x 50 mm?
SrZro.5Ce0.4Y0.10295 based cells was evaluated, and the impedance spectra were deconvoluted to

identify all performance-related polarization processes via the distribution of relaxation time.
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1. Introduction
Protonic ceramic fuel cells (PCFCs) are electrochemical devices that directly convert stored chemical
energy to usable electrical energy with high efficiency[1-3]. Interest in these devices has continued to
grow since the pioneering works of Iwahara in the 1980s on proton-conducting oxides[4—6]. Moreover,
these devices operate at intermediate temperatures (400 ~600 °C), which simplifies sealing and slows
down degradation[1,7,8]. In addition, water is produced at the cathode side during operation, avoiding
fuel dilution, thus facilitating operation with high fuel utilization, contrary to regular solid oxide fuel
cells (SOFCs)[8]. These benefits give PCFCs a comparative advantage in efficiency and cost over
other fuel cell types. Currently, some of the most popular electrolytes for PCFCs are the acceptor-
doped Ba(Zr, Ce)Os3 perovskite-type oxides[1,2,7,9—-15], preferred for their higher conductivity due to
lower migration barriers associated with Grotthuss-type proton diffusion[11]. As a result, PCFC
performances with these electrolyte types have been impressively increased in recent years[2,16].
However, the most considerable drawback with this electrolyte class so far is its refractory nature,
requiring relatively high sintering temperatures (> 1500 °C) to densify completely[7,12,15]. In addition,
these high sintering temperatures commonly cause; 1) Ba evaporation, which is detrimental to the
electrolyte performance, ii) anode porosity loss, and iii) unwanted electrolyte/electrode interface
reaction[12,14]. Although many recent studies have adopted sintering aids such as NiO[15,17,18],
ZnO[19], CuO[20], etc., to facilitate densification by introducing a liquid phase for grain growth, this
approach also negatively impacts the protonic concentration and favors the formation of undesired
secondary phases. Therefore, it is imperative to minimize these sintering aids or adopt new strategies
to lower the densification temperature.

A further challenge in PCFC development with this class of electrolytes has been scaling-up

large area planar-type cells. This is a daunting task because the fabrication of such multi-layered type
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cells requires careful control over chemical incompatibilities between the cell components, their
sintering shrinkages, and thermal expansion coefficients to prevent warping and cracks [14,21].
Acceptor-doped Sr(Zr, Ce)Os -based perovskite-type oxides are alternative candidate electrolytes for
these devices[22-27] due to their excellent mechanical and chemical stability. Even though their
conductivity is about an order of magnitude lower than those reported for acceptor-doped Ba(Zr, Ce)O3
perovskite-type oxides[9, 24], the ohmic losses from the electrolyte can be compensated by making
the electrolyte layer relatively thinner.

In the present contribution, a cost-effective inverse tape casting route and screen printing are
employed to fabricate large-area flat planar SrZro5Ce04Y0.103-5 (SZCY541) protonic cells on porous
composite NiO-SZCY541 anodes substrate and BaCoo4Feo.4Zr0.1Y0.103-5 (BCFZY) as the cathode.
The processing parameters of the half-cell were analyzed and adjusted to obtain defect-free single cells
of dimension up to 100 x 100 mm x 0.5 mm with diminished warping. The smooth tri-layered green
tapes produced yielded suitably dense and gas-tight electrolyte layers after co-sintering at 1300 °C/5h.
Besides electrochemical characterization, the morphology and microstructure of the tri-layered half-
cells were also analyzed. These results demonstrated that sequential tape casting is feasible for

realizing low-cost fabrication of high-performing ceramic protonic cells.

2. Experimental

2.1 Sample preparation and characterization

SZCY541,BCFZY, and BaZr.44Ce0.36Y0.203-5 (BZCY(54)3/92) powders were prepared by the chemical
solution method as reported elsewhere[7], whereas Large quantities of SZCY541powders were also
purchased from KUSAKA RARE METAL PRODUCTS Co. Ltd Japan. Powder X-ray diffraction
patterns were recorded at room temperature to analyze the phase purity of the powders using a Rigaku
X-ray diffractometer (XRD Ultima IV) with Cu-Ka radiations operating at 40 kV and 40 mA.

Diffraction patterns were obtained in the 26 range between 10° and 80° with a step size of 0.02° and



scan rate of 2° min~!. Powder morphology, as well as external and fractured surfaces of the sintered
half-cells, were observed by Field Emission-Scanning Electron Microscopy SEM (Hitachi High-
Technologies SU8000 equipped with Energy-Dispersive X-ray Spectroscopy (Oxford INCA energy

300 EDS)

2.2 Cell fabrication and testing
The anode-supported Ni-SZCY541 substrates based half-cells were fabricated by sequential tape-

casting using a KAROcast 300-7 micro-tape casting device (KMS Automation GmbH Germany). The
substrate support slurry consisted of commercial NiO powder (Vogler, raw material) and SZCY 541
(NiO, SZCY 541, at a weight ratio of 60:40) dispersed in an ethanol and methyl ethyl ketone (MEK)
mixture together with Nuosperse FX9086 (Elementis Specialties, Inc., London, UK) as the dispersing
agent. In addition, polyvinyl butyral (Butvar PVB-98, Solutia Inc., St. Louis, MO, USA), Solusolv
2075 (Solutia Inc., St. Louis, MO, USA), and polyethyleneglycol PEG 400 (Merck Schuchardt,
Hohenbrunn, Germany) also served as plasticizers and binder, respectively. The mixture was
homogenized in a Thinky vacuum mixer and left to rest for 48 h to de-air and completely dissolve the
binder before casting. The SZCY541 slurry was prepared using a previously reported two-step
procedure[12,14] and cast onto a silicone-coated polymeric (Polyethylene terephthalate) foil. After
proper drying at room temperature, a functional NiO-SZCY541 layer was cast directly on the
SZCY541 layer, followed by the support NiO-SZCY 541 slurry with a six hours interval for drying.
This approach enables the formation of defect-free electrolyte layers given the foil's high surface
quality. The as-fabricated green tapes were subsequently cut into appropriate dimensions and sintered
at 1300°C for 5 h to obtain half-cells of sizes up to 100 x 100 mm % 0.5 mm (in the final-fired state).
Co-firing the half-cells consisted of optimizing the heating ramps, de-binding, and subsequent sintering
to achieve the desired microstructure. Thermo-gravimetric analysis (TGA) and differential thermal
analysis (DTA) coupled with Mass Spectrometry (MS) were carried out using a Netzsch S.T.A. 409C

system to understand the decomposition behavior of the organic additives in both the SZCY541
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electrolyte and NiO-SZCY541 substrate single layers. The measurements were performed with a
heating rate of 5 °C /min up to a maximum temperature of 1000 °C and in a constant flow of two gases:
nitrogen and oxygen at ambient pressure. The warpage/bending behavior of the half-cell was
investigated by comparing the shrinkage behavior of NiO-SZCY541, SZCY541 electrolyte, and the
combined NiO-SZCY 541 and SZCY 541 electrolyte assembly using a TOMMI plus optical dilatometer
(Fraunhofer 1.S.C., Wiirzburg, Germany). The instrument consists of a furnace with quartz glass
windows, a light source, and a charge-coupled device (CCD) camera. Samples for the shrinkage
measurements were prepared by cutting off 15 x 20 mm strips from the respective green tapes and
shaping them into cylinders. In addition, 28 mm diameter round-shaped green tape pieces were used
for bending behavior investigations, using heating ramps of 1~4 °C/min and temperatures up to
1500 °C with dwell times of up to 3 h. Images of the sample silhouette were recorded every 60s with
a camera during heat treatment. To further improve the mechanical properties of the half-cells, the
combined NiO-SZCY541 and SZCY541 electrolyte assembly were laminated with a single substrate
tape using a warm pressing. Lamination of tape layers was performed by applying pressure at 80 °C
until sufficient contact between the individual layers was formed.

Furthermore, as reported elsewhere[ 14], helium leak rate measurements were used to evaluate the
electrolyte (50 x 50 mm?) gas-tightness. The gas flow through the half-cell was determined with a
mass spectrometer at a pressure difference of 1000 hPa. The values were normalized to a measured
area of 16 cm? and a pressure difference of 100 hPa. Finally, a BCFZY cathode slurry prepared by
mixing the powder in terpineol (5 wt% ethylcellulose) was screen-printed onto the SZCYS541
electrolyte and sintered at 900 °C/2h to produce an active working electrode area of 1 cm?. The
resulting porous cathode exhibited a thickness of about 50 pum with homogenously distributed and

well-connected fine particles.

2.3 Fuel cell electrochemical characterization.

Fuel cell electrochemical testing was carried out on the SZCY 541 electrolyte-based single cells. The



cells were mounted into ceramic housings [28]. Gold mesh and Ni foam were used as the cathode and
anode current collectors, respectively, whereas the cells were sealed with gold frames. The test housing
and positions of voltage probes and current pick-up points have been previously described
elsewhere[28,29]. Prior to the fuel cell operation, the gold frame sealant was heated at 900 °C to obtain
a gas-tight contact between the housing and the electrolyte. Then, the reduction of NiO to Ni in the
anode cermet was performed at 600 °C. For the I/V-characteristics and impedance spectra,
measurements, humidified Hz (5% H>0) and dry air with flow rates of 250 mL/m were used as the fuel
and oxidant, respectively. Impedance measurements were carried out with a Solartron 1260 frequency
response analyzer in a range of 100 m Hz to IMHz. The amplitude of the current stimulus was chosen
to achieve a voltage response not higher than 12mV. The measurements were performed at varied
operation conditions. Impedance data analysis was performed utilizing the distribution of relaxation

times (DRT), providing initial information about the electrochemical processes in the cells.

3. Results and discussions

3.1 Characterization of the ceramic powder
The quality of the ceramic powder for cell fabrication and scale-up depends strongly on the powder
properties since they are known to strongly influence the microstructure of the cells in the final-fired
state[12,14]. Table 1 presents the particle size and specific surface areas of the powders dispersed in
the slurries used for tape-casting in this work. For example, the SZCY 541 powder had a mean particle
size dso of 0.68 um and a specific surface area (Aspec) of 3.1 m?/g, which are satisfactory for making

optimal slurries for tape casting[14,30,31].

Table 1. Mean particle size and specific surface areas of the powders for tape casting and processing

temperature
Mean particle size (Lm) Specific surface Calcination
Powder 2 o
dio dso doo area Agpec (Mm?/g)  temperature (°C)
SZCY541 Kasaka 0.50 0.69 0.95 3.1 1200
SZCY541 In-house 0.51 0.78 1.27 1.8 1200
BZCY(54)g2 In-house  0.41 0.65 1.12 1.9 1300
NiO 0.50 0.70 1.10 2.4 N/A




Fig. 1(a). shows the X-ray diffraction patterns obtained at room temperature for SZCY541 and the
composite NiO-SZCY 541 powders, respectively. Indexing the patterns reveals that all the powders
exhibit pure phases with minor impurities in agreement with previously reported data[9,23]. The
diffraction patterns obtained on the SZCY 541 electrolyte-based half-cell before and after sintering are

presented in Fig. 1(b).
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Fig. 1. (a) Room-temperature X-ray diffraction patterns of the as-prepared SrZrosCe0.4Y0.103-5 power
and NiO- SrZro5Ce04Y0.103.5 anode composite (b) Room-temperature X-ray diffraction patterns of

SrZro.5Ce0.4Y0.103-5 based green half-cell and the half-cell after sintering at 1300°C.

As observed, only diffraction peaks corresponding to the perovskite-structured SZCY 541 electrolyte
are detected as indexed by un-doped SrCeOs (CSD; 154927 ICSD) with no undesirable secondary
phases. Furthermore, it is worth mentioning that no SrO island nor SrCeOz3-based phases can be seen
by inspecting the SZCY541 top layer, even though Sr evaporation is remarkable at high

temperatures[32].

3.2 Tape casting and characterization

The anode-supported NiO-SZCY 541 and SZCY541electrolyte layers of the half-cell assemblies are
fabricated using inverse/sequential tape casting[12,14,30]. Inverse tape casting presents an attractive,

scalable, industrially established technology for manufacturing low-cost, large-scale ceramic
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components with precisely controlled surface flatness. The approach requires optimally formulated
ceramic slurries|[14]. Half-cells were fabricated sequentially after proper layer slurries optimization. A
detailed description are shown elsewhere[12,14,30]. First, a dense thin electrolyte SZCY 541 layer with
a solid loading of 25 vol. % was cast on a polymer foil, using an 80 um doctor blade gap, and dried for
about 6 h at room temperature. After which, the functional and substrate layers were cast successively
on the electrolyte. With a drying interval of a few hours in between. We noted that pinholes and other
defects are prone to appear on the electrolyte layer if the underlying sheet is not adequately dried and
a subsequent layer is cast on top.

After casting, the green tapes were cut into 65 x 65 mm? and 130 x 130 mm? using a scalpel blade for
subsequent characterization. Flat, 50 x 50 mm? and 100 x 100 mm? planar half-cells, in the end, fired
state were routinely obtained via this procedure. Table 2 summarizes the adjusted processing

parameters during the fabrication process.

Table 2. Adjusted processing parameter during fabrication of half-cell

Casting speed Ny Green thickness End-fired
Layer Blade gap [um] [mm/s] Drying time [h] [um] thickness [m]
SZCY541 XTG 100 5 6 25 20
SZCY541 EL 80 5 6 19 ~16
SZCY541 FL 45 10 5 12 ~10
SZCY541 Asub 1200 2.5 10 ~505 ~400

XTG=specimen for TG analysis, EL=electrolyte, FL=functional layer, Asub= Anode substrate layer

Given that the as-fabricated half-cells contain many organic additives, co-sintering of such layers
generally requires an appropriate de-binding and sintering temperature program to avoid creating and
propagating defects. Therefore, correctly understanding the organic additive's thermal behavior is
essential to minimize undesirable defects such as cracks, or warpage, occurring during sintering. Fig.
2 presents TG/DTA curves for the SZCY541 electrolyte single layer. The curve shows two distinct
mass changes corresponding to a total mass loss of 13.4 wt %. The initial significant mass change of

12.48 wt % recorded at ~172 to 302.8 °C is associated with an intensive release of the organic additives.
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These temperature ranges also correspond with reported regimes for PEG-400, and PVB-98 burnout
in green tapes, respectively[14,31]. Therefore, a low heating rate (0.5K min-1) within this temperature
region was necessary to ensure a sufficiently slow release of all the tapes' organic constituents to

provide defect-free ceramic layers.
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Fig. 2. Thermogravimetric measurement of SrZrosCeosY0.1035 electrolyte green tapes in air,
highlighting the decomposition behavior of organic additives with a heating rate of 0.5K min

To further comprehend the evolved residual components during thermal decomposition, TG/DTA-MS
analyses were also carried out on the NiO-SZCY 541 single anode layer, as presented in Fig 4. A similar
burnout characteristic with a significant mass decrease caused by the decomposition of the binder and
the other additives was observed. The DTA curve shows three major endothermic peaks trenching to
189.8, 306.1, 330.7, and 408.5 °C. The first three peaks mirror the M.S. spectra at m/z = 17, 18, 26, 27,
and 44 ion fragments. The m/z = 17, 18 are the characteristic values for the release of H>O. Similarly,
the m/z 44 (COy") curve is indicative of the release of CO,. A sintering profile for the half-cells was
thus formulated with a holding stage at 300 and 600 °C for 30 minutes to sufficiently burn out the

additives.
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Fig. 3. Thermogravimetric mass spectrometric coupled analyses of NiO- SrZro5Ceo.4Y0.103-5 substrate

with the total ion current plot of the evolved residues.

3.3 Sinterability of the half-cell and microstructure

Co-sintering of multi-layered half-cells is often challenging since the properties of the individual layers
are inevitably affected by stresses due to shrinkage mismatch and the difference in sintering kinetics.
The thermal behavior of SZCY541 and NiO-SZCY541 electrode assembly was further investigated
using optical dilatometry. The sequence of shape evolution and bending behavior were observed using
a charge-coupled device (CCD) camera during sintering of the half-cells. No apparent mismatch in
sintering kinetic occurred on the SZCY541 and NiO-SZCYS541 electrode assembly. Both layers
showed a similar sintering behavior, which was beneficial to half-cell microstructure in the end-fired
state. Suitably dense and gas-tight SZCY541 layers were routinely obtained after co-sintering round
shape half-cells with @ 28 mm diameter at 1300 °C for 5 hours. The observed sintering evolution
behavior was also reproduced with the planar-type half-cell configuration (65 x 65 mm x 0.530 mm).

The half-cell remained flat after sintering without cambers or warping, an observation that contrasts
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the edge warpage demonstrated by the 50 x50 mm? planar type BZCY(54)s92 based half-cells
previously reported[ 14]. The leak rate test of the half-cells with helium showed excellent gas tightness
for both the flat 22 mm diameter and 50 x 50 mm? planar type SZCY541 electrolyte-based half-cells.
An average leak rate of 6.83 x 10°° hPa dm?® (s cm?)™! after sintering at 1350 °C/5h was obtained for
the 50 x 50 mm? half-cells. This value is comparable and well within the threshold for high-quality
reported SOFC gas-tight electrolytes[8,14]. Fig. 4 (a) presents the temperature program applied for 50
x 50 mm? SZCY541 planar half-cells sintering, whereas Fig. 4(b) depicts an image of a typical

complete single cell.
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Fig. 4. (a) Temperature program applied for the 50 x 50 mm? SZCY541 planar half-cells sintering (b)
Typical complete NiO- SrZrosCeo.4Y0.103-5 |SrZrosCeo.4Y0.103-5|BaCoo.4Fe0.4Zr0.1Y0.103-5 cell used for

fuel cell evaluation with the positions of voltage probes and current pick-up point.

As depicted in Table 2 above, the fabrication process produces a ~ 470 um-thick electrolyte-electrode
assembly with a 400um thick anode support, ~16 um-thick electrolyte, and ~50 um-thick cathode. Fig.
5 shows the fractured cross-section and the morphology of the complete cell. As observed, the entire

cell shows a well-organized, tri-layered structure without visible deformation, delamination, or cracks.
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Fig. 5. (a) Typical microstructures of a half-cell in the final sintered state before reduction. (b) Scanning
electron micrograph of the fracture cross-section of a typical complete cell showing the respective

layers.

In addition, the NiO-SZCY541 layer adheres well to the SZCY541 layer forming an excellent
percolating network, which should, in principle, lead to more triple-phase boundaries and thus enhance
the anodic reaction. Finally, it is worth pointing out that there is no visible systematic contamination
of the SZCY541 electrolyte layer by yttrium-rich secondary phase precipitates or strontium nickel

oxides species.

3.4 Single-cell performance evaluation

The performance of the single-cells was evaluated at 600 °C first to identify all performance-related
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polarization processes. Fig. 6 (a) shows a typical -V curve and the corresponding power density of
the test cell (NiO-SZCY541 |[SZCY541| BCFZY) under a supply of humidified Hz (5%H20) to the

anode and air to the cathode with flow rates of 250 mL/min and an operating temperature of 600 °C.
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Fig. 6 (a) Typical I/V-characteristics of a single cell (NiO-SZCY541 |[SZCY541| BCFZY) at 600 ° C.

An open-circuit voltage of about 1.18 V is achieved on the main current pick-up point (working
electrode as depicted in Fig.4(b). The two other voltage probes register 1.17 V, verifying that the
electrolyte layer was dense enough to ensure gas tightness. The peak power density reached 172 mW
cm 2 at 600 °C. Fig.7 shows a typical impedance spectrum measured at open circuit conditions that

resolves ohmic Ra and polarization Ryo contributions to the cell's internal resistance. The electrolytes'
ohmic resistance under OCV conditions was 0.89 Qcm? at 600 °C, higher than that reported for the Y-

doped Ba(Zr, Ce)O3 perovskite-type oxides[7] because of the lower conductivity of the present

SZCY541 electrolyte and its thickness.

Furthermore, as shown in Fig. 7 (b) below, the electrodes' polarization resistance dominates the total
cell resistance. Hence, further reduction of the electrolyte thickness and improvement in the electrodes

should boost the cell performance. The temperature dependencies of the former values correspond to
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an Arrhenius behavior, exhibiting activation energies of 0.57 and 1.17 eV, respectively, for the

temperature range between 450 and 650 °C.
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Fig. 7 Impedance spectrum resolving ohmic and polarization resistance of the cell (a) and temperature

dependency of ohmic and polarization resistance (450 to 650 °C).

Impedance spectra were measured for different variations of fuel and oxidant composition. The
subsequent analysis of the spectra data by the distribution of relaxation times (DRT) represents a
powerful approach to unfold electrochemical processes in solid oxide cells. Figure 8 displays the DRTs
for operating parameter variations described in ref.[29]. From the temperature variation (fig.8(a)), it is
evident that all DRT-peaks are temperature dependent, showing a thermally activated behavior. This
implies none of the peaks is solely related to a gas diffusion process. The gas diffusion in the substrate
and the cathode are covered by other, thermally activated processes, and more elaborate
procedures[33]are required to resolve and quantify them. Fig.8(b) reveals a strong impact of the
oxidant composition on several peaks in the DRT. This suggests that the cathode is (i) responsible for
a significant part of the polarization resistance, and (ii) its electrochemical behavior is describable by

a transmission line model exhibiting several peaks in the DRT[28,29,34].
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Fig. 8 DRTs of spectra measured during different operating parameter variations, (a) Temperature

variation (b) the oxygen content in the oxidant, (c) hydrogen content in the fuel (d) steam content in
the fuel are varied.
The hydrogen content in the fuel (Fig.8(c)) seems to impact the polarization resistance. Only minor
changes are observable in the investigated range for 40 to 80% hydrogen, whereas an additional peak
at 700 mHz appears at 20% hydrogen. The steam content in the fuel, which commonly shows a
dominant impact on the anode polarization of state-of-the-art SOFCs with zirconia-based electrolytes,
shows nearly no effect for the investigated PCC. This has to be attributed to the fact that the steam at
the anode is not involved in the electrochemical reaction and thus behaves similar to an inert gas as
nitrogen (here, it has to be considered that pH>O + pN» = const.).

Further analysis of the electrochemical processes in the investigated PCC, including equivalent circuit
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model development and model-based quantification of the losses, would require more additional

experiments and will not be part of this contribution.

4. Conclusion

In summary, this paper presents the fabrication of a 50 x 50 mm? planar type SrZro.sCeo4Y0.103-5 based
ceramic fuel-cell using a scalable and industrially established inverse tape casting route. The
processing parameters of the half-cell were analyzed and adjusted to obtain defect-free single cells of
dimension up to 100 x 100 mm x 0.5 mm with diminished warping. The smooth bi-layered green tapes
produced yielded suitably dense and gas-tight electrolyte layers after co-sintering at 1300 and 1350
°C/5h for 22 mm diameter-based cells and the 50 x 50 mm? planar-type configuration, respectively.
Furthermore, an open-circuit voltage of about 1.18 V is achieved, verifying that the electrolyte layer
was dense enough to ensure gas tightness. Although not high, the peak power density reached 170 mW
cm 2 at 600 °C and can be improved further by reducing the electrolyte thickness and improving the
cathode microstructure. Finally, DRT calculations and analysis allowed us to identify the cathode
responsible for a significant part of the polarization resistance in the cell. Future work will focus on
cells' characterization with an active area of 16 cm? and developing strategies to mitigate electronic

current leakages in PCFCs.
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