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This study compares a commercial boron-based glass and its composite, obtained by adding 5 wt% 3YSZ, with a
silica-based glass as sealants for joining AISI 441 ferritic stainless-steel interconnectors to BZCY622/NiO-
BZCY622 protonic ceramic half-cells. The boron-based glass and its composite exhibited lower glass transition
temperatures (500°C-600 °C), making them well-suited for the operating range of PCECs. The composite
approach enabled tuning of the viscous flow behavior, softening temperature, and coefficient of thermal
expansion (CTE) while also enhancing the thermal stability. SEM-EDX characterization of samples joined with
the composite system confirmed no significant structural evolution after aging for 500 h at 600 °C in an air-steam

mixture (70 %-30 % vol.). Both the boron-based glass and its composite effectively relaxed stresses induced by
CTE mismatch between the joined layers and by the chemical expansion of the electrolyte, demonstrating
excellent thermal stability under severe cycling conditions in an air-steam mixture (70 %-30 % vol.).

1. Introduction

In recent decades, the significant increase in global energy demand
and the resulting rise in CO, emissions have underscored the urgent
need for sustainable energy solutions. While renewable energy sources
are essential in addressing this challenge, their intermittent nature ne-
cessitates the integration of efficient energy storage technologies [1,2].
The power-to-hydrogen strategy, which involves converting excess
electricity into storable hydrogen via steam electrolysis, is an efficient
and economically viable option [3]. Hydrogen enables long-term energy
storage and serves as a clean fuel and feedstock for industrial processes
[4]. As a result, electrolyzers have become a focal point of research and
development, aiming to enhance efficiency, durability, and
cost-effectiveness [5]. High-temperature electrochemical cells, such as
solid oxide electrolysis cells (SOECs) and proton ceramic electrolysis
cells (PCECs), show promise for power-to-X electrolyzer technologies,
offering thermodynamic and kinetic advantages that enable high effi-
ciency [6]. Unlike SOECs, which transport oxygen ions (027) from the
fuel to the oxygen electrode through the electrolyte, PCECs operate by
conducting protons (H™). This proton conduction mechanism results in
lower activation energy, due to the smaller ionic radius of H" compared
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to 0%~ [7], and enables high efficiency within the intermediate tem-
perature range (400-600 °C) [8]. As a result, the materials used in
PCECs experience reduced thermal degradation relative to SOECs,
which typically operate at higher temperatures (700-1000 °C), thereby
improving long-term durability [9]. Additionally, in PCECs, water vapor
is directly supplied to the oxygen electrode side, enabling the production
of pure hydrogen at the fuel electrode side without dilution. This
configuration eliminates the need for downstream hydrogen separation
processes, thereby reducing system costs and enhancing overall eco-
nomic viability [8].

Regarding the SoA materials for PCECs, single-phase ABO3 perov-
skites with the composition Ba(Ce, Zr)Os. 5 (BCZY), doped with rare
earth elements such as Y or Yb, are among the most widely used elec-
trolytes, exhibiting excellent chemical stability and high proton con-
ductivity [10,11]. The high proton conductivity of these perovskites is
attributed to the partial substitution of tetravalent cation (Zr** or Ce*")
at the B-site with a trivalent cation, such as Y>* or Yb>", which promotes
the formation of oxygen vacancies. During the hydration process, water
vapor dissociates and incorporates into the ceramic lattice, filling the
oxygen vacancies and forming hydroxyl defects (OH™), through which
H' are subsequently conducted [12]. The fuel electrode must exhibit
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sufficient electronic and ionic conductivity, as well as catalytic activity
for hydrogen oxidation and evolution reactions. Ni-based cermet,
composed of Ni and a proton-conducting phase like BCZY, are the most
commonly used materials [13]. The oxygen electrode must provide
active sites for electrochemical reactions, including oxygen reduction,
oxygen evolution, and water splitting while maintaining sufficient
electronic conductivity for efficient current collection [14]. Mixed ionic
and electronic conductors (MIECs), such as Ba; .xSrxCo;.y FeyO3. 5 (BSCF)
and Laj 4SrxCo1.yFey03. 5 (LSCF), are among the most commonly used
materials for the oxygen electrodes.

However, similar to SOECs, a single PCEC exhibits a low hydrogen
production rate. For example, a current density of —1.92 A cm ™2 at
600 °C and 1.3 V with an estimated Faradaic efficiency of 76 % was
reported [15]. This corresponds to a hydrogen production rate of
approximately 11 Nml/min for a single cell [8]. The cells measured in
the mentioned study are composed of PrBagsSrg5Co1.5Feps0s.s
(PBSCF) double perovskite as the air electrode, BaCeg 4Zro.4Y(.1Ybo.103.5
(BCZYYb) as the electrolyte, and NiO-BCZYYb as the fuel electro-
de—materials considered among the state of the art in terms of perfor-
mance [9]. To increase the final hydrogen output, several cells must be
assembled into single repeating units (SRUs), which are then combined
in series to form a stack [16,17]. In a classical planar configuration, the
SRU consists of a complete cell, comprising an oxygen electro-
de-electrolyte—fuel electrode structure, joined with a properly designed
sealant to the interconnect. The interconnect serves as the functional
element that provides structural stability to the SRU while establishing
the electrical connection between the oxygen electrode of one cell and
the fuel electrode of the adjacent one [18]. Ferritic stainless steels (FSSs)
are the most promising materials for metallic interconnects [19]. For
instance, AISI 441, AISI 430, Crofer 22 APU, and Crofer 22H [20-22]
have demonstrated effectiveness as interconnects and frames due to
their excellent corrosion resistance and compatible CTE with the other
elements of the PCEC SRUs. Their CTE values, typically in the range of
11-12 x 1079 k! [23,24], are well-matched with the CTEs of doped
BCZY perovskites, which range from 8-13 x 10°°Kk! [25]. The sealant
is the functional element that joins the cell to the interconnect, ensuring
gas tightness, electrical insulation, and chemical and mechanical sta-
bility between the different coupled materials. Drawing from experience
with SOCs [26-28], glass and glass-ceramic sealants have emerged as
the most effective solutions for meeting these requirements. Their
thermomechanical properties, including glass transition temperature
(Ty), softening temperature (T;), CTE, and chemical and thermal sta-
bility, can be optimized by carefully fine-tuning their compositions,
making them versatile and adaptable to the different operating condi-
tions of the specific application [29]. For optimal performance, the seal
glass should have a T slightly below the stack’s operating temperature
(~600 °C) to allow viscous flow for self-healing cracks while main-
taining sufficient rigidity. The T should be 30-40 °C higher than the
operating temperature to prevent excessive flow [29]. CTE mismatches
between joined materials should be maintained below 1-1.5 x 1076
K™L. At the same time, the sealant must demonstrate long-term chemical
and thermal stability under strongly oxidizing and steam-rich conditions
at the oxygen electrode side, and reducing conditions at the fuel elec-
trode side [30]. Glass-ceramic systems designed for SOFCs/SOECs
generally exhibit T, and T, values that are too high for the target oper-
ating temperatures of PCECs. As demonstrated in a previous study [22],
where three glass systems designed for SOFCs/SOECs applications were
tested for joining BCZY721 electrolytes to FSS AISI 441, the high joining
temperatures of these systems led to instability phenomena in the
electrolyte itself (e.g., Ba-depletion) at the interface with the glass. In
addition to thermal stresses from CTE mismatches, PCECs experience
unique mechanical challenges due to the chemical expansion of the
electrolyte [31]. Chemical expansion occurs during the hydration re-
action of BZCY perovskite, where water is absorbed into the crystal
lattice, forming protonic defects [7]. This process, which occurs in hu-
midified conditions between 300 and 500 °C depending on the steam
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partial pressure (pH20), induces lattice distortions that generate addi-
tional tensile stresses within the cell [25,32,33]. Chemical expansion is
particularly critical during PCEC stack startup or when temperature
fluctuations deviate from the operating temperature, further exacer-
bating mismatches between individual material components in the
electrochemical device. Being able to relax these combined mechanical
stresses is therefore crucial for the sealant to ensure the durability and
reliable performance of PCEC systems [34]. Only a few studies have
been published on designing and characterizing glass-based sealants for
PCEC integration. A SiOp-TiO2-K20-Nay0-Al,03-ZnO glass sealant
was developed and used to join Mn-Co coated Crofer22H to
BaZrg 2Ce 7Y0.1Ybo.103.5 (BZCYYb) electrolyte, demonstrating me-
chanical and thermal stability even after ageing in a humid oxidizing
atmosphere at 600 °C for 300 h [21,35,36].

In this study, a commercial boron-based glass rich in Ba and Ca was
investigated as a potential glass sealant to join FSS AISI 441 to
BaZrg 625Ce0.2Y0.175 (BZCY622)/NiO-BZCY622 (60:40 wt%) half-cells.
For comparison, a silica-based glass, already studied for SOECs and
PCECs [22], was tested with BZCY622 and compared to the boron-based
glass. Thermal analyses revealed that the boron-based glass exhibits a
lower Ty and T; than silica-based glass, making it more suitable for the
lower operating temperature range of PCECs [30]. Its higher BO3/SiO>
ratio stabilizes its amorphous phase and improves wettability with
BZCY622 [37]. Additionally, the lower joining temperature of the
boron-based glass (700 °C vs. 850 °C for silica-based glass) enhanced the
stability of the BZCY622 interface. However, its low viscosity at 700 °C
(~10*5 P) could cause sealant squeezing during assembly. To address
this issue, glass-composite systems were developed by dispersing
microfine 3YSZ powder into the boron-based glass. The addition of 3YSZ
filler has been shown to effectively hinder the viscous flow behavior of
glass and improve its mechanical properties. [38,39]. Boron-based
glasses generally exhibit low chemical and thermal stability, leading
to significant volatilization of boron species such as B(OH)3 and HBO,
under high-temperature (700-1000 °C), steam-rich conditions [40].
This volatilization can result in pore formation and weaken the me-
chanical integrity of the sealant. X-ray diffraction (XRD) analyses
showed that optimizing the 3YSZ content promoted controlled crystal-
lization, forming calcium and barium borates already during the joining
process. This induced crystallization, combined with the low vapor
pressure of volatile boron species at PCEC operating temperatures
(500-600 °C), appeared to suppress boron volatilization. Post-mortem
characterization using scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX) revealed significant
structural evolution of the boron-based glass after 500 h of thermal
ageing at 600 °C in air-steam mixture (70 %-30 % vol.). In contrast, the
boron-based composite glass maintained its structural integrity under
the same conditions, demonstrating improved thermal stability. The
composite approach enhanced the chemical and thermomechanical
stability of the sealant, making it suitable for long-term use in PCEC
stacks. Finally, a thermal cycle test between 25 °C and 600 °C with a 2-h
dwell time in an air-steam mixture (70 %-30 % vol.) demonstrated that
both boron-based and boron-based composite glasses withstood the
stresses induced by CTE mismatches and the chemical expansion of the
BZCY622 perovskite. In summary, the innovative aspect of this study lies
in the development of a composite glass sealant tailored for PCEC ap-
plications. It combines the benefits of boron-rich glasses—such as low
joining temperature, good wettability, and stress relaxation—with the
addition of 3YSZ, which improves viscosity control, promotes crystalli-
zation, and enhances thermal and chemical stability by reducing boron
volatilization. This approach offers a reliable solution for long-term
PCEC integration.
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2. Experimental
2.1. Glass sealants selection, preparation and characterization

The first system is a silica-based glass selected for its excellent
compatibility with AISI 441 substrates and its promising compatibility
with PCECs. The silica-based glass, labeled V11, was designed at the
Politecnico di Torino, with its composition detailed elsewhere [41]. It
was prepared by weighing and mixing high-purity precursors (oxides
and carbonates, Sigma-Aldrich, purity >99.99 %). The resulting ho-
mogeneous powder mixture was heated at 1600 °C for 30 min with a lid,
followed by 30 min without a lid, in a chamber furnace (Nabertherm
GmbH, Germany) under ambient air using a Pt-Rh crucible. The molten
glass was then quenched in deionized water. The resulting glass was
milled using zirconia balls (Fritsch Pulverisette 5, Mark Einersheim,
Germany) and sieved to a particle size <25 pm. The second system is a
commercial boron-based glass with lower characteristic temperatures.
This commercial glass, GM31107, is produced by SCHOTT AG (Land-
shut, Germany), and has a declared particle size distribution Dsg = 3 pm.
Its composition is presented in Table 1.

2.2. Glass composite sealants formulation and characterization

To improve the softening temperature, viscosity, and wettability of
the GM31107 glass on the BZCY622 substrate at the joining tempera-
ture, microfine 3YSZ powders (Sigma-Aldrich, Germany) with a
declared D5y = 0.7 pm were incorporated as additives in three different
weight fractions: 2.5 %, 5 %, and 10 % (relative to the total weight of the
GM31107 powders). The resulting composite systems were labeled
GM31107+3YSZ 2.5 %, GM31107+3YSZ 5 %, and GM31107+3YSZ 10
%. These composite systems were prepared by formulating organic
pastes with a solid loading of 75 wt%. GM31107 glass powders and the
respective 3YSZ fractions (2.5 wt%, 5 wt%, and 10 wt%) were dispersed
in propylene glycol (Sigma-Aldrich) as the organic solvent. Poly-
vinylpyrrolidone K90 (Sigma-Aldrich, Germany) was used as a binder at
1 wt% relative to the liquid fraction, while polyvinylpyrrolidone K30
(Sigma- Aldrich, Germany) was added as a dispersant at 1 wt% relative
to the solid content. The mixtures were homogenized using a planetary
mixer (THINKYMIXER ARE-250 CE, Japan), with alternating mixing and
defoaming steps for 5 min at 1600 rpm. All glass powders (V11 and
GM31107) and composite glass powders (GM31107+3YSZ 2.5 %,
GM31107+3YSZ 5 %, and GM31107+3YSZ 10 %) were characterized
by differential scanning calorimetry (DSC 404 F3 Pegasus, Netzsch,
Germany) to study their glass transition and crystallization behavior.
The analysis was conducted under a flow of 50 ml/min of air and 20 ml/
min of argon (as protective gas). Approximately 20 mg of glass was
placed in a Pt crucible and subjected to thermal treatment at a heating
rate of 5 °C/min from room temperature to 1200 °C. Thermal charac-
terization was also performed using hot-stage microscopy (HSM, Hesse
Heating Microscope, Germany) on the same set of samples. For the
composite systems, the previously prepared pastes were dried in an oven
(Heraeus T6060 oven) at 90 °C for 20 min, then milled with zirconia ball
(Fritsch, Pulverisette 5, Mark Einersheim, Germany) and sieved to
obtain particle sizes below 25 pm. Cylindrical samples (2 mm in diam-
eter and 2 mm in height) were pressed from the powders and placed on
fragments of BZCY622/NiO-BZCY622 half-cells. These samples were
heated in static air from room temperature to the melting temperature,
as determined by the instrument. A digital camera recorded the
morphological changes of the pellets during heating, providing insights
into the sintering behavior, viscous flow behavior, and wettability of the

Table 1

Composition in wt% of GM31107 glass.
Element Al,03 B203 BaO CaO SiOy
wt.% 10-50 10-50 >50 1-10 1-10
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glasses and composite glass systems.

2.3. Joining, aging and cycling thermal treatment and post mortem
characterization

Based on the thermal analysis results (Section 3.1), the
GM31107+3YSZ 5 % composite system, GM31107 and V11 were
selected to fabricate dummy samples in an FSS/sealant/half-cell sand-
wich configuration for thermochemical compatibility testing. Half-cell
fragments, composed of BZCY622/NiO-BZCY622 (provided by For-
schungszentrum Jiilich) were paired with square pieces of AISI 441
stainless steel (1 cm x 1 cm x 0.3 mm) supplied by Aperam Stainless
Service and Solutions Italy Srl. Organic pastes for each system were
prepared as described before and applied to the AISI 441 pieces for
joining with the half-cells. Thermal treatments were conducted in static
air using a Nabertherm 1300 furnace (GmbH, Germany). V11 samples
were treated at 850 °C for 1 h, while GM31107 and GM31107+3YSZ 5 %
were treated at 700 °C for 30 min. A heating and cooling rate of 5 °C/
min was applied for all systems.

To further evaluate chemical and thermal compatibility, the joined
samples underwent thermal ageing at 600 °C for 500 h in an air-steam
mixture (70 %-30 % vol.). Additionally, thermal cycling from 25 °C to
600 °C was performed for six cycles in the same atmosphere to assess
mechanical stability under thermal and chemical stresses caused by CTE
mismatches and chemical expansion of BZCY622 perovskite. These tests
were conducted in a muffle furnace (ECN, Netherlands).

Cross-sections of the joined samples were analyzed before and after
aging and thermal cycling using SEM-EDX analysis. A field-emission
SEM (FE-SEM, MIRA3 XMH TESCAN) equipped with an EDS detector
was used to examine the morphology and composition of the joining
layers. Samples were embedded in epoxy resin (Struers, Denmark),
polished with SiC abrasive papers of varying grit sizes (Hermes
Schleifmittel GmbH), and sputtered with a thin platinum layer (ZEISS,
Germany) to enhance conductivity.

The CTEs of the glasses and composite systems were evaluated after
the corresponding thermal treatment and subsequent thermal ageing
using a dilatometer (DIL402PC, Netzsch, Germany). After joining and
ageing, XRD analyses were performed on the selected glasses and
composite powders using an X-Pert Pro MRD diffractometer (Philips,
Almelo, The Netherlands). Phase identification was conducted using X-
Pert HighScore software (Malvern Panalytical, United Kingdom) and
JCPDS reference files.

3. Results and discussion
3.1. Glass characterization

The boron-based (GM31107) and the silica-based (V11) systems
have different primary glass network formers, resulting in distinct
characteristic temperatures. Fig. 1 presents the HSM and DSC plots of
the two selected glasses. The DSC analysis (dashed lines in Fig. 1)
revealed an onset of crystallization at 800 °C and a crystallization peak
at 845 °C for V11. In contrast, no crystallization peaks were observed for
GM31107, demonstrating that its amorphous nature was mostly pre-
served even at higher temperatures during the thermal treatment. The T,
was identified as the onset of the first endothermic transition
(decreasing step) and was found to be 625 °C for V11 and 540 °C for
GM31107.

For a sealant, having the T, within the operational temperature range
of the target application promotes viscous flow of the glass, facilitating
self-healing of microcracks caused by thermal expansion mismatch be-
tween adjoining components during thermal cycling. The T, of V11
exceeds the PCEC operating temperature range (500-600 °C), while the
T, of GM31107 falls within this range, making it better suited for self-
healing under operational conditions. From the HSM analyses (solid
line in Fig. 1) performed on the surface of BZCY622 substrates, 1) first
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Fig. 1. HSM and DSC curves for the GM31107 and V11 glass systems. Asterisks
on the DSC curves mark the glass transition temperature (Tg) and crystallization
peak temperature (T,) for the analyzed glass systems. Red triangles and
numbered blue squares on the HSM curves represent the characteristic tem-
peratures identified for GM31107 and V11, respectively. The inset displays
digital images corresponding to these characteristic temperatures. The light
orange rectangle highlights the operating temperature range of PCECs. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

shrinkage temperature (Ts), 2) maximum shrinkage temperature (Tys),
3) softening temperature (Ts), 4) sphere temperature (Tp), 5) half-sphere
temperature (Tpp), and 6) flowing temperature (T;,;) can be determined.
Table 2 summarizes the characteristic temperatures of the two glass
systems.

By combining the results of the DSC and HSM analyses, a joining
temperature of 850 °C, previously selected for the V11 system, is
confirmed. The crystallization peak identified by DSC analysis at Ty =
845 °C s higher than the maximum shrinkage temperature T;,,s = 726 °C,
indicating no overlap between the crystallization and sintering pro-
cesses. Consequently, crystallization does not compromise the final
density of the V11 glass. The maximum shrinkage of the V11 glass is
approximately 35 %, stabilizing and reaching a plateau between 700 °C
and 800 °C. The Ts; was measured at 785 °C.

In contrast, GM31107 exhibits lower characteristic temperatures.
The DSC and HSM results confirm the manufacturer’s recommended
joining temperature of 700 °C. The maximum shrinkage of GM31107,
approximately 40 %, is higher than that of V11 and stabilizes within a
narrower temperature range of 600-650 °C. Beyond this range, the glass
begins to flow, further increasing its shrinkage. A swelling of approxi-
mately 30 % is detected between 780 °C and 800 °C. The T; was
measured at 607 °C. According to previous findings [42], the lower T
and T values in glass systems like GM31107 are attributed to its ByO3
content. This increases the concentration of non-bridging oxygen--
containing silicate structural units and trigonal boroxyl groups, inducing
structural changes that reduce the connectivity of the glass network.

To optimize the composite formulation, HSM analyses were per-
formed on the composite systems GM31107+3YSZ 2.5 %,
GM31107+3YSZ 5 %, and GM31107+3YSZ 10 %. Fig. 2a presents the

Table 2
Characteristic temperatures of V11 and GM31107 obtained by HSM.
Glass systems Vi1 GM31107
T (°C) 658 545
Tins (°C) 726 596
Ts (°C) 785 607
Ty (°C) 827 644
Thy (°C) 1119 705
Tr (°C) 1137 803
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results of these analyses.

As shown in Table 3, dispersing 3YSZ within the glass generally
raises the characteristic temperatures of the composite. Specifically, the
Ts of GM31107+3YSZ 5 % and GM31107+3YSZ 10 % increases to
641 °C and 649 °C, respectively. Furthermore, the maximum shrinkage
for both GM31107+3YSZ 5 % and GM31107+3YSZ 10 % is approxi-
mately 35 %, stabilizing between 600 °C and 800 °C. This behavior
arises because the rigid 3YSZ inclusions hinder the flow of the glassy
matrix, thereby increasing its viscosity [43]. Fig. 2b illustrates the vis-
cosity curves determined using the VFT model [44,45], showing that the
viscosity of the composite increases with the mass fraction of 3YSZ, with
the effect being more pronounced for GM31107+3YSZ 10 %. Dispersing
3YSZ into the GM31107 at 5 % and 10 % allows fine-tuning of the
composite’s characteristic temperatures. This ensures that T, remains
slightly below the target operating range, while T increases by 40-50 °C
above the target range of 550-600 °C. The increased viscosity minimizes
excessive viscous flow, reducing the risk of sealant squeezing out during
the thermal joining process.

Fig. 3 shows the XRD patterns of the GM31107 powders and its
composites after the joining thermal treatment at 700 °C. For GM31107,
which remains predominantly amorphous, small peaks corresponding to
the p-BaB20O4 phase (#PDF 00-024-0086) were detected, consistent with
previous findings in barium Dborosilicate glasses [46]. For
GM31107+3YSZ 2.5 %, peaks associated with 3YSZ (#PDF
01-083-0113) and p-BaB204 (#PDF 00-024-0086) were observed. For
GM31107+3YSZ 5 % in addition to 3YSZ (#PDF 01-083-0113), peaks
for the new crystalline phase CasBasB1¢022 (#PDF 00-051-0330) were
identified. This phase was previously reported [47] in a BaO-CaO-Al
203-B203 -SiOy glass system. For GM31107+3YSZ 10 %, dominant
peaks correspond to 3YSZ (#PDF 01-083-0113) and CaZrOs (#PDF
01-075-0358), which forms due to the reaction between 3YSZ and glass
elements [48]. Previous work reported the XRD pattern of V11 after the
joining thermal treatment at 850 °C [22].

Fig. 4 presents the DSC analyses of GM31107, GM31107 + 3YSZ 2.5
%, GM31107 + 3YSZ 5 %, and GM31107 + 3YSZ 10 % glass systems.
Again, no crystallization peak is observed in the DSC curve of the un-
modified GM31107 glass, consistent with XRD results confirming its
fully amorphous nature after the DSC heat treatment. Similarly, no clear
crystallization peak is detected for the GM31107 + 3YSZ 2.5 % com-
posite; however, XRD analysis reveals the onset of slight crystallization.
This indicates that the crystalline fraction is minimal and likely develops
gradually over a broad temperature range, resulting in a weak and
diffuse exothermic signal that remains below the DSC detection
threshold. In contrast, the GM31107 + 3YSZ 5 % and 10 % composites
display distinct crystallization behavior, with onset temperatures (T,,)
of approximately 740 °C and 730 °C, and crystallization peak temper-
atures around 760 °C for both systems. Notably, the 10 % composite
shows an earlier onset and a more intense exothermic peak, suggesting a
stronger nucleating effect due to the higher YSZ content and a greater
extent of crystallization. Despite the higher onset and peak temperatures
observed in DSC, XRD analysis confirms that partial crystallization oc-
curs in the 2.5 %, 5 %, and 10 % composites after the joining thermal
treatment at 700 °C for 30 min. This behavior can be attributed to the
extended dwell time and the nucleation-promoting effect of YSZ, which
together enable substantial crystallization even at temperatures below
those detected by DSC.

The CTE of V11 after the joining thermal treatment at 850 °C was
~11.67 x 107® K~! in the 200-500 °C range. The CTE values for
GM31107, GM31107+3YSZ 2.5 %, GM31107+3YSZ 5 %, and
GM31107+3YSZ 10 % in the 200-500 °C range after the joining thermal
treatment at 700 °C were ~11.4 x 107K, ~11.1 x 105K, ~10.9
x107°K™!, and 10.6 x 10 ® K}, respectively. The decrease in the CTE
with increasing 3YSZ content reflects the lower CTE of 3YSZ (10.3 x
107° K1 in the 200-500 °C range) [43,49], consistent with the rule of
mixtures. Additionally, the formation of crystalline phases identified in
Fig. 3 may also affect CTE. For the anisotropic crystal phase f— BaB2Oy4,
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Fig. 2. HSM curves of the GM31107 composite systems (a). The black circles, blue diamonds, green triangles, and red squares represent the characteristic tem-
peratures for GM31107, GM31107 + 3YSZ 2.5 %, GM31107 + 3YSZ 5 %, and GM31107 + 3YSZ (10 %), respectively. The inset displays digital images corresponding
to these characteristic temperatures. Viscosity curves were obtained with the VFT model from the HSM curves (b). Again, the black circles, blue diamonds, green
triangles, and red squares represent the characteristic temperatures for GM31107, GM31107 + 3YSZ 2.5 %, GM31107 + 3YSZ 5 %, and GM31107 + 3YSZ 10 %,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Characteristic temperatures of GM31107, GM31107 2.5 %, GM31107 5 % and GM31107 10 % obtained by HSM.

Glass systems GM31107 GM31107+3YSZ 2.5 % GM31107+3YSZ 5 % GM31107+3YSZ 10 %
Ty (°C) 540 545 548 552

Tms (°C) 596 605 613 618

T, (°C) 607 620 641 649

Ty (°C) 644 655 672 685

Twy (°C) 678 690 778 901

T (°C) 730 830 900 1010

Fig. 3. XRD pattern of the GM31107, GM31107+3YSZ 2.5 %, GM31107+3YSZ
5 %, GM31107+3YSZ10 % glass systems after the corresponding joining ther-
mal treatment at 700 °C. Patterns are normalized to the intensity of the high-
est peak.

the reported CTE is ~ 3 x 10~® K! along the a and b unit cell directions
and ~45 x 1070 K! along c unit cell direction [50]. No CTE data were
found for CasBasB19O22 in the literature. Finally, the reported CTE for
CaZrOs is ~ 10.4 x 107% K1 between 0 and 700 °C [51].

Based on the results in Figs. 2-3 and 4, GM31107+3YSZ 5 % was
selected as the composite glass-based system for thermo-chemical
compatibility testing with AISI 441 and the electrolyte material
BZCY622. This system was chosen over GM31107+3YSZ 2.5 % because
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Fig. 4. DSC curves for GM31107, GM31107 + 3YSZ 2.5 %, GM31107 + 3YSZ
5 % and GM31107 + 3YSZ 10 %, glass systems. The crosses ( x ) indicate the
onset of crystallization, while the asterisks (*) mark the crystallization peak
temperature for each system.

it exhibits viscous flow behavior and characteristic temperatures of Ty =
548 °C and T = 641 °C, which are better aligned with the target PCECs
operating temperatures of 500-600 °C. Additionally, the CTE of
GM31107+3YSZ 5 % (10.9 x 10~° K’l) is well matched with that of
AISI 441 (12.1 x 10~ K1 between 20 and 700 °C [24]) and BZCY622
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(9.1 x 10°° K ! between 600 and 900 °C [25]). The presence of the
CasBayB190a2y crystalline phase does not appear to negatively affect the
overall performance of the glass composite. Moreover, the 5 wt% 3YSZ
addition does not lead to the formation of Zr-based phases after the
joining thermal treatment, unlike the GM31107+3YSZ 10 % system.

3.2. Characterization of the joined samples

Fig. 5 presents the cross-section SEM micrographs of the three
different sample configurations assembled in an FSS/glass sealant/half-
cell sandwich structure after the corresponding joining thermal treat-
ment. Specifically, Fig. 5a-b, 5c -d, and 5e -f illustrate the AISI441/V11/
BZCY622/BZCY622-NiO, AISI441/GM31107/BZCY622/BZCY622-NiO,
and AISI441/GM31107+3YSZ 5 %/BZCY622/BZCY622-NiO samples,
respectively.

All three configurations show good adhesion and continuity of the
glass sealant with both the electrolyte and the interconnector. All three
systems, V11, GM31107 and GM31107+3YSZ 5 % are free of cracks and
exhibit low closed porosity, ensuring high gas tightness and a hermetic
seal.

Fig. 5a-b shows the results of V11, which, as previously reported
[22], presents as main crystalline phase Augite (Ca(Mgo7Aly3)(S1.7
Aly 3)Og (#PDF 078-1391). Augite preferentially forms at the AISI441
interface after the joining thermal treatment at 850 °C. At the interface
with the electrolyte, various Ba-Mg silicate crystalline phases are
observed due to barium diffusion from the BZCY622 into the
glass-ceramic matrix. An approximately 3-4 pum thick reaction layer is
present in the BCY622 at the interface with V11, indicating substantial
interaction between the glass and the electrolyte.

In the GM31107 system (Fig. 5cand d), the glass remains predomi-
nantly amorphous after the joining process at 700 °C. No evidence of
crystalline phase formation or interdiffusion between the electrolyte and
the glass matrix is detected. The interface remains stable and uniform,
with no barium depletion from the electrolyte into the glass. This sug-
gests that GM31107 maintains its chemical stability and structural
integrity under the joining conditions.

The GM31107 + 3YSZ 5 % system (Fig. 5eand f) exhibits a uniform
distribution of 3YSZ (small white granules) within the glass matrix. A
homogeneous formation of the crystalline phase CasBayB;0022 (darker
grey small regions), is also observed, consistent with the XRD results.
The presence of 3YSZ does not induce phase separation or degradation
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of the glass matrix but instead promotes controlled devitrification,
leading to the nucleation of Ba- and Ca-rich crystalline phases.

Fig. 6 shows the EDX maps of the glass/electrolyte interface. Fig. 6a,
e, and 6i show the selected areas for EDX mapping and point analyses for
the AISI441/V11/BZCY622/BZCY622- NiO, AISI441/GM31107/
BZCY622/BZCY622-NiO, and AISI441/GM31107+3YSZ 5
%/BZCY622/BZCY622-NiO samples, respectively. The regions for the
EDX point analyses are marked with red circles and corresponding
numbers, and the results of these analyses are reported in Table 4.

For V11, strong barium diffusion from the electrolyte into the glass-
ceramic matrix is evident in the EDX map shown in panel (b). EDX point
analyses highlight that the electrolyte splits into two distinct zones: one
maintaining the initial composition (point 1) and another (point 2)
where the barium percentage significantly decreases, accompanied by
the formation of Na- and Ca-silicate phases. The crystalline phases
forming at the electrolyte interface have been previously discussed in
detail [22].

Referring to the GM31107, the EDX maps shown in panels (f), (g),
and (h) illustrate the signals of Ba, Ca, and Al respectively. No evidence
of interdiffusion between the electrolyte and the glass matrix is
observed, and the absence of crystalline phase formation after the
joining process at 700 °C is confirmed. The interface remains stable and
uniform, with no evidence of barium depletion. EDX point analysis
confirms that the composition of the glass matches that of the com-
mercial GM31107.

Regarding the composite GM31107+3YSZ 5 %, panel (1) confirms
the absence of barium depletion at the electrolyte interface. Similar to
the GM31107 sealant, the BZCY622 interface remains stable and uni-
form. However, panels (m) and (n) showing the distribution of Ca and
Al, clearly indicate the formation of a calcium-rich, aluminum-poor
crystalline phase, identified by XRD as CasBasB100O22. The composition
of these crystals is further confirmed by EDX point analysis 1, which
shows that in these small dark grey regions, the atomic percentage of
calcium is approximately 6 %, compared to 2.5 % in the light grey glass
matrix detected at point 3. The small white granules are confirmed by
EDX to correspond to the dispersed 3YSZ within the glass matrix. This
indicates that the addition of 5 wt% of 3YSZ does not lead to a reaction
with the elements of the glass but instead promotes the nucleation of a
Ba- and Ca-rich crystalline phases, which grow uniformly within the
sealant after the joining thermal treatment at 700 °C.

The EDX maps of the FSS/glass interface for all three systems are

Fig. 5. SEM images of the cross section of three different sample configurations assembled in an FSS/glass sealant/half-cell sandwich structure after the corre-
sponding joining thermal treatment. Panel (a), (c), (e) show the interface between the electrolyte and V11, GM31107 and GM31107+3YSZ 5 %, respectively. Panel
(b), (d), (f) show the interface between the AISI441 and V11, GM31107 and GM31107+3YSZ 5 %, respectively. The thickness of the BZCY622 electrolyte in the half-
cell is highlighted in red. (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. 6. SEM-EDX analysis of the joined samples after the corresponding joining thermal treatment. Selected areas for the EDX analyses at the interface between the
electrolyte and the V11 (a), GM31107 (e) and GM31107+3YSZ 5 % (i). Red circles and corresponding numbers indicate the regions of the EDX point analysis. Ba
signal for V11(b), GM31107 (f) and GM31107+3YSZ5 % (1). Mg signal for V11 (c). Ca signal for GM31107 (g) and GM31107+3YSZ 5 % (m). Al signal for V11 (d),
GM31107 (h) and GM31107+3YSZ 5 % (n). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reported in the supplementary materials S1.

The lower joining temperature of 700 °C for the GM31107 and
GM31107+3YSZ 5 % systems—compared to the 850 °C required for
V1l—results in a more stable interface between the electrolyte and the
glass, avoiding undesired reactions. GM31107 retains its amorphous
structure, whereas GM31107+3YSZ 5 % undergoes controlled devitri-
fication, forming CasBagB19O22 as the main crystalline phase without
disrupting the integrity of the glass matrix.

3.3. Characterization of the aged samples

Fig. 7 presents the cross-section SEM micrographs of the three
different sample configurations assembled in a sandwich structure of
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FSS/glass sealant/half-cell after the thermal ageing of 500h at 600 °C in
an air-steam mixture (70 %-30 % vol.). Specifically, Fig. 7a-b, 7c -d, and
7e -f illustrate the AISI441/V11/BZCY622/BZCY622-NiO, AISI441/
GM31107/BZCY622/BZCY622-NiO, and AISI441/GM31107+3YSZ 5
%/BZCY622/BZCY622-NiO samples, respectively.

All three glass systems retain their integrity after thermal ageing,
remain free of cracks, and exhibit good adhesion to the electrolyte and
FSS interfaces. Fig. 7a-b illustrate that V11 continues to react with the
electrolyte. The reaction layer thickness increases from 2 to 3 pm after
joining to 5-6 pm following thermal aging. The evolution of crystalline
phases in the V11 system after thermal ageing has already been dis-
cussed [22].

In the GM31107 system (Fig. 7c and d), darker regions with varying
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Table 4
SEM-EDX point analyses performed on the joined samples after the joining
thermal treatment in the regions indicated in Fig. 6a, -e and 6i.

At% GM31107 GM31107+3YSZ 5 % Vi1

Point 1 Point 1 Point 2 Point 3 Point 1 Point 2
B 23.07 19.5 25.16 23.99 - -
(0] 55.25 55.38 57.1 56.14 49.71 54.39
Na - - - - - 2.31
Mg - - - - - 1.38
Al 7.63 5.1 1.59 6.99 - 1.74
Si 1.15 0.86 0.14 1.06 - 5.67
Ca 2.48 6.08 0.58 2.23 - 3.73
Ni - - - - 1.06 0.2
Y - - 1.12 - 3.61 3.36
Zr - 0.14 11.14 0.1 15.44 16.31
Ba 10.41 13.39 3.17 9.43 24.89 5.5
Ce - - - - 5.29 5.41

color contrast and shapes are observed. These features suggest the for-
mation of different crystalline phases during thermal aging, further
analyzed using XRD and EDX analyses discussed later. In both GM31107
and GM31107+3YSZ5 %, no large pores are present, implying that
significant evaporation of boron species did not occur during thermal
ageing. This could be explained by the relatively low vapor pressure of
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volatile boron species, such as B(OH)s3, and the limited mobility of
boron-containing species within the glass matrix at 600 °C, which re-
duces the amount of boron volatilized [40]. This ensures considerable
gas tightness. The electrolyte interface remains stable for both systems,
with no evidence of interaction with the glass, thus ensuring overall
stability even after thermal aging.

To gain further insight into the phase evolution in the boron-based
systems, XRD analyses were performed on both GM31107 and
GM31107+3YSZ 5 % glass powders after the same thermal aging
treatment of 500 h at 600 °C in an air-steam mixture (70 %-30 % vol.).
The resulting patterns are presented in Fig. 8.

In the GM31107 system (black curve), the primary phase -BaB204
(#PDF 00-024-0086) is observed. This phase, already detected after
joining, evolves significantly during thermal aging. In contrast, in the
composite GM31107+3YSZ 5 %, the main detected phase is consistently
CasBayB19022 (#PDF 00-051-00330), which was already present post-
joining and shows no significant evolution.

The EDX maps of the glass/electrolyte interface of the aged samples
are presented in Fig. 9. Fig. 9a, e, and 9i show the selected areas for EDX
mapping and point analyses for the AISI441/V11/BZCY622/BZCY622-
NiO, AISI441/GM31107/BZCY622/BZCY622-NiO, and AISI441/
GM31107+3YSZ 5 %/BZCY622/BZCY622-NiO samples, respectively.
The areas where the EDX point analyses have been performed are

Fig. 7. SEM images of the cross-section of three different sample configurations assembled in a sandwich structure of FSS/glass sealant/half-cell after the thermal
ageing of 500h at 600 °C in an air-steam mixture (70 %-30 % vol.). Panel (a), (c), (e) show the interface between the electrolyte and V11, GM31107 and
GM31107+3YSZ 5 %, respectively. Panel (b), (d), (f) show the interface between the AISI441 and V11, GM31107 and GM31107+3YSZ 5 %, respectively. The
thickness of the BZCY622 electrolyte in the half-cell is highlighted in red. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Fig. 8. XRD pattern of the GM31107 and GM31107 + 3YSZ 5 % glass systems after the thermal aging of 500h at 600 °C in air-steam mixture (70 %-30 % vol.).

Patterns are normalized to the intensity of the highest peak.
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Fig. 9. SEM-EDX analysis of the joined samples after the thermal aging of 500h at 600 °C in air-steam mixture (70 %-30 % vol.). Selected areas for the EDX analyses
at the interface between the electrolyte and the V11 (a), GM31107 (e) and GM31107+3YSZ 5 % (i). Red circles and rectangles with the corresponding number
indicate the regions of the EDX point analysis. Ba signal for V11(b), GM31107 (f) and GM31107+3YSZ5 % (1). Mg signal for V11 (c). Ca signal for GM31107 (g) and
GM31107+3YSZ 5 % (m). Al signal for V11 (d), GM31107 (h) and GM31107+3YSZ 5 % (n). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

marked with red circles, squares, and corresponding numbers. The re-
sults of these analyses are reported in Table 5. V11 shows significant Ba
depletion in the electrolyte, as in panel (b). EDX point analysis (point 2)
confirms a decrease in Ba atomic percentage from 5.5 % after joining to
3.4 % following thermal aging. This confirms the progression of insta-
bility at the BZCY622/V11 interface. In contrast, no Ba depletion is
observed in the electrolyte after thermal aging for GM31107 and
GM31107+3YSZ 5 %, as shown in panels f) and 1).

For GM31107, panels (f), (g), and (h), which depict Ba, Ca, and Al
signals respectively, reveal the formation of various crystalline phases.
The dark grey star-shaped phase (point 4) is rich in Ca but depleted in Ba
and Al. EDX point analysis highlights a 17.82 % atomic percentage of Ca,
suggesting the formation of a calcium borate phase possibly not detected
by XRD. The light grey, long and thin crystalline phase (point 3) isrich in
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Ca and Ba and poor in Al. EDX point analyses confirm that it corresponds
to CasBayB10022, previously identified in GM31107+3YSZ 5 % post-
joining. Points 2 and 5 correspond to BaBO,, the main phase detected
by XRD. This phase appears in two distinct forms: round-shaped (point
5) and small, dispersed granules (point 2).

For GM31107+3YSZ 5 %, only two crystalline phases are detected
after thermal aging, as shown in panels (m) and (n), depicting Ca and Al
signals, respectively. The Ca- and Ba-enriched, Al-depleted phase at
point 1 corresponds to CasBasB;¢p022, while point 2 marks the star-
shaped calcium borate phase, also observed in the GM31107 system.

The EDX maps of the FSS/glass interface for all three systems after
the thermal aging are reported in the supplementary materials S2.

These analyses reveal that the BZCY622 electrolyte remains stable at
the interface with the GM31107 and GM31107+3YSZ 5 % sealants, even
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Table 5

International Journal of Hydrogen Energy 140 (2025) 119-130

SEM-EDX point analyses were performed on the joined samples after 500 h of thermal aging at 600 °C in an air-steam mixture (70 %-30 % vol.) in the regions indicated

in Fig. 9a—e, and 9i.

At% GM31107 GM31107+3YSZ 5 % Vi1

Point 1 Point 2 Point 3 Point 4 Point 5 Point 1 Point 2 Pointl Point 2
B 20.67 20.4 19.92 21.63 229 16.37 22.45 - -
(0] 55.05 53.44 56.47 54.76 52.64 56.17 55.4 55.59 55.63
Na - - - - - - - - 2.46
Mg - - - - - - - - 1.57
Al 8.6 4.92 4.83 1.99 3.7 4.16 2.16 - 3.1
Si 1.26 1.1 0.98 0.39 1.19 0.71 0.45 - 8.3
Ca 3.02 3.61 6.53 17.82 3.26 6.73 16.94 - 1.52
Ni - - - - - - - 2.36 0.25
Y - - - - - 0.12 - 2.83 2.33
Zr - - - - - 1.37 - 13.41 16.46
Ba 11.4 16.53 11.27 3.41 16.31 14.37 2.6 21.44 3.4
Ce - - - - - - - 4.37 4.98

after thermal aging. In contrast, the electrolyte strongly evolves with
V11. However, the GM31107 system undergoes significant evolution
and devitrification, in contrast to its fully amorphous state preserved
after the joining thermal treatment. The addition of 5 wt% 3YSZ en-
hances the thermal stability of the boron-based glass. Specifically, it
promotes the formation of the crystalline phase CasBayB1¢pO22 in the
GM31107+3YSZ 5 % composite immediately after joining, which re-
mains stable and does not evolve significantly during the thermal aging.
Additionally, 3YSZ inhibits the formation of BaBOs, a phase with a CTE
of 3 x 107° K~ ! along the a and b unit cell direction and 45 x 107% K™*
along the c unit cell direction, which significantly affects the thermo-
mechanical properties of the sealant. As a result, the CTE of the
GM31107 system decreases substantially from 11.4 x 107% K™! post
-joining to 10.2 x 107% K1 after thermal ageing. In contrast, the CTE of
the GM31107+3YSZ 5 % system decreases only from 10.9 x 10 °K ! to
10.6 x 107® K7!, demonstrating its superior thermo-mechanical
stability.

Another advantage of inducing the growth of a stable borate-
containing crystalline phase, as in the GM31107+3YSZ 5 % compos-
ite, is that it can reduce boron volatile species formation. A previous
study [52] demonstrated how, in a Sr-Ba-borosilicate glass-ceramic, the
weight loss of these materials when exposed to wet-forming gas at
780 °C for 28 days decreases by a factor of two as the borate content
increases from 10 to 40 mol%. The significant improvement in stability
against volatility has been attributed to the formation of SrB;04, which
increases with increasing borate content and can fix boron in crystalline
phases, thereby reducing its mobility. Similarly, the formation of
CasBagB1¢02p in the GM31107+43YSZ 5 % composite could reduce the
volatilization of boron species. This can minimize pore formation and
prevent the loss of mechanical properties in the sealant, enhancing its
chemical and structural stability [53]. These results are of great
importance and demonstrate that the GM31107+3YSZ 5 % system is a
promising sealant for long-term applications in PCEC integration.

3.4. Characterization of the thermally cycled samples

Fig. 10 presents the cross-section SEM micrographs of the three
different sample configurations assembled in a sandwich structure of
FSS/glass sealant/half-cell after the thermal cycling six times from 25 to
600 °C (dwell of 2h) in an air-steam mixture (70 %-30 % vol.). Specif-
ically, Fig. 10a, b, and 10c illustrate the AISI441/V11/BZCY622/
BZCY622-NiO, AISI441/GM31107/BZCY622/BZCY622- NiO, and
AISI441/GM31107+3YSZ 5 %/BZCY622/BZCY622-NiO samples,
respectively.

V11 (Fig. 10a) exhibits two cracks traversing the glass-ceramic, one
of which propagates into the cell. In contrast, GM31107 and
GM31107+3YSZ 5 % maintain their structural integrity after thermal
cycling, remaining free of cracks and showing strong adhesion to both
the electrolyte and the FSS interfaces. GM31107 has a thickness of
approximately 130 pm, while GM31107+3YSZ 5 % exhibits a reduced
thickness of around 60 pm. Both sealants exhibit low closed porosity,
with GM31107+3YSZ 5 % being nearly pore-free. All three systems have
a CTE compatible with AISI411 and BZCY622 (see section 3.1); however
only GM31107 and GM31107+3YSZ 5 % effectively relaxed the stresses
induced during thermal cycling due to CTE mismatches and the chem-
ical expansion of the perovskite. At 600 °C, these systems operate just
above their glass transition temperature range, enabling self-healing
mechanisms to repair potential microcracks. Conversely, V11 remains
too rigid at 600 °C to effectively relax stresses.

During operation, PCEC stacks are often subject to both voluntary
and involuntary thermal cycling, which can involve minor or significant
temperature fluctuations. Therefore, the ability of the boron-based
GM31107 glass and GM31107 +3YSZ 5 % glass-composite sealants to
remain intact under severe thermal cycling in a steam-rich atmosphere is
crucial in demonstrating their suitability as sealants for PCEC
applications.

Fig. 10. SEM images of the cross section of three different sample configurations assembled in a sandwich structure of FSS/glass sealant/half-cell after the thermal

aging of 500h at 600 °C in an air-steam mixture (70 %-30 % vol.).
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4. Conclusions

A commercial boron-based glass and its derived composite, obtained
by incorporating 5 wt% 3YSZ, were evaluated as sealants for PCECs
applications, and compared to a silica-based glass designed for high-
temperature SOECs. The boron-based glass and its composite exhibited
lower T, (500-600 °C) compared to the silica-based glass (600-700 °C),
making them suitable for PCECs operation. The composite approach
enhanced the sealant’s Ty, viscosity, and thermal stability. The incor-
poration of 3YSZ induced the formation of a Ca-Ba borate crystalline
phase, which stabilized the boron in the glass matrix and reduced
volatilization of boron rich species in steam-rich environments. Post-
aging analysis at 600 °C after 500 h in an air-steam mixture (70 %—
30 % vol) revealed superior thermal stability for the composite system,
with a more pronounced evolution of the glass structure and devitrifi-
cation observed in the boron-based glass. Both the boron-based glass and
its composite remained crack-free after severe thermal cycling. These
results position the boron-based glass, particularly the composite, as a
promising sealant for PCEC up-scaling and integration. Future work will
focus on modifying the boron-based glass to induce controlled crystal-
line phases, thereby enhancing thermal stability without the need for
external additives.
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