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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Electrochemical devices based on proton conducting ceramic oxides have shown a high potential for conversion
processes at intermediate temperatures. In these cells, perovskite ceramics like BaZrg;Cep2Y(.103.5 (BZCY),

Keywords: which are based on the solid solution of BaZrO3 and BaCeO3 doped with Y, have proven to be a good compromise

Cold sintering between chemical stability and proton conductivity. However, the refractory nature of this material system re-

Protonic ceramics
BZCY

Sintering

Solid oxide cell

quires high sintering temperatures to enable dense ceramic membrane layers. Recently, a novel processing route,
which applies the cold sintering process (CSP) as a pre-densification step has been developed allowing to lower
the sintering temperatures while maintaining excellent electrochemical properties. In this study, we further
improved this method by implementing a BZCY/NiO support layer for BZCY. After final thermal treatment under
reducing conditions, a dense BZCY membrane supported by a porous BZCY/Ni electrode support resulted. We
show that using powder processing techniques, it is possible to sinter thick layered structures, consisting of an
almost dense, phase pure perovskite BZCY layer and a porous BZCY/NiO layer. Furthermore, the NiO phase was
successfully reduced to Ni by an additional thermal treatment at 900 °C in Ar/Hz_ The focus of this study was to
generally prove the feasibility of applying co-cold sintering for the processing of layered ceramic architectures,
which can be used - after further optimization of the processing — as electrode supported fuel or electrolysis cells.

1. Introduction H,0+V;+ 0, — 20H,,

The major drawback of chemically stable Zr-rich compositions of
BZCY is their refractory nature, which requires very high sintering
temperatures around 1600 °C. Two measures are usually applied to
improve the sintering behavior. On the one hand, transition metal oxides
(e.g., NiO) are added as sintering aids. On the other hand, the desired
BZCY phase is formed in situ during sintering, also known as solid state
reactive sintering (SSRS). The combination of both measures decreases
the overall processing temperatures to around 1500 °C [14-18]. How-
ever, the use of sintering aids is often coupled with performance losses
caused by a decreased proton uptake capability due to lower effective
acceptor concentrations [19,20]. Regardless of these recent improve-
ments, the high processing temperatures of BaZrO3 based proton con-
ductors remains a major obstacle, motivating the development of new
processing routes to reduce the overall sintering temperatures [21].

Protonic ceramics based on barium zirconate have a large potential
for future energy conversion systems due to their reversible and robust
performance at intermediate temperatures [1]. Recent developments
have shown this potential for fuel and electrolyser cells [2-6] and
membrane reactors [7-10]. Currently, most of high-performance proton
conductors are based on a BaZrO3 and BaCeOs solid solutions, addi-
tionally adding Y as an acceptor dopant (BZCY) for generating oxygen
vacancies. This class of materials yields good proton conductivity as well
as high chemical stability against CO2 [11]. The implementation of
oxygen vacancies is necessary to facilitate proton conduction through
proton hopping by the Grotthuss mechanism. Therefore, atmospheric
water has to be dissociated into oxygen vacancies following equation (1)
[12,13].
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A promising approach to lower the maximal processing temperatures
of ceramic materials are innovative sintering techniques like the cold
sintering process (CSP). In 2016, CSP was introduced by Randall et al. as
a pressure and liquid assisted sintering technique, enabling almost full
densification of a multitude of ceramic materials at significantly reduced
sintering temperatures, usually below 400 °C [22]. Cold sintering makes
it possible to combine materials that cannot be processed using con-
ventional methods, like metals/ceramics and polymers/ceramics. This
allowed to develop a novel processing route, called cold sintered co-fired
ceramics (CSCC), which is mostly applied for multilayer capacitors [23,
24].

Several mechanisms for the densification at such low temperatures
are under discussion including a combination of pressure induced so-
lution and re-precipitation at the particle surfaces [25,26] as well as
plastic flow [27]. Even though some general observations have been
described in literature, the cold sintering ability is very material specific.
Recently, several authors achieved promising results when applying
cold sintering for the densification of Y doped BaZrO3 (BZY) [28,29], as
well as different BZCY based ceramics [30-33].

To improve the electrochemical performance of ion conducting
membranes, an obvious approach is to decrease the membrane thick-
ness. To maintain sufficient mechanical stability, supporting the mem-
brane by one of the electrodes resulting in a bi-layered cell architecture
is an established solution in many electrochemical devices. In the pre-
sent work, we adapted this concept for the manufacturing of an elec-
trode supported proton conducting cell (PCC) aiming at demonstrating
the processing of a dense BZCY membrane supported by a porous BZCY/
Ni support at significantly reduced processing temperatures by taking
advantage from the co-cold sintering of both layers as first processing
step. Based on the achievements of our former studies [28,30,31],
co-cold sintering of the BZCY and a BZCY/NiO layers was done at 350 °C
using a uniaxial pressure of 400 MPa and deionized water as a sintering
aid. Thermal post-treatment at 1300 °C in air as well as an additional
treatment at 900 °C in Ar/H; to reduce NiO to metallic Ni have been
conducted successfully on this structure proving the viability of co-cold
sintering for the processing of layered protonic BZCY architectures. The
focus of the present work was a fundamental feasibility study of this new
processing method. Due to the still not optimized thickness of the BZCY
membrane, electrochemical characterization of the layered cell archi-
tecture was out of scope and will be part of our future work.

2. Experimental methods

Ceramic powder with a nominal composition of BaZry7Ce 2Y0.103-5
was used as starting material. The powder processing is based on a
mixed oxide route which is optimized for pressure-less solid-state
reactive sintering (SSRS) and therefore still contains 0.5 wt% NiO as a
sintering aid [34]. The powder precursors (BaCOs, Y203, ZrO,, and CeO,
(Sigma Aldrich, Germany) were dried, mixed, and pre-calcined at
1100 °C for 1 h. Afterward, NiO (Sigma Aldrich, Germany) was added as
sintering aid, and the powders were wet milled for 24 h in isopropanol
using zirconia ball and jar. For improving the cold sintering ability of the
powder mixture, an additional calcination step at 1300 °C for 5 h was
introduced [31]. After calcination, the powder was crushed and milled
in ethanol for 30 min at 400 min~! using a planetary ball mill (Retsch
PM-400, Germany). Milling was done in a ZrO milling jar adding 3 mm
ZrOo balls. Finally, the calcined powders were dried at 80 °C for 24 h in
air and sieved through a 100 pm sieve to remove larger agglomerates.
The starting powder had an average particle size (dsp) of 600 nm and
was softly agglomerated. The particle size distribution of the applied
powder was determined using a LA950 laser granulometer (Horiba,
Japan). The powders were measured in ethanol after 5 min of ultrasonic
treatment.

All cold sintering experiments are carried out in a field-assisted
sintering technology/spark plasma sintering machine (FAST/SPS, FCT
Systeme HP-D5, Germany) using a metallic TZM die set-up (TZM = Mo-
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based alloy from Plansee SE, Austria) with a diameter of 12 mm. The
inner surfaces of the pressing mold as well as the punches are covered
with a thin graphite foil (d = 0,38 mm, Mersen, Germany) to facilitate
sample removal after densification. In this study, a 50/50 wt% mixture
of BZCY and NiO are used for the support layer 1.5 g of this powder
mixture (corresponding to a layer thickness of 2 mm) were filled in the
die. Then, 0.5 g of pure BZCY powder (estimated layer thickness of 700
pm) was placed on the top of support layer: Afterward, both layers were
pre-compacted together with a pressure of 50 MPa. Then, 5 wt%
deionized water was homogeneously added to the composite green body
using a micropipette (Eppendorf, Germany). The bi-layered structure
was densified at a sintering temperature of 350 °C, applying a uniaxial
pressure of 400 MPa, a heating rate of 20 K/min, and a dwell time of 5
min. The temperature was monitored using a K-type thermocouple that
is inserted into a hole in the TZM die. After cold sintering, all samples
were subjected to thermal post-treatment (TPT) at 1300 °C for 10 h in air
to reform the perovskite phase as described elsewhere [31,32]. Finally,
the layered structure was thermally treated at 900 °C for 2h in reducing
Ar/H, atmosphere to form a porous BZCY/Ni cermet composite layer.
The porosity is formed due to the volume decrease related to the
reduction of NiO to metallic Ni. The phase composition of the cold
sintered bi-layered structure, the TPT samples and the reduced half-cell
was measured by X-ray diffraction (XRD, Brucker D4 Endeavor, USA).
Additionally, scanning electron microscopy (SEM) was applied to
investigate the microstructure of the sintered samples in all three states
of processing. Due to the water sensitivity and the submicron structure
of cold sintered samples, fracture surfaces were characterized using a
Zeiss Ultra 55 SEM (Zeiss, Germany). All other samples were embedded,
metallographically polished and characterized using a FEI Phenom
tabletop SEM (FEL, USA).

3. Results and discussion

In the following, the microstructural change of both layers after each
processing step will be discussed. Firstly, Fig. la gives a schematic
representation of the processing route described in this study. It consists
of three major steps: (1, 2) powder wetting and cold sintering, (3)
thermal post-treatment and (4) NiO reduction treatment. Details on the
densification during cold sintering are given in Fig. 1b. The relative
displacement during cold sintering as well as the chamber gas pressure
are plotted over the sintering temperature. As the cold sintering exper-
iment is conducted inside a FAST/SPS chamber in vacuum, an increase
in chamber pressure can directly be associated to the evaporation of the
liquid sintering aid. It is clearly observable that the water evaporation
during the heating phase is coupled to the densification curve. The
displacement curve is reaching a plateau when exceeding 250 °C,
directly after the evaporation starts to decrease. After achieving the
maximum cold sintering temperature of 350 °C, the bi-layered half-cell
has reached its highest level of densification. After the dwell time, the
temperature and pressure decrease lead to an elastic expansion of the
tool setup and the sample, that can be observed as a decrease in relative
displacement. As already analyzed and discussed in our previous studies
[31,32], the cold sintering of BZCY under high mechanical pressure at
such low temperatures is based on a pressure-assisted solution and
re-precipitation mechanism, which is triggered by a partial decompo-
sition of the Ce-rich BZCY phase. The microstructure after cold sintering
at the interface between the BZCY/NiO support and the BZCY top layer
is shown in Fig. 1c and d. The fracture surface indicates a good
connection between both layers. The BZCY phase (indicated by the
bright colored particles) reveals an extremely fine microstructure that
did not show significant grain growth during the cold sintering process.
The larger NiO particles are well-embedded in the BZCY/NiO support
layer and seem to be less affected by the cold sintering process.

Even though densification could be achieved at low temperatures,
the decomposition of the Ce-rich BZCY component — as expected from
our former studies [30,31] — can be observed in XRD diffractograms
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Fig. 1. Processing scheme and microstructure of the layered half-cell after cold sintering at 350 °C. (a) Schematic representation of the processing route: (1)
Powder mixture with deionized water, (2) cold sintering process inside the FAST/SPS pressing tool, (3) Thermal post-treatment in air, (4) Reduction treatment in Ar/
Ha (b) Relative displacement (green curve), sintering temperature (red curve) and SPS chamber pressure (blue curve) visualizing the water evaporation curve during
cold sintering (c, d) SEM images of the fracture surface at the interface between the BZCY/NiO and BZCY layers. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Phase composition of the layered half-cell. (a) XRD diffractograms of both layers after cold sintering at 350 °C under 400 MPa for 5 min using deionized

water. (b) XRD diffractograms of both layers after the TPT (1300 °C, 10 h, air).

(Fig. 2a). The formation of BaCO3 as well as CeOy as decomposition
products is especially pronounced in the BZCY layer (black diffracto-
gram). On the composite electrode side, the XRD peaks of these side
phases are less pronounced, possibly induced by the overall lower
amount of BZCY (50 wt%) in this layer. The solution processes that
activate the cold sintering are not expected to be affected by the addition
of NiO to the composite layer. This kind of decomposition mechanism is
on the one hand activating densification at low temperature but at the
same time it is responsible for the formation of unstable secondary
phases that prevent chemical stability in wet atmospheres [32] and
deteriorates electrochemical performance drastically. Therefore, subse-
quent TPT is inevitable for cold sintered BZCY. Again, NiO seems to be

not affected by the cold sintering process (see related peaks in the green
diffractogram). The phase composition after a TPT at 1300 °C for 10 h is
shown in Fig. 2b. All secondary phases formed during cold sintering
(marked in yellow and red in Fig. 2a) are removed during the thermal
treatment and the targeted BZCY phase is reformed. The diffractograms
show only the expected peaks indicating the presence of single-phased
BZCY and NiO.

Concerning the phase composition, the novel processing technology
can be directly transferred from single bulk samples to layered struc-
tures. The implementation of 50 wt% of NiO as a second phase in the
composite substrate layer did not interfere with the cold sintering and
the reformation of the perovskite phase during TPT. To go a step further,
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we did an additional thermal treatment of the TPT sample under
reducing conditions to form a porous BZCY/Ni metal composite sub-
strate approaching the cell architecture of an anode supported PCC. SEM
images of the microstructure at substrate-membrane interface in
different magnifications are shown in Fig. 3. The sample after TPT
(Fig. 3 a, b) shows almost dense microstructures of both layers, with only
a small amount of residual porosity (2.1 + 0.9 % estimated by image
analysis). The NiO second phase (dark grey) is well distributed, mainly
because of good distribution of the fine BZCY starting powder around
larger NiO particles. Nevertheless, the need of further improving the
mixing of both phases is obvious. More important at this stage of
development is the tight connection of both layers at the interface and
also the interconnection of both phases within the BZCY/NiO composite
is well pronounced. After the reduction treatment the composite layer
reveals the aspired increase in porosity (ca. 30% using image analysis)
enabling the gas transport if applied as PCC anode. The appearance of
porosity is mainly caused by the volume decrease resulting from
reduction of NiO to Ni metal. Even if mechanical tests are still pending,
the porous structure that formed after reduction is stable and enables
handling of the layered sample without special care. Furthermore, no
delamination of BZCY membrane layer was observed. The present work
is a general proof of concept that our novel, cold sintering-based pro-
cessing technology is suitable to produce layered ceramics approaching
the architecture of electrode supported electrochemically active cells.
However, the current kind of processing prevents the manufacturing of
thin layers with a thickness below 300 pm, which is necessarily required
to produce well-performing electrode supported PCCs competitive to the
state of the art [4,17,35,36]. Therefore, further optimization of the
process is required to reduce the current layer thickness below 20 pm to
allow an application of cold sintered samples as application-relevant
proton conducting cell, e.g. by the implementation of tape cast layers
as already demonstrated recently for YSZ/NiO-YSZ composites [37].

[BzcY ]

BZCY-Ni
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4. Conclusions

In this study, we demonstrated the potential of an additional cold
sintering step for the densification of BZCY - BZCY/NiO bi-layered
structures at clearly reduced sintering temperatures (here 1300 °C).
Our results show that it is viable to sinter a dense BZCY membrane layer
on top of a BZCY/NiO composite substrate approaching the cell archi-
tecture of an electrode supported proton conductor. Therefore, we cold
sintered the bi-layered sample in a FAST/SPS device followed by a
pressure-less thermal treatment at 1300 °C for 10h in air. A final thermal
treatment at 900 °C under reducing Ar/H, conditions enabled the
reduction of the NiO phase to metallic Ni resulting in the aspired porous
BZCY/Ni metal composite substrate. The cold sintering step, which was
conducted at 350 °C and 400 MPa using deionized water as sintering aid,
enables a densification of both layers significantly above 80 %. This
densification is mainly related to the densification of the fine grained
BZCY phase and is based on a partial dissolution of the Ce-rich BZCY
phase in the liquid sintering aid. Hereby, secondary phases (Ba(OH),,
CeO; and BaCOs3) are formed making a subsequent thermal treatment
necessary to reform the perovskite phase after cold sintering. This
reformation is a basic requirement for an application in electrochemical
devices. Furthermore, the treatment increased the stability of the sin-
tered samples against wet atmospheres, e.g., for storage under ambient
conditions. As investigated in more detail in our former works [31,32],
thermal treatments at 1300 °C are sufficient to process stable BZCY -
BZCY/NiO bi-layered structures. Furthermore, we demonstrated that is
possible to reduce the NiO in the BZCY/NiO composite substrate by a
thermal treatment in Ar/Hj resulting in a porous BZCY/Ni metal com-
posite substrate. Open porosity of the substrate is necessarily required
for electrochemical applications to ensure gas transport in the substrate.
Major drawbacks of the current kind of processing are the still high layer
thickness, as well as the small sample size making our bi-layered BZCY —
BZCY/Ni samples unsuitable for a reasonable electrochemical charac-
terization. Therefore, further improvement of the processing

Fig. 3. Microstructure of a layered BZCY-BZCY/NiO half-cell after TPT and after subsequent reduction treatment. (a, b) Overview and detail SEM images of
the interface between both layers after TPT (1300 °C, 10h, air) (c, d) Overview and detail image of the interface between both layers after a reduction treatment
(900 °C, 2h, Ar/H2). Detail 1 shows the reduced Ni metal structure and detail 2 the remaining intact BZCY network.
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technology, e.g., by implementing tape casting for the processing of thin
layers, is necessarily required to also demonstrate an electrochemical
performance competing or even exceeding the performance of conven-
tionally processed electrode supported PCCs.
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