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ABSTRACT

A key issue in the steam electrode development for Proton-conducting Ceramic Electrolysis Cells (PCECs) is the
required contact with the electrolyte material as well as thermo-chemical compatibility during cell processing
and operation. This study focuses on BaCo, 4Fe, 4Zr, ,0;_s (BCFZ442) as a potential steam electrode material
paired with the state-of-the-art proton conductor BaZr,,Ce, ,Y,;0;_s (BZCY721). The objectives are to identify
an optimal material composition amongst several compositional variations and to define its corresponding
fabrication conditions for achieving suitable electrodes compatibility, adhesion and performance for further
translation into the cell fabrication process. Therefore, we tested 90:10, 70:30 and 50:50 BCFZ442:BZCY721
composites which were heat-treated in the temperature of 800-1200 °C. The phase evolution accompanied
by thermal and microstructural analyses and in addition to electrical and mechanical characterization yielded
interesting results. Extensive analysis indicate compositional, functional and fabrication optimum in the steam

electrode development of PCECs.

1. Introduction

The world’s population, economy, and urbanization are expanding
rapidly, increasing the energy demand. At the same time, the con-
tribution of renewable energy is also growing and expected to rise
globally from 30% in 2023 to 37% in 2026, with the growth largely
supported by the expansion of solar and wind [1]. However, solar and
wind energy is location- and weather-dependent, which creates inter-
mittency in the energy supply. Thus, reliable and affordable large-scale
electricity storage methods are needed [2,3]. Converting electricity
to fuels/chemicals, specifically H, by electrolysis is an elegant way
to store large-scale electricity compared to battery-based storage sys-
tems [3,4]. Among the different types of electrolysis technologies, Solid

Oxide Cell (SOC) steam electrolysis offers the highest energy efficien-
cies for Hy production, i.e., > 95% if operated thermoneutrally [5].
Additionally, SOECs are considered capable of electrolysis of CO, and
co-electrolysis of CO, and H,O, which is a promising approach to
the production of syngas or further chemicals, and generally for CO,
utilization [3,6,7].

Amongst the high-temperature SOECs technology, a new class of
electrolyzers based on proton-conducting ceramic materials has at-
tracted much attention in recent years. Proton ceramic electrolysis cells
(PCECs) indeed possess some unique merits over oxygen-conducting
electrolysis cells, such as the purity of H, produced without the neces-
sity of an additional H,/H,0 + O, separation step to be introduced
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to the system periphery, as well as moderately elevated operating
temperature (400-600 °C) resulting from the thermodynamic nature
of the mobile charge carriers (protons) in PCECs.

PCECs are typically based on the B-site substituted BaZrO;-BaCeO5
(BZCQ) solid solutions as electrolyte, BZC:Ni-based cermets [8,9] as H,
electrode, and Co-, Fe-, Mn-, Pr-rich perovskites serving as steam elec-
trode [10-12]. Research and development activities are usually aimed
at overcoming issues related to the cell performance, durability [10,13]
and scalability. These materials- and cell-related aspects will be briefly
considered in the next few paragraphs as they play an essential role in
the conceptualization of the present work.

Solid electrolyte: BaZry,Cey Yo 10;5_s (BZCY721) is a state-of-the-
art proton conductor, commonly used as solid electrolyte in the PCC
cell design, which composition is the trade-off between the thermo-
chemical stability, acceptor dopant solubility at elevated temperatures
and the overall performance of the Y-substituted BaZrO; and BaCeO5
classes of materials. By introduction of Y,O5 to the composition, Y>*
is substituted for the tetravalent Zr and Ce in the pristine lattice thus
facilitating the formation of oxygen vacancies being necessary for the
proton uptake of the material [14-18]. There are a number of review
papers that exist in the literature that outline the multifaceted compo-
sitional variation based on Zr/Ce ratio for various applications [9,13,
19-23].

Steam electrode: Over the past decade, various studies have been
performed on definition and testing of new air/steam electrode ma-
terials for PCC fuel/electrolysis cells. Some examples include simple
perovskite-type oxides such as Smg 5Sry 5C00;_5 (SSC) [24], La,_,Sr,
Co,_,Fe,05;_; (LSCF) [25,26], Bag5Sry5C0ggFey205_5 (BSCF) [25],
PrBag 5Sr) 5Co,_,Fe Os,s [27], SmBag5Sry5C0,05,5 [28], La,, Ni,
0;3,,1 (@=1,2,3)[29], GdBaCo,05, 5 [30], Lng 4Srg ¢Coq gFeg 205_;
(Ln = La, Pr, Nd, Sm and Gd) [31], BaCej 4Pr 4Y(20;_5 [32], Lay 7Srg 3
FeO;_s [33], and Bay5Srg5Zng oFeyg05_s [34], Smg5Sry sFepgCug o
O;_;s [35]. Furthermore, the mentioned materials are not suitable for
air electrodes with state-of-the-art proton conductors due to thermal
expansion mismatch, instability in CO, and H,O atmospheres, inconsis-
tent electrochemical performance, and high material cost [36], restrict-
ing the scalability of PCECs. For example, La ¢,Srg 49C0¢.20F€0.8003_s
(LSCF), a widely studied SOFC air electrode material, has been in-
vestigated for PCEC air electrode [37,38]. However, reports indicate
significant degradation for LSCF exposed to O,—-CO, (2.83%)-H,O
(2.64%) at 600 °C. This degradation is attributed to the formation of
SrCO; on the surface, hindering oxygen activation and surface diffu-
sion [3,39]. Similarly, Bag 5,Sr 50C0¢.goFep.2003_s (BSCF) decomposes
upon exposure to 75% H,O-air at 426 K, rendering it unsuitable for
H-SOEC air electrodes [26]. A crucial distinction here is that these ma-
terials were originally developed for oxygen-ion conducting cells [40-
42] and directly applied in H-SOECs without considering the distinct
interfacial reactions occurring with proton-conducting electrolytes.

Steam electrode reaction mechanism [43] in PCECs is distinct from
that observed in SOECs/SOFCs, where oxygen ions have to also diffuse
to the TPB area (TPB: triple-phase boundary defined as the critical
junctions where the electronic conductor, the ionic conductor, and the
gas phase converge). The air electrode materials used for SOECs/SOFCs
cannot be directly used for PCECs because these materials only show
good electronic and oxygen-ion conductivities with no protonic path-
way, which is necessary for the whole air electrode reaction of PCECs.
Furthermore, reaction sites are only restricted to the interface between
the air electrode materials and the electrolyte layer, as shown in the
graphical abstract figure. To extend the reaction sites, a rational ap-
proach is to make a composite air electrode material by mixing a proton
conductor with an electronic or electronic/oxygen-ion mixed conduc-
tor [43]. Composite air electrode materials that incorporate a proton
conductor with an electronic conductor (such as BaCe 5Bij 50;5_56 [44]
BaCe( gYby;0;_56 [45] and BaCeyg_,Pr,O;_s6 [46]) offer a strategy
to boost the reaction through extending the reaction sites. However,
the poor chemical stability of BaCeO3-based materials in the water-rich
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environments of PCECs poses a challenge. Consequently, compositions
containing essential Zr content are being considered as more stable
material candidates.

Limitation in the PCEC cell performance caused by the steam electrode—
electrolyte interface: Issues in steam electrode development are related
not only to the material selection, often including use of high costly
elements, but also to the reduced performance due to, amongst others,
polarization resistance, usually caused by not optimal contact to the
electrolyte layer in the cell configuration.

To overcome contact resistance limitation of the PCEC, we will focus
in the present work on designing steam electrode formulations with im-
proved performance and compatibility to the BZCY721 electrolyte. For
this purpose, Co and Fe rich BaZrO; (BCFZ442) was selected as steam
electrode material. BaCoq 4Feq 4Zrg ,0;_s (BCFZ442) exhibits promis-
ing characteristics for long-term applications due to its mixed ionic—
electronic conductivity, stable perovskite structure with large Ba2*
cations (facilitating oxygen ion migration), and good catalytic activity
from Co/Fe valence state changes [47-52]. For instance, compared
to Lag Sr( 4Fep §C0g.205_s (LSCF), BCFZ442 demonstrates significantly
lower polarization resistance (e.g., 8.5 vs. 65 Q cm? at 500 °C, 1.6
vs 5.1 Q cm? at 600 °C), further decreasing in humid air (3.9 and
1.0 Q cm? at 500 and 600 °C, respectively) [53]. Furthermore, recent
review papers [12,53] also pointed out the promising properties of
steam electrodes based on BCFZ442 and Y-doped BCFZ442, amongst
the electrodes mentioned above.

To address the cell performance limitations caused by poor interface
contact with the electrolyte, a common approach involves a com-
posite material [26,46,53,54] introduced as an intermediate electrode
layer, hereafter referred to as the functional layer (FL), positioned
between the electrolyte and the air electrode. The present study aims
to identify the optimal material composition and the corresponding
fabrication conditions such as paste formulation, sintering temperature
etc., for achieving optimal microstructures, compatibility and adhesion,
for further translation to the cell fabrication process.

2. Experimental procedure
2.1. Powders and characterization

We procured BZCY721 powder used as electrolyte (EL) from Marion
Technologies, France, and BCFZ442 used in the development of steam
electrode functional layer (FL) from CerPoTech, Norway. The powders
were routinely characterized and their “as received” essential charac-
teristics are summarized in Table 1. The chemical composition of the
two powders was verified using Inductively coupled plasma — optical
emission spectrometry (ICP-OES) (Thermo Fisher Scientific iCAP 7600
series). The phase composition and the crystal structure were analyzed
via X-ray diffraction (XRD), (Bruker D4 Endeavor, USA) with CuK,
radiation. The particle size distribution and the specific surface area
determined according to the BET method [55] were measured using
Horiba LA-950b V2 and Micromeritics Tristar II, with nitrogen as the
measurement gas at —196 °C, respectively.

2.2. Preparation of ceramic composites specimens

For the preparation of the ceramic composites, the initially deliv-
ered BZCY721(EL) powder was mixed with additionally ball-milled
BCFZ442(FL) in various weight fractions, i.e., 90:10, 70:30 and 50:50
wt%. Such pre-treatment of the BCFZ442(FL) powder was necessary to
comparably reduce the initial particle size to the one of the BZCY721(EL),
i.e., ~ 1.5 pm. The mixtures were then pressed into pellets and bars.

Circular pellets of 8 mm, 13 mm, and 25 mm diameters and 2-
3 mm thicknesses were pressed at 100 MPa, 113 MPa, and 82 MPa,
respectively, for 120 s. Green 8 mm pellets were used for sintering
behavior studies. Green 13 mm pellets sintered at 800 °C, 1100 °C, and
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Table 1

Powders basic characterization.
CHARACTERIZATIONS BCFZ442 BZCY721
BET surface area (m2/g) 6.31 7.30
Particle size (D5, in pm ) 3.65 1.52
Crystal structure Cubic Cubic
Space group Pm-3 m Pm-3 m
Theoretical lattice parameter (A) 4.14 4.23
Theoretical density in (g/cm?) 5.84 6.20

Phase composition

Single phase with negligible BaCO; impurity

Single phase with negligible BaCO; impurity
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Fig. 1. Samples used for chemical compatibility study at various sintering temperature by XRD analysis.

1200 °C for 5 h were used for XRD, relative density determination, DC
conductivity, and Vicker’s hardness measurements.

The square bars of 5 x 5 x 25 mm?® used for the measurement
of coefficient of thermal expansion (CTE) were prepared by uniaxial
pressing (P/0/Weber, Germany) with (100 MPa, 120 s) followed by
cold isostatic pressing (CIP) (EPSI International, Belgium) at 200 MPa
for 120 s. These samples were sintered at 1200 °C for 5 h with heating
and cooling rates of 2 K/min in air atmosphere at ambient pressure.

2.3. Characterization techniques

XRD: Room temperature XRD (RT-XRD) analyses were conducted on
13 mm pellets both in the green state and after sintering at 800 °C,
1100 °C, and 1200 °C. In situ or High temperature ((HT-XRD) analysis
was carried out on green 13 mm pellets from 700 °C to 1100 °C at
50 °C intervals using Cu K, radiation (45 kV, 40 mA) on an Empyrean
instrument in a 26 range of 15-90° with a step size of 0.026° and 250 s
data collection time. Rietveld refinement with the TOPAS [56] program
(Bruker AXS) determined lattice parameters of crystalline phases.
Mechanical tests: Green 25 mm pellets sintered at 1100 °C for 5 h
were used for measuring bending strength and elastic constant using a

ring-on-ring setup following DIN EN 1288-1. Vickers hardness (Innovat-
est FALCON 603) was determined following ASTM standard E384-22.
However, the calculation of fracture toughness was not possible due to
non-uniform crack lengths.

SEM and TEM analysis: Microstructural analysis was performed
on polished cross-sections using scanning electron microscopy (ApreoS,
HRSEM). The cross-sections were prepared by embedding the samples
in epoxy resin and allowing them to harden for 48 h before grinding
and polishing up to a final polishing step of 50 nm SiO,. The Electron
transparent lamellae were prepared from the pellets using a JEOL
JIB 4601 focused ion beam (FIB) system. The Scanning transmission
electron microscopy (STEM) measurements were carried out, using a
double aberration corrected JEOL JEM-2200FS equipped with a 200 kV
field emission gun.

Thermal analysis: A thermo-gravimetric-differential thermal anal-
ysis (TG-DTA) was performed to investigate the decomposition behav-
ior of the as-received and composite powders using a Netzsch STA
449F3 Jupiter. These composite powders were used to prepare samples
of different sizes for various characterization, Fig. 1. The CTE mea-
surements were carried out on sintered bars using NETZSCH DIL402C
dilatometer.
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Fig. 2. XRD of (A) BCFZ442(FL) powder as received and after ball milling and (B) as received BZCY721(EL) powder with reference peak positions for both phases.

DC conductivity and activation energy: The DC conductivity
and activation energy were determined using Ohm’s law (equation
S4) and Arrhenius equation (equation S5) while heating samples from
400-700 °C at 100 °C intervals in ambient air. A fixed current den-
sity of 0.5 A/cm? was applied and resulting voltages were measured.
Pellets were coated on both sides with Pt paste and connected to Pt
mesh current collectors in pseudo-four-point mode to eliminate Pt wire
resistances.

Relative density: The relative density of sintered samples was
determined using the Archimedes method with isopropanol (density of
0.786 g/cm? at 20 °C), assuming theoretical densities of 5.84 g/cm3
for BCFZ442(FL) and 6.20 g/cm3 for BZCY721(EL). The Pellets were
submerged in isopropanol for 5 h to ensure uniform saturation.

3. Results and discussion
3.1. X-ray diffraction

Fig. 2 shows the X-ray diffraction (XRD) patterns of the used starting
powders. As shown in Fig. 2A, the diffraction peaks recorded for the
as-received BCFZ442(FL) are shifted slightly (0.2 °) towards higher
angles compared to the reference peaks positions for BaZrOs. This shift
indicates a decrease in the lattice parameters due to the substitution
with cobalt (Co) and iron (Fe) at the B-sites in the crystal structure [47,
49]. Minor peaks at 23.6° and 33.86° are observed in the XRD of
the as supplied powder, corresponding to trace impurities of barium
carbonate denoted as y (BaCO5;, Witherite - ICDD: 98-011-0918). Ball
milling of BCFZ442(FL) decreased particle size from approximately
3.65 pm to 1.44 pm. The phase composition remained unchanged.

The XRD of the as-received BZCY721(EL) powder (Fig. 2b) closely
matches that of barium cerium oxide (BaZr,¢Ce 03, reference code
ICDD: 98-005-6783). However, it also exhibits additional peaks cor-
responding to BaCO5 impurities. The particle size of BZCY721(EL) is
approximately 1.52 pm.

3.2. Thermal analysis

3.2.1. TG-DTA

Fig. 3 shows TG-DTA curves of BCFZ442(FL), BZCY721(EL), and
mixtures of these compositions in weight fractions of 90:10, 70:30, and
50:50. The solid lines represent the mass loss (TGA curve), and the
dotted lines represent the heat change (DTA curve). The TGA curves
recorded for the two reference compounds differ significantly with
larger mass loss registered for the BCFZ442(FL) material. This suggests
that the BCFZ442(FL) component undergoes stronger thermal effects in
the range of 50 °C to 1400 °C, including decomposition. As seen from
the figure, three successive, distinct regions of mass loss are depicted
corresponding to a total mass loss of 8.09%, 7.78%, 5.24%, 4.52%,
and 1.20% for the BCFZ442(FL), BCFZ:BZCY (90:10, 70:30, 50:50)
and BZCY721(EL), respectively. This indicates a strong negative linear
relationship, where the mass loss decreases as the BZCY721(EL).

The first region of mass loss, accompanied by a small endothermic
peak at 250 °C, can be attributed to the desorption of impurities and
residual solvents. This includes the removal of physically adsorbed
and absorbed water from the ethanol used during ball milling, as well
as from the surrounding environment, along with CO,. The second
region (250-750 °C) and the third region (above 750 °C) of mass loss
indicate increased activity related to lattice oxygen loss within these
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Fig. 3. Mass loss in % as a function of the temperature (solid lines) and the DTA signal in pV/mg (dotted lines) recorded by means of TG-DTA for the three composite samples

with the two pristine samples as reference.

temperature ranges. This loss is associated with the thermally induced
release of oxygen from the lattice and the formation of oxygen vacan-
cies. It is accompanied by changes in the valence states of Co**/Co’*
and Fe*t/Fe3* ions between 250-750 °C, as well as Co’t/Co?* and
Fe3*/Fe?* ions above 750 °C, to maintain electrical neutrality (Egs.
(1) and (2)) [57,58]. Additionally, the third region of mass loss may
also be associated with inter-diffusion or elemental substitution, which
compensates for the mass loss, resulting in relatively smaller mass loss
at higher temperatures.

. L]
2Cog, + 0, © 2Cog, +Vy + 50, 1 M

. L 1
2FeFB+O:<—>2Fe’éO+VO +§OZT (@3]

In the given expression, V;, and O} denote an oxide ion vacancy and an
oxide ion on its regular lattice position. So, the equilibrium in Egs. (1)
and (2) shifted to the right, followed by mass loss increases.

3.2.2. Thermal expansion

Fig. 4 shows CTE curves of BCFZ442(FL), BZCY721(EL), and their
mixtures in varying weight ratios. The average CTE values (depicted
in Fig. 4) of the pristine samples within the 400-900 °C temperature
range are similar to previously reported values [53,54].

We assume that the composite coefficient of thermal expansion
(CTE) is a weighted average of the CTEs of the electrode and electrolyte
materials. At a given temperature, this relationship is expressed as:

CTE omp = CTEpcrzasarry X Ve + CTEpzeynier) X Ve 3

where V, and V,, represent the volume percentages of the electrode and
electrolyte, respectively. Please refer supplementary section for more
information.

The calculated CTE values are as follows:

CTEg. g = 17.79E—06 K~1 CTE,.5, = 15.78E—06 K~ CTEs.5, =
13.73E-06 K1

The experimentally obtained average CTE values align closely with
those predicted by the rule of mixtures, following a linear trend (y =
0.10x + 8.38), as illustrated in Fig. 5. The observed CTE behavior
of BZCY721 closely resembles that of Ba; o;5Zrg go5C€05Y0.17503_5 as
reported by Deibert et al. [59] The appearance of the shallow region (a
region of a subtle dip) may be associated with the dehydration which
can lead to chemical shrinkage [54,60,61]. The average CTE difference
between pristine samples BCFZ442(FL) and BZCY721(EL) is ~ 124%.
This difference is reduced as the weight fraction of BZCY721(EL)
increases and reaches its minimum for the BCFZ: BZCY(50:50) composi-
tion. BCFZ: BZCY(50:50) has nearly constant thermal expansion within
the 400-900 °C temperature range. In contrast, other compositions
exhibit an inflection in thermal expansion between 450-600 °C similar
to literature [51]. The appearance of inflection and its magnitude
can be attributed to the loss of lattice oxygen and the formation of
oxygen vacancies as noticed in Fig. 3. Furthermore, this is accompanied
with the reduction of B-site cations Co and Fe from + 4 to + 3
to maintain electrical neutrality (Egs. (1), (2)) [62,63]. The loss of
lattice oxygen reduces the electrostatic attraction between B-cations
and oxygen, increasing the size of BOg, consequently enhances the
lattice expansion [57,58]. The effect is clearly noticed for the 70:30
and 90:10 composites, as well for the pristine BCFZ442 material.
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Fig. 4. Thermal expansion of the developed composite materials with BCFZ442 and BZCY721 pristine materials given as a reference.

These significant CTE differences during heating and cooling may
contribute to the development of thermomechanical stresses within
the functional layer and could induce delamination between layers.
Gradual compositional changes may help to maintain cell integrity.

3.2.3. Sintering behavior and relative density

Understanding the sintering behavior of both pristine and composite
materials is crucial for determining the optimal sintering temperature
of a functional layer. Fig. 6 depicts the densification curve of pris-
tine and composite green samples with varying weight fractions of
BCFZ442(FL) and BZCY721(EL). As expected, due to its inherently
higher sintering temperature (T > 1600 °C), BZCY721(EL) shows very
limited densification and influences the overall sintering behavior of
the composites. This is reflected in the figure, where the onset temper-
ature of densification increases with increasing weight percentages of
BZCY721(EL), (The onset temperature is determined by the intersection
point of extrapolated tangents drawn to the initial linear portions
of the sintering curves). For BCFZ442(FL), densification begins at a
relatively low temperature of 923 °C and is completed between 1200
to 1300 °C. In contrast, BZCY721(EL) exhibits a much higher onset
temperature of 1170 °C. The composite samples, BCFZ:BZCY (90:10,
70:30, and 50:50), display a gradual increase in onset temperature with
increasing BZCY721(EL) content, ranging from 983 °C to 1090 °C. The
minor peak observed at 246 °C in the BCFZ442(FL) based materials
curves (but not for the BZCY721) likely corresponds to the change in
surface composition lead to densification. The step observed at a higher
temperature (1335 °C) in the BZCY721(EL) curve can be attributed to
change in the densification mechanism. Based on these observations,

the optimal sintering temperature for the functional layer, depending
on the BCFZ fraction, should be above 983 °C, the lowest observed
onset temperature among the composites. This ensures sufficient den-
sification/porosity while avoiding excessively high temperatures that
could harm the material properties.

The porosity of the functional layer should closely match that of the
steam electrode typically in the range, between 25% and 40% [64]. Fig.
7 shows the variation of relative density experimentally determined
for pristine and composite samples with varying weight fractions of
BCFZ442(FL) and BZCY721(EL). The initial variation of relative density
is quite normal which is because of different compaction behavior of
powders. The samples were sintered at three different temperatures,
i.e., 800 °C, 1100 °C, and 1200 °C. The relative density was determined
using the Archimedes experimental setup. Fig. 7 indicates that the rel-
ative density of the composites increases with temperature. However,
BCFZ442(FL) stands out by achieving maximum relative density of 97%
at 1100 °C. Above this temperature, the sample melted as result of over-
sintering (see Fig. 1) and its density dropped. This behavior is primarily
attributed to microstructural changes, such as possibly excessive grain
growth, grain boundary weakening, associated porosity or cracks, that
occur due to prolonged exposure to high temperatures during sintering.
The relative density of BZCY721(EL) remains significantly lower and
shows minimal change with temperature, suggesting very poor densifi-
cation at this condition, in line with the previous analysis section (Fig.
6). The porosities of BCFZ442(FL) and BCFZ:BZCY(90:10, 70:30 and
50:50), at 1100 °C are calculated to be 3%, 10%, 27%, 37%, and 44%,
respectively. These values demonstrate the ability to tailor the porosity
of the functional layer through compositional variation and adjusting
the sintering temperature.
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3.3. Chemical compatibility of BCFZ442 and BZCY721

A comparative analysis of X-ray diffraction (XRD) pattern was per-
formed on three composites: Fig. 8A) BCFZ: BZCY (90:10) (B) BCFZ:
BZCY (70:30) (C) BCFZ: BZCY (50:50), heat treated at various tem-
peratures, i.e., 800 °C, 1100 °C, and 1200 °C. Despite the fact that
the operation windows of BCFZ:BZCY based cells will not be extending
towards such high temperatures, the basic exploration and character-
ization of their interactions such treatments are essential to control
their fabrication process (including sintering study) but no addition
reaction and phase detected formation. Interestingly, Fig. 8 shows a
shifting of prominent XRD peaks from lower angles to higher angles
above 800 °C. To determine the intermediate temperature of reversal
in lattice size, the HT-XRD was performed. The resulting HT-XRDs of
the in situ heat-treated composite mixtures were compared to their
corresponding thermally non-treated references. The significant peak
shifts of XRD peak’s positions of all composition towards smaller angles
which indicate the lattice expansion As clearly seen from Fig. 9. From
the HT-XRD data lattice parameters of the two phases constituting
the composites could be evaluated based on Rietveld refinement and
compared to those of the thermally non-treated reference materials. Fig.
10 presents the compositional dependence of the lattice parameter as
a function of temperature.

The left part of the figure shows the lattice parameters of pristine
BCFZ442 and BZCY721 and the individual constituents in the com-
posite materials at RT differ, e.g., increased, possibly due to lattice
parameter mismatch which can induce lattice strain in one or both
phases upon mixing. This strain can cause the lattice to expand, leading
to an observed increase in the lattice parameter. Furthermore, the right
part of the figure shows several trends:

1. A change in the slopes of the curves observed at 950 °C for all
samples suggesting the turning point in elemental interdiffusion
and the threshold of the thermo-chemical compatibility between
the two phases;

. Lattice parameter of the BZCY721 phase in composites starts
decreasing around and above the equi-weight ratio of the phases
and this trend is stronger at higher temperatures where the
interdiffusion is more pronounced (top portion of the graph);

. For the BCFZ442 phase in composites the opposite trend to (ii)
is observed (top portion of the graph): the lattice expands with
increasing the amount of BZCY721 over the temperature. Com-
paring the lattice parameters for BCFZ442 pristine versus the
BCFZ442 in the 50:50 composite at e.g., 1100 °C, one can clearly
see that this difference is quantitatively 4-5 times larger than
in the case of the BZCY721 pristine versus the BZCY721 in the
50:50 composite. This observation confirms that the BZCY721 is
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less affected by the interdiffusion than the BCFZ442 phase. In the
context of (ii) and (iii), the lattice parameter of the BCFZ442(FL)
phase in BCFZ: BZCY (70:30, 50:50) composites tend towards
the lattice parameter of BZCY721(EL) as the weight fraction
of BZCY721(EL) increases. This can be because of the diffu-
sion of larger cations (Ce*t, Y3*) from the BZCY721(EL) phase
into the BCFZ442(FL) lattice. Conversely, the lattice parame-
ter of BZCY721(EL) in BCFZ: BZCY (90:10, 70:30) composites
shows a sudden decrease, approaching the lattice parameter of
BCFZ442(FL). This effect can be attributed to the diffusion of
cations with comparatively smaller ionic radii (Co**, Fe3*) from
the BCFZ442(FL) phase into the BZCY721(EL) lattice, which
needs to be proven by high resolution characterization.

These observations suggest that for this type of ceramic composites
the optimal treatment temperature has to be below 950 °C in order
to keep pronounced lattice expansion or contraction and interdiffusion
as limited as possible. When comparing the results from the HT-XRD
with the XRDs recorded at RT on heat treated and cooled down sam-
ples, there are some differences that are briefly outlined (Fig. 8). The
blue dotted vertical lines in the pattern indicate the peak position
corresponding to the BZCY721(EL) phase, while the red lines represent
the BCFZ442(FL) peaks. As seen most pronouncedly in the position
of the strongest peaks recorded for the composites, there is a shift
towards lower angles for sample heat treated at 800 °C. Above 800 °C,
these peaks shift back towards higher angles. The observed behavior
of initial expansion and subsequent contraction of the crystal lattice

at temperatures higher than 800 °C, can be attributed to pronounced
inter-diffusion. Notably, the BZCY721(EL) phase becomes dominant in
the BCFZ:BZCY (50:50) composite above 800 °C. Furthermore, these
peaks overlap significantly at 1100 °C and 1200 °C. Such a peak
overlap is not observed in the other composites and it suggests a higher
propensity for inter-diffusion phenomena in the BCFZ: BZCY (50:50)
composite, potentially prohibiting its use as functional layer. So, the
weight percent of BZCY721(EL) in composites should be less than 50%.
For samples treated at high sintering temperatures, lattice expansion
caused by the loss of lattice oxygen can also be taken into account as it
will reduce the electrostatic attraction between B-cations and oxygen,
increasing the size of BOg.

The y-denoted peak in the reference XRD, attributed to the impu-
rity BaCO3, disappears with increasing the temperature. This suggests
BaCO; decomposition into BaO and CO, between 800 °C and 1200 °C.

3.4. Microstructure and phase analysis

Fig. 11 and Fig. 12 show the SEM-EDS analysis result for the
BCFZ:BZCY(70:30) and BCFZ:BZCY(50:50) composites sintered at
1100 °C, respectively. The agglomeration of material is observed at
the micrometer level, likely due to the manual mixing process of the
composite powders. This agglomeration may introduce non-uniformity
in the material distribution, potentially affecting the absolute measured
values. Nevertheless, the relative comparisons between the different
composites remain reliable. The BCFZ: BZCY (70:30) composite exhibits
a dual-phase microstructure with evident porosity and inter-diffusion.
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A dual-phase microstructure with enhanced percolation enhances bulk
triple-phase boundaries (TPBs), which reduces the activation energy
and increases the electrocatalytic activities. In contrast, the BCFZ:
BZCY (50:50) composite shows a significantly higher degree of inter-
diffusion. This extensive inter-diffusion forms a mixed phase, suggest-
ing a degree of chemical instability within the material. The presence
of the mixed phase is also supported by the complementary STEM
measurements of a BCFZ:BZCY (50:50) composite sintered at 1100 °C.

STEM EDS investigations (Fig. 13A) reveal the co-localization of
significant amounts of cobalt and iron in the same grain as yttrium and
cerium. The high-resolution STEM image in Fig. 13 reveals the presence
of well-defined grain boundaries separating adjacent crystalline grains
of mixed phase. These grains exhibit orientations along specific crystal-
lographic directions, as indicated by the labels [111] and [102] in the
image. The average lattice spacings were determined to be 0.409 nm
and 0.419 nm for the red and cyan areas in the top and bottom of the
image, respectively, corresponding to the [102] and [111] orientations.
Considering the +5% measurement accuracy of STEM, the average
lattice spacing (0.414 nm) of the mixed phase is in good agreement with
the theoretical average lattice spacing (0.419 nm) of the host materials.
This suggests that the mixed phase retains the same crystal structure as
the host materials.

However, the presence of this mixed phase may be detrimental to
the conductivity of the material. It can potentially hinder the hopping
of electrons, thereby impeding electrical transport. This observation

aligns with the findings from the compatibility analysis based on in-
situ HT-XRD and RT-XRD, which revealed significant peak overlap for
the BCFZ:BZCY (50:50) composite sintered at 1100 °C and 1200 °C,
indicating a higher propensity for inter-diffusion in this composition.

3.5. Conductivity

The perovskite BCFZ442 is a mixed conductor, its total conductivity
includes both electronic and ionic, i.e., protonic and oxygen ionic
contributions, owing to the presence of electron holes, protons and
oxygen vacancies. However the ionic conductivity is approximately two
orders of magnitude lower than the electronic conductivity [57,65].
Therefore, it is reasonable to assume that the measured conductivity
values primarily reflect the electronic conductivity. Fig. 14 illustrates
the conductivity variation of composite materials at sintering tempera-
tures of 800 °C, 1100 °C, and 1200 °C. Fig. 15 depicts the temperature
dependence of DC electrical conductivity (Arrhenius plots) of composite
materials measured in the 400-700 °C range in air. The general trend
observed is that the conductivity of all tested material increases with
increasing the temperature that is in accordance to the semiconduc-
tor behavior. Notably, amongst all composites BCFZ:BZCY(90:10) and
BCFZ:BZCY(70:30) sintered at 1100 °C show maximum conductiv-
ity. In contrast, BCFZ: BZCY (50:50) exhibits expectedly the lowest
conductivity across the measured range, reaching a maximum in the
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XRDs of the untreated mixtures are given as a reference.
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compound sintered at 1200 °C. Table 2 summarizes the conductivity
and activation energy data. The activation energy was calculated from
the slope of the curves (In(cs) vs. 1000/T). As observed from Fig.
15, the conductivity of BCFZ442(FL) sintered at 1100 °C exhibits a
pronounced change in the slope at around 500 °C (15b). From Table
2, the transition from a rapid increase (E, = 0.39 eV) to a less steep
rise with lower activation energy (E, = 0.12 eV) is similar to what
was reported by [50,51,66]. This suggests a change in the conductivity
mechanism, possibly due to a change in the type and concentration of
charge carriers. The average activation energy for BCFZ442 (0.23 eV)
aligns well with previous reports [67]. In contrast to this composition,
BCFZ:BZCY (50:50) sintered at 800 °C has an opposite transition at
550 °C from a less steep rise (E, = 0.04 eV) to a rapid increase with
higher activation energy (E, = 0.22 eV). This change in the slope is
commonly associated with the formation of oxygen vacancies and the
reduction of Co**/Fe*t to Co>t/Fe3* [51,62,68,69] as a compensation
mechanism.

Analyzing furthermore the data in the Table 2, few trends are
observed in the 600 °C-temperature dependence of the electrical con-
ductivity. (It is important to note that the reference data for BCFZ442
presented in the existing literature may not be directly applicable
due to variations in powder synthesis techniques, sample preparation
methods, and sintering conditions employed in different studies):

1. When more BZCY721 is added, the composite conductivity de-
creases for all three sintering series (horizontal dependence in
the table). The activation energy for the materials sintered at
800 °C shows an incremental trend. However, for specimens
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sintered at 1100 °C, it is lowest with 30% of BZCY721. This
drop in E, could be attributed to an optimal balance of both
phases, which can improve reaction sites and, ultimately, en-
hance mixed ionic—electronic conductivity. Additionally, at the
highest temperature, the activation energy among the composi-
tional series reduces with a decrease in the BCFZ442 content in
the composite.

2. As the sintering temperature increases for one composition, a
peak conductivity value is recorded at 1100 °C (vertical depen-
dence in the table). The average activation energy follows an
incremental trend from the lowest to the highest sintering tem-
perature (0.126 eV for the 50:50 composite sintered at 800 °C),
with an exception noted for the 70:30 composite (0.13 eV).

3.6. Mechanical properties

Mechanical properties like elastic modulus, bending strength, and
hardness are crucial factors for these composites, as they are designed
to function as a layer or interlayer between the electrolyte and the
steam electrode in proton ceramic electrolysis cells (PCEC). These
materials must possess adequate strength to endure thermal, chemical,
and mechanical stresses during operation, as well as withstand contact
loading during stacking. Fig. 16 illustrates the compositional depen-
dence of Vickers hardness for various materials sintered at 1100 °C,
while Fig. 17 shows their elastic modulus and bending strength. These
mechanical properties vary based on the porosity of the materials, as
discussed in several studies [70-74]. For instance, elastic modulus can
be expressed using the equation E = Ey(1-ap)”, as proposed by Phani
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Fig. 11. SEM micrographs (in backscattered electron imaging and secondary electron imaging modes) and energy dispersive x-ray (EDS) mapping of BCFZ:BZCY (70:30) heat

treated at 1100 °C.

Table 2

Conductivity at 600 °C in air and the corresponding activation energy calculated from the Arrhenius plots for composite samples sintered at

various temperatures.

Sintering T (°C) Conductivity (S/cm) at 600 °C

BCFZ442(FL) BCFZ:BZCY composites Ref. BCFZ442 Reference
90:10 70:30 50:50

800 °C 0.42 0.27 0.05 0.01 < 1.95 (sintered at 900 °C) [50]
1100 °C 1.17 0.70 0.35 0.07 > 2.09 (sintered at 1050 °C) [51]
1200 °C - 0.49 0.26 0.09 2.71 (sintered at 1270 °C) [66]
E, (eV)

800 °C 0.12 0.15 0.16 0.04, 0.22 < 0.18, 0.06 (sintered at 900 °C) [50]
1100 °C 0.39, 0.12 0.18 0.13 0.17 > 0.37, 0.24 (sintered at 1050 °C) [51]
1200 °C - 0.34 0.26 0.19 0.11, 0.04 (sintered at 1270 °C) [66]

and Yound et al. [74]. In this equation, the material constant “a”
represents the “packing geometry factor”, with values ranging from 1
to 3.85, while the constant “n” depends on grain morphology and pore
geometry. However, this relation was not validated in this study as it
falls outside its scope.

Analysis of Figs. 16 and 17 indicates that BCFZ442(FL) exhibits
superior hardness, bending strength, and elastic modulus compared to
BZCY721(EL). This difference is primarily due to the varying sintering
temperatures of these materials. The sintering temperature used here
(1100 °Q) is lower than the typical densification onset temperature
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(1170 °C) for BZCY721(EL). Consequently, increasing the weight frac-
tion of BZCY721(EL) in the composite leads to cracks and porosity,
thereby reducing its overall mechanical properties. It is also important
to note that the manual mixing process of the composite powders may
have introduced some non-uniformity in material distribution, poten-
tially affecting the absolute measured values. However, the relative
comparisons between the different composites remain reliable. Addi-
tionally, the higher bending strength, elastic modulus, and hardness
of BCFZ:BZCY (70:30) compared to BCFZ:BZCY (50:50) underscore its
potential as a suitable material for this application.
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Fig. 12. SEM micrographs (in backscattered electron imaging and secondary electron imaging modes) and energy dispersive x-ray (EDS) mapping of BCFZ:BZCY (50:50) heat

treated at 1100 °C.

4. Summary and conclusions

This study investigates the development of a composite steam elec-
trode for PCECs to address limitations caused by poor interface con-
tact with the electrolyte. The steam electrode reaction mechanisms
in PCECs differ from those in SOECs/SOFCs, rendering the typical
air electrode materials unsuitable for PCECs. Material selection and
properties tailoring for PCEC steam electrodes is crucial, balancing
cost-effectiveness with performance. A common approach to improve
the electrode performance and interface contact with the electrolyte
involves the design of composite electrodes of two ceramic phases: the
electrode and the electrolyte [54]. In this study ceramic—ceramic com-
posites were developed, consisting of Co and Fe-rich BaZrO; (BCFZ442)
and a typical proton conducting material BZCY721. The objective was
to identify the optimal material composition and the corresponding
fabrication conditions for optimal microstructure, compatibility, and
adhesion with the electrolyte. Three composites compositions were
developed and systematically investigated, namely 90:10, 70:30, and
50:50 - BCFZ442:BZCY721 and their properties were compared to the
reference pristine materials (see Fig. 18).

Our results indicate that within the PCEC operating temperature
range, BCFZ442 undergoes a more substantial thermal effect (mass
loss) compared to BZCY721. Additionally, a significant CTE mismatch
(124%) and a CTE inflection observed in BCFZ442 render the pristine
material incompatible with the electrolyte at operating temperatures.
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This mismatch may contribute to the development of thermomechan-
ical stresses within electrode layer and could induce delamination
between layers. This inflection and magnitude are attributed to the
formation of oxygen vacancies accompanied by the reduction of B-site
cations (Co and Fe) from +4 to +3 (to maintain electrical neutrality)
likely also contributes to the observed mass loss. The addition of
BZCY721 mitigates both mass loss and the CTE mismatch, with the
50:50 composition exhibiting the lowest mismatch.

A key challenge identified is the difference in sintering temperatures
between BCFZ442 (onset at 923 °C, maximum density at 1200 °C)
and BZCY721 (onset at 1170 °C). Room temperature X-ray diffraction
(RT-XRD) analysis revealed initial lattice expansion and contraction,
indicating interdiffusion above 800 °C. HT-XRD analysis of in-situ heat-
treated composites suggests a threshold of thermal-compatibility be-
tween the phases at 950 °C. This temperature minimizes interdiffusion.
Peak overlapping observed in the 50:50 composition (where BZCY721
becomes the primary phase) suggests lattice parameter convergence
between BCFZ442 and BZCY721. Microstructural analysis revealed a
well-defined dual-phase microstructure for the 70:30, indicative of
phase stability. In contrast, the 50:50 composite exhibited a more
complex microstructure with an additional, unquantified mixed phase.
STEM-EDS analysis identified significant co-localization of cobalt and
iron with yttrium and cerium within this mixed phase, suggesting a
higher degree of interdiffusion in the 50:50 composition compared
to the 70:30 counterpart. This observation aligns with the findings
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Fig. 13. (A) EDS mapping via STEM of a lamella (marked by the red square box) in a BCFZ:BZCY (50:50) sample sintered at 1100 °C. (B) High-resolution HAADF STEM image of
a grain boundary between a [102] (top, red) and a [111] oriented grain (bottom, cyan). The corresponding Fast Fourier transformation (FFT) is shown in (C) , in which the spots
belonging to each grain are highlighted in the respective color. (D) and (E) depict higher magnification images of the respective grains. The corresponding indexed diffraction

patterns are shown in (F) and (G), respectively.

from the compatibility analysis (e.g., in-situ XRD, RT-XRD), which
likely indicates a thermodynamic driving force for increased interdif-
fusion at this specific compositional ratio. The formation of a mixed
phase makes it chemically incompatible and compromises the desired
functional properties of the 50:50 composite. DC conductivity anal-
ysis corroborated these findings, with conductivity decreasing as the
weight fraction of BZCY721 increased, reaching a minimum at 50:50.
All compositions (except 50:50) achieved maximum conductivity at
1100 °C, exhibiting semiconducting behavior with increasing conduc-
tivity at higher temperatures. However, the activation energy generally
increased with temperature. Notably, the 70:30 composition displayed
the lowest activation energy (0.13 eV) at 1100 °C (similar as reported
by [47,53,75]), indicating an increase in the number of reaction sites
(triple phase boundaries - TPBs).

In conclusion, our study suggests that a 70:30 BCFZ442:BZCY721
weight ratio is the best composition among the tested ones for a
functional layer material due to its improved interface contact with
the electrolyte. The 30% BZCY content effectively mitigates the CTE
inflection observed in BCFZ442, promoting lattice stability and a de-
sirable dual-phase microstructure. Furthermore, the 70:30 composite
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exhibits the lowest activation energy, indicating increased reaction
sites (triple phase boundaries) for enhanced performance. While a
sintering temperature of 1100 °C introduces minimal inter-diffusion,
this limited interaction appears to favor proton hopping, as evidenced
by the highest conductivity and lowest activation energy observed at
this temperature for the 70:30 composition. Additionally, compared
to the 50:50 composite sintered at 1100 °C, the 70:30 composition
demonstrates superior mechanical properties such as hardness, elastic
modulus, and fracture strength. Conversely, lowering the sintering
temperature would not provide sufficient thermal energy for complete
sintering of BZCY (onset temperature: 1170 °C), potentially compromis-
ing the mechanical stability of the microstructure. Therefore, a trade-off
exists between minimizing inter-diffusion for enhanced electrical con-
ductivity and ensuring mechanical structure stability. Based on these
considerations, we recommend a sintering temperature of 1100 °C for
the 70:30 functional layer composition. However, for the overall steam
electrode, a lower temperature of 950 °C is recommended to maintain
optimal phase compatibility.
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