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Protonic ceramic electrochemical cells (PCCs) are potential candidates for efficient hydrogen produc-
tion at intermediate temperature (~400-600 °C). However, their development has been limited to
the laboratory scale. Here, we report the first demonstration of large-scale tubular PCCs via ceramic
injection molding. NiO-BaCe7Zrg1Y01Ybo103.4 (BCZYYb7111) closed-end negatrode supports are
injection-molded into uniform, straight tubes with a diameter of 1.5 cm and lengths up to 17.5 cm; the
BCZYYb7111 electrolyte is then dip-coated and co-sintered. Microstructural analysis confirms homo-
geneous phase distribution, well-controlled porosity in the reduced negatrode, and a high-quality,
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dense, and crack-free electrolyte with exceptionally large grain size (~50 pm) and thicknesses between
24 and 30 pm. Under electrolysis operation, these tubes achieve current densities up to 400 mA cm™2
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1. Introduction

Protonic ceramic electrochemical cells (PCCs) are promising
technology for reversible energy storage and green hydrogen
production at intermediate temperatures (~400-600 °C)."”*
This temperature range allows for reduced stack material costs,
high flexibility for material selection, and potentially improved
stability compared to high-temperature solid oxide fuel cells.’
For hydrogen production, lowering operating temperatures
enables a total hydrogen production cost reduction. Addition-
ally, PCCs produce nominally dry hydrogen that is directly
amenable to electrochemical compression.

Despite those advantages, PCCs are new technology with a
technology readiness level (TRL) of about 4, i.e. component-
level validation in a laboratory environment.® Further achieve-
ments are essential to develop commercially viable PCC devices
capable of facilitating cost-effective hydrogen production.
Beyond laboratory-scale devices, the development of large-
scale PCCs via mass-production capable processes should be
prioritized to achieve commercialization.

When solid oxide electrochemical devices pursued large-
scale levels, other parts (sealant, bipolar plate, current collector,
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at 1.3 V and 650 °C. Stable operation for 50 hours at 250 mA cm™2 and 550 °C is also demonstrated.

e.g.) were also considered to inform stack-level scale-up
requirements.” Tubular configurations can offer advantages
compared to the planar geometry, thereby reducing stack
complexity.®® Tubular PCCs have inherent geometric benefits
such as thermal shock resistance, compressive strength, and
minimization of sealing requirements. In some cases, it is
possible to extend tubes out of the hot zone, which makes
sealing somewhat less difficult.

Several approaches have been explored to fabricate large-
scale tubular devices, such as slip casting, extrusion, phase
81911 Ceramic processing for tubular PCCs fre-
quently requires non-aqueous solvents, which involve toxic
byproducts and hazardous additives.">"® Injection molding is
an established, scalable technique that can form functional
ceramic components with complex shapes.'*** It enables quick
processing, low cost, and high yield. In a typical injection
molding process, powder is combined with an optimized
binder and injected into a mold, where the green body is
formed under high pressure and temperature conditions
(300-800 bar, and 120-200 °C).'® Green-body injection-
molded tubes have high mechanical strength and are easy to
handle without any post-drying process. Unlike other tubular
ceramic processing techniques, injection molding exhibits
lower material losses, thereby decreasing the overall cost.'”°
This technique has previously been exploited in the solid oxide
fuel cell (SOFC) field. Jardiel et al first applied injection
molding to SOFCs."” Jakub et al. investigated Ni-YSZ anode-
supported SOFC using high-pressure injection molding.*!
Although the potential of injection molding has therefore been
established for SOFCs, it has not yet been reported for PCCs.

inversion, etc.
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In this study, we demonstrate the potential of injection
molding for large-scale closed-end tubular PCC production.
NiO-BaCe ;Zry 1Y0.1Ybo.105.¢ (BCZYYb7111) negatrodes were
shaped into uniform and straight tubes via the injection mold-
ing process. The BCZYYb7111 electrolyte was then dip-coated
and co-sintered to form crack-free and dense electrolytes. We
observe well-distributed Ni (upon reduction) and BCZYYb7111
phases via scanning electron microscopy. The electrolyte thick-
ness is quite homogeneous across the length of the tube.
A newly developed high-entropy perovskite oxide was adapted
as the air-steam (ie., positrode) electrode for large-scale
(20 cm® active area) injection molded tubular PCCs. We
achieved 400 mA cm ™2 under electrolysis operating conditions
at1.3 V.

2. Experimental

The injection-molded tubes were prepared using a 40/60 com-
posite of BCZYYb7111 and NiO powders. The BCZYYb7111
powder was from Cerpotech (lot# 290912A-BCZYYb7111), and
the NiO powder from Novamet (green NiO type F, product
number 201-891-7976, lot # 20705). The powder composite
(40/60 BCZYYb7111/NiO) was ball milled with zirconia media
in acetone for 26 hours. ATS developed a proprietary binder
system suitable to injection molding 7” long x 0.6” diameter
tubes using this powder composition. The feedstock was
designed with high solid loadings (around 60%), primary
(around 25%) and secondary (around 10%) binders (for flow
and green strength functions, respectively) as well as disper-
sants (<5%) and was mixed in a small production mixer. The
feedstock is formulated to be shear thinning, ie. a lowered
viscosity is obtained at high shear forces. The tubes were
molded on a small production PIM injection molding machine.
While the mold temperature remains below 80 °C, the injection
temperature was adjusted between 150 and 200 °C, with mold-
ing pressures between 100 and 200 MPa. To avoid defects in the
molded tubes, the injection speed was kept below 30 cm” s~ .
Once the feedstock formulation and molding parameters were
optimized, high yields above 90% could be obtained. The tubes
were visually examined for cracks or defects, and for concen-
tricity. After molding, the full-length tubes were debound in air
at 310 °C. Then, they were bisque-fired at 1030 °C in air.

The BCZYYb7111 electrolyte was dip-coated on the bisque-
fired NiO-BCZYYb7111 supports using a dip-coater that was
custom fabricated in-house using aluminum framing and a
motor-actuated linear rail. A custom fixture was designed to
secure the tube to the linear rail, and the tube was interfaced to
the fixture using an Ultra-Torr fitting from Swagelok. Operation
of the linear rail was controlled through automated software.
Multiple dry runs were performed to verify the safe operation of
the system and to protect the tube. The ethanol-based dip-
coating electrolyte slurry used the same Cerpotech BCZYYb7111
powder that was used in the support. PVP was selected as a
binder and dispersant. The tubes were coated twice for 1 second
with a 10-minute drying time in between. The tubes were
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afterwards hang-fired. Holes were drilled on the upper part of
the tubes (away from the tip) and an alumina rod was used to
hold the tube. After a debindering step at 450 °C, the tubes were
sintered 6 hours at 1500 °C. The dimensions of the sintered
parts are: diameter about 0.5 inches and length between 5 and
6 inches, leading to active areas of at least 40 cm”. Fig. S1 shows
the tubes with the hanging rods after sintering.

The Bag oCso.1(Cap.2Gd.2Lag 2Prg 25T 2)COy 5Fe0506_¢ high-
entropy positrode (CsBaHEO) was synthesized via the EDTA-
citric acid complexing sol-gel route.>* Stoichiometric amounts
of Ba(NO;), (Alfa Aesar, 99%), Cs(NO;) (Alfa Aesar, 99%),
La(NO3); 6H,O (Alfa Aesar, 99.9%), Sr(NO;), (Alfa Aesar,
99%), Pr(NO;); 6 H,O (Alfa Aesar, 99%), Gd(NO;); 6 H,O (Alfa
Aesar, 99%) Co(NOj3), 6H,0 (Alfa Aesar, 98-102%), Fe(NO;),
9H,0 (Alfa Aesar, 98%), in dilute nitric acid (Sigma Aldrich)
and Y(NOs); 6 H,O (Alfa Aesar, 99.9%) were stirred in deionized
water, with ethylenediaminetetraacetic acid (EDTA) and citric
acid. The molar ratio of EDTA: citric acid : total metal ions was
1.5:1.5:1. Subsequently, ammonium hydroxide (NH; H,0) was
added to adjust the pH value to around 9, and heated on a hot
plate at 280 °C. Once a dark purple gel was formed, it was
placed in a drying oven (Thermo Fisher Scientific, UNK) at
150 °C for 24 h. The resulting black charcoal was crushed with a
mortar and pestle, then pre-calcined at 600 °C for 5 h, followed
by ball milling with isopropanol (IPA) and 3mm yttria-
stabilized zirconia (YSZ) balls for 24 h. The powder was then
dried in a heating oven at 90 °C. To improve the positrode
adhesion properties, pre-calcined air/steam electrode powder
(600 °C) was used. It was mixed with 5 wt.% V-006A in alpha
terpineol, and 20 wt. % Solsperse 28 000 in alpha terpineol as
dispersant to make the positrode paste. The paste was brush-
painted on top of the electrolyte; the active area of the positrode
was 20 cm”. It was not possible to use the entire tube for
electrochemical testing due to test stand limitations; the tested
20 cm? active area section represents only a portion of one tube.
The complete cell was fired at 900 °C for 5 h with heating and
cooling rates of 2 °C min~".

Pt paste was applied on top of the positrode, and then silver
grids were brush-painted. Silver wire was wrapped around the
positrode. For the negatrode current collection, Ni powder
(Fisher scientific, 99.9%) was mixed with binder (Heraeus
V006) to form a paste that was subsequently applied inside
the tube (as current collector) using a thin pipe cleaner. After
that, silver wire was placed on fuel electrode side. The tubes
were baked for an hour on a hot plate at 200 °C to cure all
pastes.

Tubular PCCs were mounted on alumina feed tubes (Coor-
sTek) using ceramic adhesive (Ceramabond 552-VFG) and
secured within a custom-designed tubular test stand, including
high-temperature clamshell furnace (ATS), for electrochemical-
performance testing. For electrolysis mode, the cells were
operated under dry H, at the negatrode (100 ml min~*) and
humidified synthetic air (30 vol% H,0, 600 ml min~') at the
positrode electrode. Air passed through heated lab-made bub-
bler with Nafion tube (Perma Pure) to facilitate complete water
saturation of the air. Durability testing was conducted under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Bisque-fired 7-inch-long
tubes.

injection molded NiO-BCZYYb7111

galvanostatic mode with 250 mA cm 2. Polarization scans were
measured using a power supply (B&K precision) due to the high
currents. Electrochemical impedance spectroscopy (EIS) was
performed using a Gamry Reference 5000 potentiostat. The EIS
measurements were performed at open circuit voltage using
a signal amplitude of 10 mV in the frequency range of 10° to
0.1 Hz.

Scanning electron micrographs were collected on fractured
cross sections of a bisque-fired tube as well as a bisque-fired
tube after the dip coating process (and before sintering) using a
FEI Quanta 6001 Environmental Scanning Electron Microscope
(ESEM). A support tube (NiO-BCZYYb7111) was sintered
without an electrolyte to study its morphology. Polished and
fractured cross sections were studied using a FEI Quanta
6001 ESEM. Part of this tube was also reduced (24 hours at
600 °C, in 3% H,/argon) and its microstructure was studied as
well. Additionally, three cross sections of a sintered NiO-
BCZYYb7111//BCZYYb7111 tube were cut at different locations,
one at the top, one in the middle and one towards the bottom
of the tube. The cross sections were set in epoxy and polished.
After gold coating, secondary and back-scattered micrographs
were collected (FEI Quanta 6001 ESEM) to determine the thick-
ness variation along the length of the tubes. Micrographs
of the surface of the electrolyte were also taken. Lastly, cross-
micrographs were also collected on the complete NiO-
BCZYYb7111//BCZYYb7111//CsBaHEO cells, using an FEI Nova
NanoSEM. Micrographs were collected on a tube both before
and after testing.

3. Results and discussion

Examples of injection molded tubes before and after bisque-
firing are shown in Fig. S2 and Fig. 1, respectively. Circular,
strong, high-quality, and reproducible 7-inch-long closed-end
tubes with excellent surface finish are obtained.

Fig. 2a and b display the micrographs of polished cross-
sections of the NiO-BCZYYb and Ni-BCZYYb supports, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Micrographs of polished NiO-BCZYYb cross section. An
injection-molded tube was sintered at 1500 °C without electrolyte. (b)
Micrographs of polished Ni-BCZYYb. This cross section is from the same
tube as in Fig. 2a, but after reduction: 24 hours at 600 °C in 3% H,/argon.
Left: Secondary electrons — Right: Backscattered electrons.

10 pm

Fig. 3 Micrographs of fractured (a) NiO-BCZYYb and (b) Ni-BCZYYb-Ni.
Left: Secondary electrons — Right: Backscattered electrons.

Fig. 4 Evolution of the sintered BCZYYb7111 electrolyte thickness along
the tube.

Mater. Adv.
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50 um

Fig. 5 SEM of the surface of the sintered BCZYYb7111 electrolyte.

The left image (from SE, or secondary electron imaging mode),
provides information on the microstructure, while the right
image (from BSE, or backscattered electron imaging mode)
accentuates contrast due to composition (“z-contrast”). The
phase containing higher-z elements (BCZYYb) is white in the

View Article Online
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BSE image, while the NiO/Ni phase is grey. From the polished
cross-section images, a few pores can be observed. The NiO/Ni
grains are 3 to 10 microns, but the average grain size within the
BCZYYb phase could not be estimated.

Fig. 3a and b exemplify the micrographs of the fractured
cross-sections of the NiO-BCZYYb and Ni-BCZYYb samples,
respectively (same tube as for Fig. 2a and b but not polished).
The NiO grains exhibit a platelike microstructure, which
explains the porosity observed in the polished cross-sections.
Upon reduction, the nickel grains present the expected porous
sponge-like microstructure.

Fig. S3 and S4 display scanning electron micrographs of the
bisque-fired tube and of the dip-coated tube before sintering.
The bisque-fired NiO-BCZYYb support presents porosity (from
the organics burn out) and submicron NiO and BCZYYb grains.
It is interesting to note that the dip-coated BCZYYb layer
does not penetrate the support. The average thickness of the
dip-coated layer before sintering is 30 microns.

In the top part of Fig. 4, a full-length sintered tube is
pictured. The shrinkage upon sintering is about 17%. The three
locations where cross-sections were cut are indicated with the
red boxes. The corresponding micrographs are shown below,
with the electrolyte thickness varying from 24 microns at the
top of the tube to 30 microns towards the closed end of the
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temperatures. (c) Durability test under electrolysis mode at
positrode of large-scale tubular PCC before and after durability testing.
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(a) Current density and potential curve under 30 vol% humidified air the temperature range from 500 to 650 °C. (b) Nyquist plot at various
—250 mA cm™2

and 550 °C. (d) Cross-sectional SEM image of negatrode/electrolyte/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tube. Such variations are expected as the closed-end part of
the tube stays longer in the dip-coating slurry. This thickness
variation is within the acceptable range. Additionally, the
reproducibility of this dip-coating process was confirmed as
the thickness of the dip-coated layer on several tubes was in the
same range: 24 to 31 microns (Fig. S5).

The surface of the electrolyte, Fig. 5, confirms that a well-
sintered membrane with large grains (around 50 microns) was
obtained after co-sintering the electrolyte onto the bisque-fired
injection molded tubes.

The injection molded tube was tested in electrolysis mode
under 30 vol% of humidified synthetic air at the positrode and
hydrogen at the negatrode. The I-V performance and electro-
chemical impedance spectroscopy (EIS) under OCV were eval-
uated at temperatures ranging from 500 to 650 °C (Fig. 6a and
b). Current densities of 180, 275, 325, and 400 mA cm™ 2 were
obtained at thermoneutral voltage at 500, 550, 600, and 650 °C,
respectively. OCV values above 1 V across the tested tempera-
ture range confirm the gas-tightness of the electrolyte.

The ohmic resistance (electrolyte and contact resistances)
and polarization resistances (related to the electrodes) can be
extracted from the Nyquist plots in Fig. 6b. Ohmic resistances
are 0.77, 0.63, 0.46, and 0.35 Q cm? and polarization resistances
are 4.08, 1.68, 0.74, and 0.31 Q cm? at 500, 550, 600, and 650 °C,
respectively. As expected, both resistances decrease with
increasing temperature. An example of DRT for the spectrum
collected at 600 °C is given in Fig. S6, highlighting the higher
contribution of the positrode (low frequency) to the total
polarization resistance compared to the negatrode (high
frequency).

Short-term durability testing under electrolysis mode was con-
ducted at 550 °C. Under galvanostatic operation at 250 mA cm 2,
the cell potential increases by 0.002 V (0.16%) from 1.251 to
1.253 V over 50 hours. EIS spectra before and after testing are
shown in Fig. S7, together with the corresponding DRTs: the
major polarization increase happens at low frequencies, corres-
ponding to what is generally associated to be positrode-related
contributions to the polarization resistance. A potential explana-
tion for these positrode-focused degradation losses could be
electrochemically-driven microstructural evolution processes
(e.g. such as agglomeration) within the positrode.”

The cross-sectional SEM of the complete cell before vs. after
testing is shown Fig. 6d, with the dense electrolyte sandwiched
between the porous Ni-BCZYYb negatrode (sponge-like micro-
structure) and the high-entropy double perovskite oxide porous
positrode.

4. Conclusions

Large-scale closed-end tubular PCCs were successfully fabri-
cated using injection molded closed-end tubular supports,
demonstrating a scalable manufacturing route for PCCs. NiO-
BCZYYb7111 negatrode supports were formed by injection
molding. A uniform electrolyte layer (BCZYYb7111) was dip-
coated on the large-scale negatrode supports and co-sintered,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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resulting in a highly dense electrolyte film with exceptionally
large grain size (~50 pum). Microstructural analysis demon-
strated a well-distributed co-percolating phase network with
interconnected porous Ni particles after reduction. Addition-
ally, the electrolyte thickness was observed to vary between 24
and 30 microns, attributed to differences in the exposure time
to the dip-coating solution along the length of the tube. High-
entropy double perovskite oxide (BagoCs.1(Cap,Gdg,Lag.,-
Pr ,Sr.5)Co4 5Feo 5064 (CsBaHEO)) was applied as positrode
over a 20 cm” active area. The tubular PCC yielded an electro-
lysis current density of 400 mA cm > at 1.3 V and 650 °C. Stable
operation at 250 mA cm ™ for 50 hours further demonstrates
the potential of this approach. These results, the first for
injection-molded PCC tubes, confirm that injection molding
is a promising pathway toward scalable, high-performance PCC
devices. Further development will focus on decreasing electro-
Iyte thickness and testing different positrode materials.
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