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Summary

In response to the escalating levels of CO2 and other greenhouse gas (GHG) emis-
sions, countries worldwide have recognized the critical need for a more sustainable
system. To tackle this global crisis, governments are increasingly implementing
new laws and strategies that prioritize the utilization of renewable energy technolo-
gies. However, one of the key challenges associated with these solutions is their
intermittency, highlighting the necessity for efficient energy storage systems and
solution for the overproduction period. In the last years, the utilization of hydrogen
as a viable energy vector has become a pivotal driving force behind the ongoing
energy transition towards a low-carbon future. Electrolysis of water, specifically
green hydrogen production, offers a means to generate hydrogen by splitting water
molecules using electricity, with the resulting hydrogen that can be after utilized
as a fuel to generate electricity. In this context, high temperature cells have high
efficiency, due to the elevated temperature that helps transport mechanisms. Solid
Oxide Cells (SOCs) and Proton Ceramic Cells (PCCs), with a temperature range
of 700-1000°C and 500-700°C, respectively are part of this family. While SOCs
currently represent the most advanced technology, their primary drawback lies in
the degradation issues stemming from their high operational temperature range. To
address this concern, PCCs, which rely on proton-conducting electrolytes, present
a promising solution by reducing operating temperatures while maintaining high
efficiency and cost-effectiveness. PCECs are now mainly at laboratory scale, so
more efforts are needed to develop stack of large area cells with commercial interest.
This thesis aims to improve the knowledge on this open issue, focusing on the
characterization of the sealant material. The sealant is a crucial component in this
technology as it prevents gas leakage or diffusion within the stack. In the case of
the presented study, glass-ceramic sealants were considered. The characterization
process included both the thermo-mechanical and chemical aspects of the sealant
material, like the compatibility with the other component of a stack of cells (elec-
trolyte, electrode, and interconnector), and the behaviour of the selected material
at the operational temperature (500-700°C). Additionally, further studies were
made, preparing glass pastes and analysing their rheological properties, in terms
of printability and shape-fidelity. This was done for evaluate the feasibility to use
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a robocasting deposition method, which establish the foundations for industrial
scaling of the production. After simulation modeling was carried out with the
objective of establishing and verifying a reference model for a PCEC. This model
was constructed using COMSOL Multiphysics software and fine-tuned with data
sourced from existing literature.
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Chapter 1

Introduction

1.1 Role of hydrogen

In the last decades, renewable energy has gained more importance in the world
energy system, as concerns about climate change and air pollution have grown.
These energy sources, such as wind, solar, and hydropower, have become afford-
able and accessible all over the world, thanks to technological improvements and
incentives. Despite this, many challenges are still present in the path to totally
decarbonise our society. An IEA study has outlined several scenarios for energy
transition, projecting the situation up to 2050 based on different actions, where,
the most ambitious is the “Net Zero Emission by 2050”[1]. Achieving this target
means to reach net zero emission of Carbon dioxide into atmosphere, and implies
a focus on different key aspects like the electrification of consumption, enhancing
energy system efficiency, and adopting low-carbon technologies such as nuclear
and renewables[1][2]. The real problem inherent the depletion of fossil fuels is
related to their central role in our society, and their many advantages such as
convenience, utilization flexibility, and ease of transport and storage. Indeed, if for
the affordability, renewable technologies are now on the path to becoming the best
solution worldwide[2], their intermittency represent still a big issue. Here, hydro-
gen emerges as a potential solution. Beyond its industrial applications, hydrogen
functions as an energy carrier, capable of storing electric energy as chemical energy
via the “Power-to-gas” process. Energy surplus during overproduction periods can
be used to produce hydrogen, that can be converted later in energy. Nowadays,
hydrogen is mainly utilized in the industrial sector. Its demand is around 70 Mt/y,
considering only the pure hydrogen (further 45 Mt/y of H2 mixed with other gasses
is used in industry). In figure 1.1 these data are highlighted with the subdivision
between pure hydrogen utilization and blend of hydrogen and other gas. The
production processes depend almost entirely on fossil fuels, needing 6% and 2% of
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Introduction

Figure 1.1: Hydrogen utilization, from 1975 to 2021, for different purpose. The
first column is about utilities that need pure hydrogen, the second one considers
hydrogen mixed with other gas. Data from 2019 IEA report on hydrogen [3].

global natural gas and coal utilization respectively. For these reasons, hydrogen is
responsible for the emission of 830 Mt/y of CO2, equivalent to the CO2 emissions
of Indonesia and United Kingdom combined [3]. Hydrogen production is increased,
reaching 94 Mt/y in the 2021, with associated emission of more than 900 Mt/y of
CO2 [4]. Figure 1.2 reports data, related the years 2020 and 2021, about the main
routes of hydrogen production, with a total predominance of fossil fuel sources, over
80%[4].In addition to that, hydrogen could be an opportunity for decarbonization
in challenging hard-to-abate sector like heavy road transport, specific industries like
steel and cement production, as well as maritime and aviation sectors[5]. In sum-
mary, hydrogen can facilitate energy transition and establishment of a sustainable
system through two main pathways: 1) Transforming current hydrogen production
using “green” H2 technologies or incorporating CO2 capture into existing processes
to yield “blue” H2; 2) Employing hydrogen in new applications, as mentioned
earlier, with both hard-to-abate and energy sectors.
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Figure 1.2: Sources utilized for hydrogen production. [4].

1.2 Electrolysis

1.2.1 Overview
Electrolysis cells are electrochemical devices, which utilize electrical energy to
produce hydrogen, through a redox reaction. Even if, as shown previously, hydrogen
production is nowadays leaded from fossil fuel-based process, in the recent years
there has been a notable increase in the adoption of this technology [4][6]. In the
end of 2021, the capacity was of 510 MW, with an increase of 70% respect the 2020,
but remain in the order of 0.1% of the total hydrogen production[4]. Prediction
from a global hydrogen review from IEA said that in 2030 the electrolyser capacity
will be in the order of 134 GW, with an average plant size increase from 5MW
(2021) to GW-scale by 2030, with Europe leading this development trend[4]. Exist
different types of electrolysis cells, categorized according to electrolyte material,
operational temperature, and charge carrier (there are also other classification
parameters, but these are the most relevant). In table. 1.1 are reported different
types of cells. Today, Alkaline electrolysis cells (AECs) dominate the market,
with more than 70% of global manufacturing capacity. The reason behind that is
related to the maturity of the technology compared with PEMECs and SOECs[4].
The name came from the electrolyte, like also in the other case, that is a liquid
alkaline solution of KOH. Charge carrier is OH−, which is produced, together with
hydrogen, in the cathode, from the separation of the water molecule. Then the ion
passes through a liquid KOH and a porous diaphragm, positioned between the two
electrodes for avoids mixing of hydrogen and oxygen[7]. At the opposite electrode
then, oxygen and water are formed. For the components, metallic materials are
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used, like platinum and nickel for the cathode and other for the anode, like oxides or
also here nickel[8][7]. Proton exchange membrane electrolysis cells (PEMECs) are
based on conduction of protons through a polymeric membrane (Nafion). Water is
split in the anode, applying a voltage to the cell, and obtaining protons, which pass
through the polymeric membrane, arriving to the cathode, where pure hydrogen
is produced. The temperature range of operation in this case is ( 50-80°C)[9][10].
Another technology, the molten salt electrolysis cells (MSECs), utilizes molten
carbonates as electrolytes, and present CO2−

3 like charge carrier [11]. It works at
medium-high temperatures (400-800°C) and the main use of these cells is related
to the reduction of carbon dioxide, that lead to the production of solid carbon. For
this reason, the cathode must be replaced often[12]. Differently from other solutions,
solid oxide electrolysis cells (SOECs) utilize ceramic materials as components, such
as a dense ceramic ionic conductor electrolyte, composed of ZrO2 doped with
different composition of Y2O3 (YSZ). For the fuel electrode is used a porous cermet
composed of YSZ and Nickel, and for the oxygen electrode a lanthanum strontium
manganite (LSM)/YSZ composite[13]. Working at high temperature (600-900°C),
this solution represents an advantage in terms of kinetics and thermodynamic
behavior, because it lowers the internal resistance and improves the conversion
rates. These characteristics lead to a higher efficiency (around 80%) than other cells
and represent a reason of interest for the research. However, the elevated operational
temperature also drives to disadvantages like the necessities of expensive materials
and a lower lifetime of the cell components. These are some of the drawbacks that
make this technology more expensive than the other and make necessary further
studies[13]. An alternative to SOECs is represented by PCEC. Indeed, these cells,
compared with oxygen-conductive ones, can reduce of several hundreds of degrees
the operational temperature, maintaining high efficiency. This is possible due to
the conduction of protons (H+) like charge carriers. PCEC technology is still at a
laboratory scale and research for the development of a multi-cell stack is required
[14]. Further characteristic description about this solution will be available in the
next section.
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Figure 1.3: Electrolyser capacity in different region [4]

Figure 1.4: Electrolyser capacity, in GW/year for different technologies [4]

PEMEC AEC MSEC SOEC PCEC

Electrolyte Polymeric membrane Liquid KOH Molten salt Ceramic Ceramic

Charge Carrier H+ OH− CO2−
3 O2− H+

Operating Temp. (°C) 50-80 70-90 400-800 600-900 500-600

Pressure (atm) 30-80 1-30 1-6 1 1

Catalyst Platinum Platinum, Nickel Nickel Nickel Nickel

Cell Components Carbon based Carbon based Metal-based, oxides Ceramic based Ceramic based

Fuel Compatibility H2O H2O CO2 H2O, CO2, CH4 H2O, CH4

Table 1.1: Comparation between different typer of electrolysis cell technologies
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1.2.2 Thermodynamic behaviour of electrolysis cells
For non-spontaneous process like water splitting, energy is required to bring the
reaction to completion. The total amount of energy necessary for the electrolysis
process is given by the Gibbs free energy eq. 1.1:

∆G = ∆H − T∆S (1.1)

∆H represents the total energy requirement, ∆G is the Gibbs free energy and also
the electrical part of the total energy, and T∆S the thermal contribution. Observing
figure. 1.5, one can notice that when the operational temperature increases, electrical
energy requirement decreases. Considering ∆H quite constant, this means that
thermal energy provides part of the energy necessary for the reaction.

Figure 1.5: Energy demand for hydrogen production from water splitting[9]

1.3 Proton Conductive Cells (PCCs)
In the field of electrochemical technologies, an interesting area of research is
represented by SOCs. These cells have gained substantial attention, due to their
impressive operational efficiencies and remarkable adaptability to different fuel
sources. However, the path to their industrial feasibility is slowed down by several
challenges, the majority of which arise from their requirement for high operational
temperatures (600-900°C). These challenges include fast degradation of performance
and components, an overall complexity of the balance of plant (BoP), and the
necessity for advanced and costly materials. As a result, the management complexity
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of the system is heightened, accompanied by a significant increase in overall costs.
To overcome these challenges, researchers have turned their focus to the reduction
of operational temperatures in these devices. This attempt has given rise to
the emergence of low-temperature solid oxide cells (LT-SOCs), which achieve
a reduction in operational temperature to approximately 650°C. Nonetheless,
challenges associated with this solution involve the compromise of certain benefits,
especially those related to kinetics and activity that are typically associated with
higher temperatures. Among these developments, another solution has gained
substantial attention: PCCs. These cells present a viable potentially alternative
due to their reduced activation energy for proton transport, which is roughly half
that required for oxygen ion transport. The underlying equations governing their
operational dynamics are delineated as follows:

Fuel cell mode:

2H2(gas) ⇌ 4H+ + 4e− (Fuel electrode, anode) (1.2)

4H+ + 4e− + O2(gas) ⇌ 2H2O(gas) (Air electrode, cathode) (1.3)
Electrolysis cell mode:

2H2O(gas) ⇌ O2(gas) + 4H+ + 4e− (Air electrode, anode) (1.4)

4H+ + 4e− ⇌ 2H2(gas) (Fuel electrode, cathode) (1.5)

Figure 1.6: Difference between a SOC and a PCC in a electrolyser mode.

7



Introduction

Figure 1.7: Two configuration for a PCC: a) fuel cell mode, and b) electrolysis
mode

For the configuration of the electrolyser, which is of primary interest for the
following study, there is an Air electrode, where a water vapor flow is supplied,
and water molecules are electrochemically split into oxygen, electrons, and protons.
These protons then travel through the ceramic electrolyte, eventually reaching the
cathode (Fuel electrode). Here, the previously separated protons and electrons
recombine, and a flow of pure hydrogen is produced at the output. The production
of pure dry hydrogen simplify the process in comparison with SOECs, concept
highlighted in figure. 1.6[15] .These devices can work also in fuel cells mode. In
contrast to the previous scenario, this mode involves the oxidation of hydrogen
at fuel electrode, followed by retracing the previous path in reverse, ultimately
reaching the air electrode with the formation of water vapor. In figure. 1.7 are
graphically reported the4 difference between PCFC and PCEC process.

1.3.1 PCC operation
The operation of a PCEC can be effectively represented by the i-V polarization
curve, which shows voltage measurements as a function of current density applied
to the devices. The operational voltage (Vop) is calculated by considering the
contribution of all overpotentials:

Vop = Veq + ηact + ηOhmic + ηconc (1.6)
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Vop like said is precisely the operational voltage, derived from the sum of various
contributions, including Veq, which is the equilibrium voltage, also known as
open-circuit-voltage (OCV). The remaining components, as mentioned above, are
overpotentials resulting from different causes. ηact is due to activation processes
of the reaction, ηohm is due to ohmic contributions, like ionic conduction in the
electrolyte, and finally, ηconc is caused by mass transport phenomena. In the
polarization curve, overpotentials are highlighted, each with specific areas of
influence. It’s important to note that these phenomena are always present during
cell operation; each of them simply has a greater influence on a particular operating
section. The OCV can also be calculated using the Nernst equation as follows:

Veq = V 0 + RT

2F
ln
A

pH2

√
p0

pH2O

B
(1.7)

where V0 represent the potential under standard conditions, F is Faraday’s constant,

Figure 1.8: Polarization i-V curve for electrolysis configuration. The over-voltage
losses zones are highlighted [9].

R is the universal gas constant, T is the temperature, and the pi represent partial
pressures of the different i components of the reaction at the electrodes.Through
Faraday’s equation, it is possible to derive the theoretical hydrogen production:

xproduced = |i|
nF

(1.8)

where "i" is the current applied to the cell, and n in the number of electrons involved
in the redox reaction. Additionally, a power curve can be obtained by multiplying
the measured voltage with the applied current.
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Figure 1.9: Polarization i-V curve for fuel cell configuration. Also in this case the
over-voltage zones are highlighted, and is also present a dotted line representing
the power density curve[9].

1.3.2 State of the art materials for PCEC stack
The stack is the set of components that make up an electrolyser. It’s the assembly of
electrochemical cells in series, in order to increase the final power output, compared
the single cell case. Numerous studies have been conducted over the past decades
concerning the single cell, yet only a few concerning to a complete stack. Several
reasons underlie this gap, related to unresolved issues inherent to this specific type
of cell. Given the requirement for assembling cell stacks to make this technology
industrially viable, further research are needed. This section briefly introduces all
the components present inside a complete stack: the cell (electrodes and electrolyte),
interconnector, and the sealants.

Electrodes

Electrodes are the components where the redox reaction take places, in the triple
phase boundary (TPB) region, where there is the simultaneously presence of gas,
electrode, and electrolyte phase. For this reason, their materials must exhibit
specific characteristic, including the conduction of electron, O2− ions, and pro-
tons. Moreover, they should be porous to allow flow of the gas. The necessary
characteristics for these materials are the following[16][17]:

1. Good chemical stability.

2. High values of electron, ion, and proton conduction.
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3. High porosity. This should be >30%, to facilitate the diffusion of gaseous
species within it, reaching the active zones.

4. Coefficient of thermal expansion (CTE) compatible with that of the other com-
ponents they are in contact with (interconnectors, electrolytes, and sealants).

5. High catalytic activity. This is crucial for reducing polarization resistance, by
enhancing oxidation and reduction reactions.

In the case of air electrode, exist four typology of conductive material utilized:
pure electronic conductor, mixed protonic-electronic conductor (MPEC), mixed
ionic-electronic conductor (MIEC), and triple protonic-electronic-ionic conductor
(THOEC)[18]. The first category includes, like the name suggest, material with
the capability to conduct only electrons (figure. 1.11a). From them there are
Lanthanum strontium manganite La0.8Sr0.2MnO3 (LSM), and simple platinum
(Pt), which is however too expensive. The problem with LSM is that the optimum,
in terms of performances, is reached at high temperatures, like 800°C, so the aim to
reduce the operative temperature of the cell would lead to a decrease of electrons
conductivity[18]. MPEC conducts protons and electrons, such as represented in fig-
ure. 1.11c expanding the active area for the electrochemical reaction[18]. Examples
of materials are doped BaCeO3 or BCZY-LNF. One of the most used typologies of
air electrode material is MIEC, figure. 1.11b. They allow the conduction of electrons
and oxide ions, thanks to the vacancy hopping process, facilitate by the large num-
ber of vacancies present into this material[18]. This led to great performances in

Figure 1.10: Representation of the active area in the cathode, in the case of
MIEC (a) and TCO (b) material[19].

both electronic and ionic conduction, and to a good catalytic activity. State-of-the-
art materials includes La0.6Sr0.4Fe0.8Co0.2O3−σ (LSCF), Ba0.5Sr0.5Co0.8Fe0.2O3−σ

(BSCF), Sm0.5Sr0.5O3−σ (SSC) and yttiria-stabilized zirconia (YSZ)-lanthanum
strontium manganite (LSM) composite [15]. Despite that, they don’t represent
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the best solution for PCC technology, as the proton conduction is restricted to the
interface area with the electrolyte. This highlights the necessity of materials with
also a good conduction of protons, figure. 1.10d. THOEC materials present a mixed
ion, proton, and electron conduction, which expand the active area of the electrode,
and consequently improving the performance [20][18] Figure.tot represent through
a schematic diagram the conduction behaviour of a MIEC electrode, compared
with a THOEC one. For what concern fuel electrode, different solutions were
tested, like single-phase graphite, platinum, iron, cobalt, and nickel. However, all
of them have presented some issues [17][21]. Indeed, graphite is susceptible to
corrosion, Pt shows a good stability and catalytic performance, but fail on the
bonding with the electrolyte, due to the formation of water vapor in the interface
[21]. For transition metal, iron also have corrosion problems, and cobalt is too
expensive [21]. Ni had been used for several years like anode, but its thermal
expansion coefficient considerably differ from the electrolyte materials one[17]. As
alternative to single-phase electrode, “cermet” began to be used. Cermet is a porous
composite of an electronic conductor material (metal) and a protonic conductor
material (ceramic)[21]. The most common is nickel-zirconia cermet. In that case,
Ni phase provide the electronic conductivity and catalytic activity needed, and
zirconia lowers the CTE of the composite, making it compatible with the electrolyte.
The overall effect is to increase the active area for the reaction, and consequently
enhance the efficiency[17]. Some examples of other ceramic material utilizer are:
BaCe1−x−yZrxYyO3−σ (BCZY) or BaCe1−x−2yZrxYyY byO3−σ (BCZYYb). Indeed,
possible solution are represented by NiO-BCZYYb or NiO-BCZY[9][6].
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Figure 1.11: Schematic represemtation of the conduction of different charged
species, considering the four main typology of air electrode materials: a) pure
electronic conductor, b) MIEC, c) MPEC, d) THOEC.

Electrolyte

The electrolyte constitutes a crucial layer within cells, serving to separate the two
electrodes where redox reactions occur. This necessitates specific characteristics
enabling it to function in contact with both atmospheres while maintaining excellent
ionic conductivity. Below are outlined several essential characteristics for defining
a good electrolyte:

1. Effective gas tightness: The electrolyte’s primary role is to act as a membrane
separating the two semi-reactions. It’s therefore critical to prevent gases
leakage, from one electrode to the opposite, which could degrade cell efficiency.
This underscores the need for the electrolyte material, in this case ceramic, to
be highly dense even at relatively low sintering temperatures. Detailed insight
into the challenges of low-temperature sintering can be found in articles on
the topic[22].
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2. High ionic conductivity: The goal is to minimize the ohmic resistance due to
ionic conduction, thereby enhancing cell performance. This can be achieved
by reducing the electrolyte layer’s thickness or using materials with elevated
ionic conductivity.

3. Low electrical conductivity: While reducing resistance for ionic conduction
is essential, the passage of electrons through the electrolyte layer must be
avoided as it leads to short-circuiting, significantly diminishing efficiency.

4. Thermodynamic compatibility with other stack components: During operation,
the electrolyte remains in contact with the two electrodes and the sealant.
Hence, the thermodynamic characteristics of the materials must be compatible
to avoid cracks, deterioration, efficiency loss, and reduced stack lifetime.

Among potential materials for proton-conductive electrolytes are certain families
of perovskites, such as ABO3-based compositions. Previous studies have highlighted
the excellent results in terms of ionic conductivity and low activation energy.
The current state-of-the-art is represented by materials with barium in the A-
site and cerium/zirconium in the B-site (BaCeO3 and BaZrO3) [20]. However,
these materials also exhibit operational challenges. BaCeO3-based electrolytes
prove chemically unstable in atmospheres containing H2O or CO2, leading to the
formation of hydroxides and carbonates, respectively, due to Ce’s basic nature
[23][24]. This issue is not encountered in BaZrO3-based oxides, which remain
stable in such atmospheres under operational conditions, particularly when doped
with Yttria. However, the challenge with these materials lies in the need for
high sintering temperatures, resulting in a high number of grain boundaries with
elevated protonic resistance [25]. As mentioned earlier, the addition of Y to both
oxide families leads to enhanced performance. This gives rise to BCY and BZY,
exhibiting increased conductivity and improved chemical stability. Building on
this premise, the exploration led to the attempt of combining these two, forming a
solid solution encompassing both elements. The idea behind this experiment comes
from the intention to find a trade-off between the limited stability of Ce-containing
oxides and the conductivity issues observed in Zr-containing ones, by altering the
Ce/Zr ratio inside the composition BaCe1xZrxY0.1O2.95 (0<x<1). The outcome is
BCZY, which demonstrates favourable conductivity values and robust chemical
stability, making it a widely utilized material for these applications. Ongoing
composition optimizations are underway through doping with various elements like
Yb, requiring further research to better understand the link between composition,
structure, and resulting performance. For further information on this subject, refer
to the following articles [26][27][28]. Figure. 1.12 shows the ionic conductivity of
different electrolyte materials, as function of the temperature. Is possible to notice
the positive impact of temperature increase on conduction.
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Figure 1.12: Ionic conductivity of different electrolyte materials, function of the
temperature[29].

Interconnector

To develop a PCC stack, the selection of a suitable interconnector is of primary
importance, as it must be compatible with the other materials, in particular
atmosphere and temperature conditions. Indeed, for PCFC and PCEC, the inter-
connector is exposed to an atmosphere composed of pure hydrogen, and another
one of steam and oxygen. This led to a rapid degradation of the materials. The role
of this component is to guarantee an electrical connection between a fuel electrode
and an oxygen electrode, belonging to neighbouring cells, and to separate the two
environments (reducing and oxidating zone). Like other materials, it must fulfil
some conditions: 1) it must exhibit excellent electric conduction; 2) should have
a good stability (in terms of chemistry, microstructure, and dimension), in the
operative conditions; 3) must show low permeability to gas (hydrogen and oxygen),
in order to avoid diffusion between the atmosphere; 4) need a CTE comparable
with other components is needed; 5) have to avoid reaction with other components;
6) should have a good thermal conductivity; 7) must have quite good resistance to
oxidation; 8) should be easily producible, in order to simplify the industrial scal
production; 9) need good resistance to thermal stress, avoiding degradation[30].
The most used materials for similar application are high temperature alloy, thanks
to their oxidation resistance at high temperature conditions. they can be classified
into Ni-, Fe- and Co-based superalloys, Cr-based alloys and stainless steels. The
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resistance to oxidation is due to the presence of Cr and Al, that led to the generation
of Cr2O3 and Al2O3 protective layers[31]. That’s also represent an issue, driving
to a voltage loss. For this reason, critical maximum of Al and minimum of Cr
are considered in the interconnector choice. The super alloys were developed for
elevated temperature purposes, and they are characterized by a FCC matrix and
secondary phase. Cr-base alloys don’t have Al, and because of that they don’t
need maximum Al content study. They are characterized by a body-centered-cubic
(BCC) structure. In the end, there are stainless steel alloys, that include a wide
range of alloys, characterized by hih oxidation resistance[31]. Today, for the SOCs
applications, ferritic stainless-steel alloys are the state-of-the-art, often with the
addition of a coating materials[32]. For PCC also FSS seems to be the best solution
in terms of compatibility with the other components. Further study about it are
still needed[32].

Figure 1.13: Diagram of a portion of stack for a PCEC. Is possible to notice
the aim of the interconnector, which allow the diffusion of the gas, through the
channel, in and out of the electrodes, and represent a pathway for the electrons.
The cell is portrayed with the following colors: Fuel electrode (green), electrolyte
(blue), and air electrode (red).In the right there is a magnification of the boxed
zone. The proportion are not observed here for a simpler comprehension.

Sealant

Sealant materials are utilized in stacks to isolate the various components (electrodes,
electrolyte, and interconnector) from gas leakage and under the electrical point of
view, preventing from shunting. Following figures ( 1.14), help to understand the
location where this component is needed, for a planar configuration [33]. The main
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requirements for sealings materials are the following: 1) CTE comparable with the
one of the sealed materials; 2) thermal stability in the operational temperature
range (500-600°C); 3) good resistance to chemical composition change, avoiding
reaction due to the exposure to reducing and oxidizing atmosphere; 4) resistance
to thermal cycling failure during start-up and shout-down; 5) good electrical
resistivity at operating temperature; 6) must avoid gas leakage; 7) low cost and
flexible design. Nowadays three main type of sealing materials are used and studied:
compressive sealant, compliant sealant, and rigidly bonded sealant. The first type
is composed by materials deformable under pressure application. It isn’t bounded
with the components, but only adhering to them, reducing the influence of CTE to
the performance. Indeed, deformations due to de differences of CTE with other
materials are absorbed from the sealant, and don’t generate cracks. Examples of
these sealing materials are mica, mica-based, ceramic fiber-based, and Al2O3-based
seals. Also, compliant sealant are deformable materials, but in this case only
noble materials are used, like platinum or gold. Considering the high cost of the
latter, other materials were investigated, like silver and copper. For these two
categories of sealing materials some issues have been encountered, such as cracks
and deterioration during the operation, gas leakage and corrosion phenomena. At
the end there are rigidly bonded seals, also known as glass and glass-ceramic seals.
They represent the best solution for this type of application. Differently from the
other, these materials form a chemical bond with the components, allowing to
obtain higher performance in the prevention of gas leakage. Main advantages of
this type of seal are the ability of flow over the cell, forming a hermetic adhesion,
and the possibility to tune the glass composition, modifying the properties. In
addition to these, however, there are also a lot of study to develop in this field,
trying to satisfy all the requirements [33].
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Figure 1.14: This diagram shows the possible position of the sealant for a PCEC
stack.

1.4 Glass and glass-ceramic seals
Glass and glass-ceramic sealants are very common in the field of SOEC, due to the
resistance to high temperature operation and to possibility to tune their properties
changing their composition. Indeed, modification of the glass network structure
can lead to important modifications of the material behaviour. Here is reported
a summary of the main components of a glass structure, and their impact on
the characteristics. In glass structure are present network formers, intermediates,
network modifiers, and additives. Between formers, oxides of Si and B are the
most common, and can be alone or combined. From network modifiers instead,
are included alkaline and alkaline earth oxides, such as Li2O, Na2O, BaO, SrO,
and so on. They are called modifiers because provide additional oxygen ions,
modifying the structure. Most common intermediate oxide is Al2O3. They can act
like glass former or modifier, based on their participation in the glass network or
not. Additives are not necessary component of the glass structure but are useful
for the modification of the properties. Between these there are rare earth metal
oxides (La2O3) and transition metals such as ZnO and Y2O3[33].

1.4.1 Effect of composition on thermal characteristics
Here is briefly presented a summary of the main thermal properties of a sealing glass
and their possible tuning through the modification of the glass composition. The
properties considered are transition temperature (Tg), softening temperature (Ts),
and CTE. The first two are related with the viscous behaviour of the glass. Glasses
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Figure 1.15: Representation of a glass network structure. All the possible type of
glass network components are here reported[33].

are brittle below the Tg and viscous above it. Considering the requirement of a
viscous behaviour of the glass, for obtain a good joining with the other components,
Tg value must be lower than the operating temperature of the cell. This can
lead to a decrease in thermal stress and possibility of obtaining self-healing cracks
by a viscous flow [34]. At the same time, Ts should be higher than operational
temperature, in order to avoid excessive glass flow[34]. Some paper works have
highlighted the impact that composition modification have on glass behaviour. For
example, in silicate glass, the addition on SiO2 lead to the increasing of Tg and
Ts[35][34]. In the case of borosilicate glass, Tg and Ts decrease with the addition
of B2O3, due to its own low Tg[36]. Is important to notice that the same oxide
can play different role for different glass system. B2O3 can increase Ts if added
to a MgO-BaO-silicate seal glass[34]. Not only network former changes drive to
modification on behaviour, but also network modifiers also have an important
role in it, that depends on their influence on glass structure. Adding modifiers
into a glass forming oxide lead to a decrease of the characteristic temperatures,
and if done on borosilicate glasses that have the opposite effect[34]. Particularly
used for Tg and Ts tailoring are the additives, like ZrO2 and Al2O3. Mixing them
to the glass powder bring to a composite seal [34]. Like for the previous, their
effect must be well analysed case by case. CTE is another property that can be
tuned. Particularly important in terms of thermomechanical compatibility of the
components, it must be closest as possible to the value of the joining materials.
Indeed, if at the interface the CTE of the seal is lower than the other, that lead to
tensile stress. Otherwise, if is higher, that can drive to the formation of compressive
stress in the glass. Previous research has established ±1 ∗ 10−6K−1 like difference

19



Introduction

limit value. In this case the effect of network formers is simpler to understand.
The addition of oxides with high CTE values increases the total CTE of the seal,
like for B2O3 (14.4 ∗ 10−6K−1), and the addition of low CTE oxides, like SiO2
(0.6 ∗ 10−6K−1), decrease it. For network modifiers and additives, the trends
are again dependent on seal composition and other factors. Further insights are
provided in other paper works[6][34].

1.4.2 Additive manufacturing
Fundamental step, after the definition of the material, is to introduce the process
utilized to deposit the glass-ceramic paste on the cell. Indeed, the reaching of
optimum performances during the deposition process, is pivotal for the correct
functioning of the entire technology. The process briefly introduced is the Additive
manufacturing (AM). AM include different method for the 3D printing of a material,
adding layer by layer. Usually utilized for the deposition of deposition of polymeric
and metallic material, it could be used to also print ceramics. This is particularly
challenging as these materials are characterized by high melting points[37]. Seven

Figure 1.16: Additive manufacturing process of robocasting. This typology of
process allows the deposition of an ink to the surface, thanks to a s pressure applied
(extrusion force) that drives the in k through a nozzle[37].

different AM methods are defined: extrusion, material jetting, binder jetting,
photopolymerization, powder bed fusion, sheet lamination, and direct energy
deposition [38]. Focusing on material extrusion, this is a technique were a mixture
of ceramics and a solvent is forced through a nozzle. There are several methods
to print a ceramic, including: vat polymerization, powder bed-based methods or
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material extrusion. In particular, extrusion via robocasting proved to be the most
convenient choice for the od-demand deposition of glass ceramic layers. This is
based on the extrusion of a ceramic paste through a nozzle. This option brings
some advantages like the rapidity and ease to develop structures and the relatively
low cost[37]. This technology utilizes a ceramic ink, composed by a suspension
of ceramic particles, also known as paste or slurry. This is what represents one
of the greatest challenges for the application of robocasting method. Indeed, the
design of the ink require a high ceramic charge, for minimize shrinkage, a good
homogeneity of the paste and suitable rheological properties for the extrusion and
deposition process[37]. For the deposition, robocasting pastes should fulfil some
requirements. Indeed, the paste must be extrudable, avoiding uneven molding, and
have shape-retention capacity, that allow to maintain the shape after the deposition.
This means that the behaviour of the ink must be like a fluid for the extrusion step,
and elastic after that. For describe the previously mentioned behaviour, different
equations are used, like Ostwald-de Waele power law (eq. 1.9), and the equation of
the apparent viscosity(eq. 1.10), that together gave the eq. 1.11.

τ = k(γ̇)n (1.9)

η = k(γ̇)n−1 (1.10)

τ = η(γ̇) (1.11)

These equations show the relationship between shear stress (τ), shear rate (γ̇)and
apparent viscosity (η). Where k is the flow consistency parameter and n the flow
behaviour index, that is n = 1 in case of Newtonian material (independency of the
viscosity from shear rate), 0 < n < 1 for shear-thinning material (pseudoplastic),
and n > 1 for shear-thickening (dilatant) [37]. As shown in figure. 1.17 the
viscosity for the shear-thinning materials decreases as the shear rate increase.
Instead, completely opposite behaviour is shown by the shear-thickening materials.
Additionally some pastes may follow the Herschel-Buckley model (eq. 1.12), starting
to flow only after the exceeding a critical level for the shear stress. This limit stress
is known as yield stress (τy).

τ = τy + k(γ̇)n (1.12)

Figure. 1.18 presents a schematic of the ink extrusion process. One can be observe
the different solicitation that the paste should adapt to. Is possible to define a first
rest state zone inside the syringe, a second region that present a fast acceleration
of the paste, the nozzle where the maximum velocity is reached, and the deposition
region where the paste rest again. For the nozzle region a good flowability of the
ink is required, guaranteeing so a shear-thinning behaviour. Indeed, this part of
the process need a reduction of the viscosity in correspondence of a highly increase
of the shear rate. After that, in the second rest region, a fast recovery is needed,
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Figure 1.17: These curves report the response behaviour of different type of
materials to te application of a shear rate.a) shear stress versus shear rate, b)
apparent viscosity versus shear rate [37].

Figure 1.18: Diagram of ink extrusion through a nozzle„ during a robocasting
process[37].

allowing to obtain an appropriate shape retention, and a self-supporting capacity
by the paste. Figure Y shows different types of robocasting syringes. In figure
Ya,b,and c the pistons is respectively moved by a screw, in a infinite screw that
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push the paste and is moved by compressed air.

Figure 1.19: Diagram that represent the three different configurations used during
the paste extrusion in a robocasting process. An electric motor can be utilized
for drive a piston (a) or a screw b). Alternative solution implies the utilization of
compressed air [39].

1.4.3 Ceramic inks
Ceramic inks can be formed by colloidal suspensions, and gel-embedded suspensions.
The first ones present a high concentrated slurry of solid particles, with a weight
percentage in the range of 60-80%wt. They are dispersed in a liquid and low
viscosity solvent, and with the addition of a small fraction of organic additives
that allow to optimize the interaction forces between particles, stabilizing them.
Instead, gel-embedded suspension differs from the first category for the source of the
rheological properties. Indeed, if in the previous case the properties were influenced
by the particle’s interactions, in this case they depend on the gel phase, in which
the particles are dispersed[37]. This category can also be divided in two different
types: hydrogel ink and organogel ink. Adding additives is fundamental to tune the
rheological properties of a slurry. Additives can have multiple functions, e.g., they
can work as dispersants or as binders. Dispersants are mainly polymeric materials,
which are adsorbed on the surface of the ceramic particles. This allows to overcome
van der Waals interparticle forces and to obtain a homogeneous structure. The
mechanisms that permit to stabilize the ink are electrostatic steric, and electrosteric
mechanism (figure. 1.21)[9][40]. Binders also are mainly composed by polymer,
with a high molecular weight, used for increasing the viscosity and drive to a joining
between the particles. The tuning of this additives inside the paste is one of the
most important steps of the process, in order to allow their elimination through
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Figure 1.20: Diagram representing three main type of ceramic inks for robo-
casting. The steric mechanism is here represented by black lines, connected to
the particles.The negative charges are pictured in red, and the polymer chains are
drawn like green lines [40].

Figure 1.21: Three main mechanisms for particles stabilization: electrostatic,
steric, and electrosteric. Steric interactions are represented by black lines, while
electrostatic interactions by negative red charges [40].

thermal treatment, avoiding the formation of cracks in the final microstructure
[40].

1.5 Goal of the thesis
This thesis aims to increase the knowledge in the field of stack of large area,
Proton Conductive Cells. The reasons behind the improving attentions to this
technology are related to its ambitions on solving all the challenges highlighted in
the case of Solid Oxide Cells (SOCs), like lowering the operational temperature,
and consequently allow to the utilization of cheaper materials, impacting on the
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overall system cost. To reach the final stack, however, substantial efforts remain
necessary to gain a deeper knowledge on the thermochemical compatibility of
various components. This includes identify optimal materials and investigate their
interactions within the temperature range of interest, which in this case is between
550-600°C. Specifically, this study aims to delve deeper into the glass-ceramic
sealant component, evaluating different glass compositions and conducting various
tests to thoroughly characterize them. Once accomplished, the analysis extends to
the interaction between these glasses and the other components that will ultimately
form the stack, aiming to identify any potential undesired effects. Within this
context, the study also introduces the robocasting deposition process, an automated
moulding methodology that streamlines the sealant deposition phase, rendering it
readily scalable for industrial applications. Naturally, this entails additional glass
analysis, focusing on viscosity and the rheological behaviour of the paste used for
cell deposition. Ultimately, in the pursuit of a comprehensive model simulating
the system’s behaviour, a basic 2D numerical model has been developed to begin
assessing the cell’s thermo-mechanical behaviour.
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Experimental Methods

2.1 Glass-ceramic preparation
During this work, four glasses were analysed, with three being designed and pro-
duced in the laboratory of the Politecnico di Torino as part of previous studies.
These are V10, V11, and GC2. The fourth glass, GM31107, is a commercial
glass provided by SCHOTT and was initially tested as received. For what con-
cern the BCZY utilized in this work, three different compositions were taken
in consideration (tab. 2.1), but for the joining sample only one was utilized
(BaZr0.625Ce0.2Y0.175O3−σ), because it presents the state of the art for electrolyte
in these applications.

2.1.1 Composition of the glasses and casting procedure
Three of the considered glass-ceramica system are Si-based (V10, V11, and GC2),
while the commercial glass is Ba-based. A more detailed description is provided in
the following table (tab. 2.2). During the laboratory work, two of the examined

Type of BCZY Composition

BCZY-1 BaZr0.625Ce0.2Y0.175O3−σ

BCZY-2 BaCe0.7Zr0.2Y0.1O3−σ

BCZY-3 BaZr0.3Ce0.6Y0.1O3−σ

Table 2.1: Three different BCZY considered, with their composition and nomen-
clature utilized inside the work.
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glasses, GC2 and V11, were prepared to being used in the conducted tests. The
casting process involves blending various precursors in precise weight percentages
in a plastic bottle, which is then left on a roller overnight to achieve a homogeneous
powder. To prevent the formation of clumps, the powder can be ground in a mortar
using a pestle. Then, the powder is transferred to a platinum crucible, closed
with a platinum lid, which is subsequently placed in a furnace (Nabertherm). The
thermal cycle requires reaching 1500°C before the crucible is inserted. After 30
minutes, the furnace is opened, the lid is removed, and the crucible is placed in the
furnace for an additional 30 minutes. The entire thermal treatment lasts for an
hour. The glass labelled as GC2 is casted directly on a metal plate. For the glasses
V10 and V11 a quenching process is required. The melted glass is deposited into
a container of deionized water. After cooling, the glass is collected and placed in
an 80°C oven overnight to eliminate any remaining moisture. Once this is done,
the glasses are grounded, using a miller with a zirconia ball, and sieved to achieve
particle sizes below 25µm.

Oxydes V11 V10 GC2 GM31107

SiO2 46.37 49.30 38.21t 1-10

Al2O3 8.34 8.30 4.72 10-50

CaO 14.34 14.30 4.54 1-10

B2O3 5.76 5.80 6.44 10-50

Na2O 9.26 9.30 - -

MgO 16.00 13.00 - -

ZrO2 2.92 - - -

BaO - - 46.09 >50

Table 2.2: Evaluated glasses composition

2.2 Paste preparation
Another step in this study involves the utilization of an automated deposition
method for the sealant. The aim is to optimize the deposition process on the
cell and make it scalable for industrial purposes. However, this necessitates the
development of pastes suitable for molding, with specific rheological characteristics
that maintain the sealant’s application requirements. In this work, two distinct
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pastes were developed, differing in the organic components used. The first and most

Figure 2.1: Robocasting instrument utilized for the paste deposition (ZMorph
S.A. Company)

frequently employed paste during testing is the propylene glycol (PG)-based paste.
PG is a viscous hygroscopic organic solvent with low toxicity. Along with PG,
two additional components, a dispersant, and a binder, are added. For this paste,
PVP K30 and K90 are respectively used as the dispersant and binder. Both are
long chain polyvinylpyrrolidones. The formulation process for this paste involves
pre-mixing these two components separately with PG, each at a weight percentage
of 5%. K30 is completely poured into a container containing PG, and the mixture
is mechanically stirred for 15 minutes at 300 rpm. For K90, it is recommended to
divide it into three portions, which are added to the PG-containing container, with
intervals of 15 minutes of mixing at 300 rpm. These two containers are then placed
on rollers for two days to achieve as homogeneous a distribution as possible. Once
this is done, the two containers are mixed with the remaining PG for 15 minutes
at 600 rpm, using a mechanical stirrer. Following this, the solid component, in
this case the glass for which the paste is being formulated, is added, divided into
3-4 portions to prevent the formation of lumps. Again, between each portion of
glass, the mixture is stirred for 10-15 minutes at 600 rpm. The composition of the
paste used in this work is presented below tab. 2.3. Similar considerations can be
made for the terpineol-based paste, analogous to the previous case. a-Terpineol
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) is a tertiary alcohol used as
an organic solvent for paste preparation. Here, too, a dispersant and a binder are
present, which are Targon and ethyl cellulose, respectively. In this case, the binder
EC is initially mixed with terpineol. The percentage of EC used is 3% relative

28



Experimental Methods

Material Amount (%wt)

Solid load 75.00

PG 5.00

PG + K30 15.00

PG + K90 5.00

Table 2.3: PG paste composition (%wt).

Material Amount (%wt)

Solid load 75.00

Terpineol 23.5

Targon 0.75

EC 0.75

Table 2.4: Terpineol paste composition (%wt).

to the solvent. The two components are then mixed using a mechanical stirrer
for 20 minutes at 700 rpm. Once this is done, the dispersant is added as well,
at a percentage of 1% relative to the solvent, followed by mixing for 10 minutes
at 700 rpm. Like the previous case, the solid loading is then introduced in 3-4
portions, with intervals of 10 minutes at 800 rpm. To ensure proper distribution
of the various components, an additional mixing step of 20 minutes at 700 rpm
is performed. The composition of the paste used in this study is outlined below
tab. 2.4.

2.2.1 Glass modification
With the aim to improve the performances of the commercial glass, changes on the
composition were made. In this case, a zirconia oxide, doped with yttria (YSZ), was
used for the purpose. Test were made on GM31107 with the addition of 3YSZ and
8YSZ, differentiated by different molar content of yttria (3 and 8%mol respectively).
The aim was to allow the generation of a crystalline phase in the glass, improving
the performance and modifying viscosity and CTE[41]. First step was to evaluate
the particle size of the two YSZ, in order to characterize them. Aiming to ensure
a good dispersion of the YSZ particles within the glass and avoid agglomeration,
glass and YSZ powders have been dispersed in a solvent. 8YSZ was poured into
a test tube, with 5%wt fraction of the solid load, before the glass, allowing the
dispersant to act on it. For this test, PG paste was utilized.
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2.3 Rheological characterization of ceramic inks

After the preparation, the paste is tested using a rotational rheometer, that allow
to apply a wide range of shear stresses and rates to a sample, also controlling the
environment conditions. There are different configurations and test mode, but in
this case the paste was tested using a parallel plane, rotational mode(figure. 2.2).
This test is particularly suggested and used for the characterization of ceramic
pastes[37].

Figure 2.2: Different plates configurations for rheological properties tests.

Using a controlled stress rotational rheometer (DHR-2, TA Instruments, Waters,
USA), two different tests were made: flow sweep test and three interval thixotropy
test. The flow sweep test is useful for the characterization of the shear-thinning
behaviour of the paste. Indeed, it is a rotational test, where an increasing shear rate
is applied to the sample, measuring the corresponding viscosity. Instead, the three
interval thixotropy test has the purpose to evaluate the velocity of the solid-like
behaviour, after the extrusion, and the restored modulus. The first characterize
the ability to retain the nozzle shape, instead, the second have to be high to ensure
a good shape fidelity. This test implies three consecutive steps, with different
shear stress: a small shear stress, simulating the first rest region, a second step
characterized by a stress near to the maximum one, like in the nozzle during the
extrusion process, and the last one again with a small stress that simulates the
behaviour of the paste after the deposition. These steps are repeated two times, in
order to study the possibility of a time-dependency of the viscosity.
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Figure 2.3: Printability test for the prepared pastes. The case here reported was
about the GM31107 PG paste.

2.4 Joining fabrication

2.4.1 Sample preparation

Aiming to observe the thermochemical compatibility of the selected glass-ceramic
systems with the metallic interconnector and the ceramic electrolyte, several samples
were prepared and joined at high temperature. The samples have the following
structure: FSS/Glass-ceramic/BCZY (figure. 2.4). Pieces of FSS (AISI441 or
CroferAPU22) were cut, using a cutting machine, with dimension of 1.5x1.5 cm2.
The glass-ceramic studied in this thesis have been deposited between the 1.5x1.5
cm2 FSS pieces and equally sized pieces of BCZY (for the analyses performed,
fragments of a half-cell with the composition BaCe0.7Zr0.2Y0.1O3−σ). After forming
the junction, it undergoes a drying phase by being placed in an oven at around
80-90°C for approximately 30 minutes. This step aims to remove the organic
portion within the sealant. Subsequently, the sample undergoes a heat treatment
to join the various components. The samples joined with V11 and V10, have been
kept in the furnace for 1 hour at 850°C. The ones with GC2, have been treated at
950°C for 1 h; and finally. Finally, for the commercial glass, a thermal treatment
at a temperature of 700°C for 30 minutes was used. For all these thermal cycles, a
heating rate of 10°C/min is used to reach the desired temperature, followed by a
cooling rate of 2°C/min down to 25°C.

31



Experimental Methods

Figure 2.4: Schematic representation of a joining between a layer of FSS (dark
grey), an half-cell (electrode green, and electrolyte brown), and a deposited layer of
glass-ceramic sealant (light grey). On the right, there are two real joined samples,
produced during this thesis work.

2.4.2 Ageing of samples

Different samples have been produced and characterized in relevant conditions. In
this case, the samples previously joined (as described in the previous procedure)
are placed within a humidified atmosphere (approximately 50% humidity) and
subjected to an aging treatment, lasting about tot hours at a temperature of 600°C.
Compared to a simple aging test, the introduction of humid air allows for the
evaluation of potential material degradation due to contact with an atmosphere
rich in water vapor, and simulate the real operation conditions. For assessments
related to simple aging in a dry atmosphere, reference is made to earlier studies.
The samples subjected to this treatment include:

• Crofer22APU/GM31107/ BCZY-1

• AISI441/V11/ BCZY1

• AISI441/GM31107/BCZY1

• AISI441/GM31107+3YSZ (5%) /BCZY1

• AISI441/GM31107+3YSZ (2.5%) /BCZY1

At the end of the treatment, the samples are evaluated using SEM and XRD
techniques to identify any potential degradation or generation of new phases. This
investigation aims to provide insights into the performance of the joined materials
in conditions closely resembling operational environments.
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Figure 2.5: On the left there are all the samples prepared for the ageing test,
with humid air (50%). On the right side, ageing test setup is shown.

2.5 Thermal analysis
2.5.1 Differential scanning calorimetry (DSC)
DSC is widely used thermal analysis techniques, applied across various fields and
for different materials. For the present work, its application is related to charac-
terizing the behaviour of glassy materials, allowing the study of property changes
during glass transition, crystallization, melting, and other related phenomena. The
following analyses specifically focus on these characteristic temperatures: Tg - glass
transition temperature, Tx - crystallization temperature, and Tm - melting tem-
perature. The ultimate objective of this analysis is to gather useful information for
optimizing the thermal treatment employed during the joining process. There are
two types of DSCs: heat flux DSC and power compensation DSC, and the difference
between them is related to the measure technique, where the first the temperature
difference among the sample and a reference, while, in the power compensation the
measured difference regard the electric power used to maintain the samples and the
reference at the same temperature [42][43]. The instrument used in the following
experiments (DSC 404 F3 Pegasus, Netzsch, Germany) belongs to the former type,
so further details on the latter will not be presented here and are instead referred
to the relative literature [42]. The operational principle of a heat flux DSC is based
on evaluating the heat flow exchanged between the sample and the environment.
This evaluation can be conducted within a temperature range between -190 and
1900°C, depending on the instrument used, and may involve the use of gases for
studies conducted under specific atmospheres (nitrogen, argon, oxygen, or air).
Inside the apparatus, two crucibles are present: one containing the sample for
analysis and the other left empty, serving as a reference for result calibration. The
calculation of the heat flow exchanged with the sample is obtained by comparing it
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to the reference crucible, utilizing the difference in heat flow within the machine’s
chamber [42]. In detail, the apparatus is heated through internal resistors, and this
heat flow reaches the two crucibles. At this point, the temperature difference ∆T
is assessed. In cases where phase transitions or other characteristic phenomena
are occurring, the resulting signal due to thermal disequilibrium is generated and
utilized to calculate the difference in thermal flow, following Fourier’s law, where
the subscripts S stand for sample, R for reference, and Rth represents the thermal
resistance of the sensor.

Φ = ΦS − ΦR = TS − TR

Rth

= ∆T

Rth

(2.1)

The operational parameters used for the analyses conducted in this study, were:
50 ml/min of air and 20 ml/min of argon, used as a protective gas. The final
temperature reached was 1200 degrees Celsius, with a heating rate of 5°C/min.

Figure 2.6: Left figure report a diagram of the DSC internal configuration [42].
On the right there is a photo of the DSC used for this work (DSC 404 F3 Pegasus,
Netzsch, Germany)

2.5.2 Heating stage microscopy (HSM)
Heating Stage Microscopy (HSM) is an excellent method to observe thermal pro-
cesses. This apparatus (EM301 Heating Microscope, Hesse Instrument, Germany)
primarily consists of a light source, an electric furnace, and an observation unit,
which allows for image acquisition and faithful reproduction on the control device.
The measurement is carried out by placing a sample pellet on a substrate. The
choice of the substrate material depends on the specific measurement. An alu-
mina substrate is often used as a reference for various measurements. However,
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it’s possible to replace it with a substrate of a different material to observe the
interaction between the sample and the specific substrate. Typical applications of
this instrument involve assessing the thermal behaviour of a material, particularly
identifying characteristic temperatures of shrinkage, softening, and melting. This
is made possible by evaluating the silhouette evolution of the pellet, indicative of
the occurrence of the processes [44]. Specifically, the characteristic temperatures
identified by the instrument are as follows: a) TF S - First Shrinkage or Sintering
Temperature is when the glass begins to shrink, and necks form due to viscous flow
(η = viscosity; logη = 9.1 ± 0.1). This step begins around 50°C to 70°C above the
glass transition temperature Tg. b) TMS - Temperature of Maximum Shrinkage oc-
curs during powder densification before the glass starts to soften (logη = 7.8 ± 0.1).
c) TD - Softening or Deformation Point is the temperature where the initial signs of
softening manifest, evidenced by rounding of the sample corners (logη = 6.3 ± 0.1).
d) TB - Sphere Temperature represents the point at which the sample’s height
equals its base width. e) THB - Half-Ball Point is where the sample’s height is half
its base width (logη = 4.1 ± 0.1). f) TF - Flow Temperature marks the point where
the sample’s height is less than a third of its base, and the sample is considered
completely "molten" (logη = 3.4 ± 0.1). Specifically, the temperatures TF S, TMS,
and TD provide insight into the temperature range wherein the glass sintering
process occurs and where the onset of crystallization can be detected. The latter
observation is facilitated by comparing the graphs obtained through this instrument
with those derived from DSC measurements. As for the thermal process employed,
it remained consistent for all tested glasses and their respective substrates. It
involves a heating rate of 60°C/min up to 300°C, followed by a rate of 5°C/min up
to the maximum temperature of 1300°C. The measurements also include stopping
criteria, allowing the test to be halted before reaching the maximum temperature.

Figure 2.7: HSM instrument used for the measurements (EM301 Heating Micro-
scope, Hesse Instrument, Germany
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2.5.3 Dilatometry (DIL)
A dilatometer is an instrument used to determine the volume changes of a sample
with respect to temperature. More precisely, what is obtained is a deformation
trend with temperature, and through the following formula, a coefficient known as
the Coefficient of Thermal Expansion (CTE):

CTE = 1
L0

∆L

∆T
(2.2)

Here, L0 represents the initial dimension of the sample, and ∆L and ∆T represent
the changes in dimension and temperature, respectively. This measurement is
conducted by inserting a cylindrical sample, obtained in this case by compacting
the glass powder to be measured, with a size of approximately 5 mm (where size
refers to the measurement direction L), into the instrument. The sample is held in
place by an alumina rod. In addition to CTE, this measurement also allows for
the identification of characteristic glass transition temperature (Tg) and softening
temperature (TS) through the analysis of the obtained graph.

Figure 2.8: Left diagram represent the internal structure of a dilatometry in-
strument. On the right, is possible to see the dilatometry utilized for the work
(DIL402PC, Netzsch, Germany)

2.6 Microstructural characterization
2.6.1 Scanning electron microscopy (SEM)
The scanning electron microscope (SEM) is an instrument that uses an electron
beam to obtain microscopic-scale information about a specimen. The electron beam
is generated from an electron gun, and then accelerated and focused using magnetic
or electrostatic lenses. The sample is kept in high vacuum conditions to avoid
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interaction between the electron beam and the atmosphere. One the electrons reach
the samples they can be elastically scattered away, with a large part of their energy
intact, forming the backscattered electrons (BSEs), or their energy induce the
emission of secondary electrons (SEs), X-rays or Auger electrons. All these electron
signals are captured by using the proper detector. More in detail, BSE constitute a
significant source of information about the specimen characteristics. Indeed, they
provide information on specimen composition, topography, mass thickness, and
crystallography[9][45]. SEs are created from an inelastic scattering of the beam and
can provide information about the topography of the sample’s surface. Another
possible study that can be done regards the X-ray emitted from the atoms due to
the interaction with the electron beam. These X-rays are characteristic of each
atom species, and for that reason this principle is used to detect the presence of
an element and its amount in a specific area of the sample, using an Emission
Dispersive X-Ray spectroscopy (EDX).

Figure 2.9: Representation of the operating principles of an SEM (a), and the
type of signals produced during the interaction between electrons and the material
(b)[9].

Joined samples evalutation

Once the junction is obtained, it’s prepared for subsequent examination under
the SEM. This process involves encapsulating the junction within a cylindrical
container, using a mixture of epoxy resin (Epofix) and a hardener, with a volume
ratio of 8:1 for the resin. After allowing it to rest overnight, the encapsulated sample
is extracted from the cylinder to undergo polishing using a polishing machine with
SiC discs. It’s important to evaluate the actual polishing of the sample before using
optical microscopes. Next, silver paste traces are applied onto the sample for good
conductivity during SEM testing. Finally, to further enhance sample conductivity,
it’s coated with nebulized platinum using a specialized machine(figure. 2.10).
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Figure 2.10: Two samples encapsulated in resin, ready for the SEM visualization.

2.6.2 X-ray diffrection (XRD)
X-ray Diffraction (XRD) analysis is a highly effective tool for examining the
structure of materials and extracting vital information, including the study of
crystalline phase formation within glassy materials. The operational principle
involves the emission of X-rays in the form of coherent radiation with a fixed
wavelength. These X-rays then strike the sample, leading to scattering phenomena
in all directions, without undergoing any wavelength changes. This diffraction
phenomenon follows Bragg’s law:

2dsinθ = nλ (2.3)

Here, θ represents the angle of incidence, λ denotes the wavelength of the radiation,
d stands for the distance between planes, and n corresponds to the order of reflection.
The outcome of this analysis provides a diffraction distribution across an angle
range from 0 to 2θ, offering insights into position and intensity. This, in turn,
facilitates the identification of various structural characteristics[9].

Figure 2.11: Representation of operating principles of an XRD test (a), and XRD
instrument (b)[9].
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Results and discussion

3.1 Glass characterization
In this work four different glasses were studied. Two of them Ba-based (V10
and V11) and the other Na-based glasses (GC2 and GM31107). This allowed
to compare different glass composition on thermal characteristics and behaviour
under operative conditions, with a focus on interface between different components.
Furthermore, other studies let to evaluate the possibility to modify the composition
of the commercial glass, trying to meet the requests for this application.

3.1.1 Evaluation of characteristic temperatures
The characteristic temperatures evaluation is carried out through DSC and HSM
measurements. Figure. 3.1shows the measurements obtained during the DSC
analysis for all four glasses. It should be noted that the results for V10, V11 and
GC2 were taken from previous works, and for differentiate them, dotted lines will
be used in the graphs. One can notice that V10 and V11 shows a crystallization
temperature peak in the range of 820-840°C. For GC2, a smaller crystallization
peak is identified at an higher temperature, i.e. 910°C. In the case of GM31107,
no peak associated to crystallization was found, indicating the preservation of its
amorphous nature even at higher temperatures. Further evaluations about this
behaviour will be done in following sections. DSC analyses allows to identify other
important characteristic temperatures, as the transition temperature (Tg) of the
glass, which falls between 600-700°C for V10, V11, and GC2. Lower value instead
for the GM31107, around 533°C. These results are particularly important, as the
Tg is a crucial parameter for what concern the glass behaviour. For a glass seal, the
Tg must be lower than the operational temperature [46][47]. The first three glasses,
as mentioned, come from previous studies about SOC sealings. This is the reason
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behind their high value of Tg, compared to the operational temperature considered
for PCC. GM31107 instead, shows a value that falls within the desired ranges.

Figure 3.1: DSC analysis on GM31107, compared with results from previous
works on V11, V10, and GC2.

By means of the HSM measurements, as shown in figure. 3.2, is possible deduce
the temperatures related to the sintering range and the softening temperature. All
the measurements considered below refer to the case with an alumina substrate. One
can notice that the three silica-based glasses generally exhibit higher temperatures
compared to the case of the commercial glass. This difference is also noticeable
in terms of the presence of the crystallization plateau. Following the temperature
of maximum shrinkage, the first three glasses display a flat zone, which is likely
attributed to the crystallization process mentioned in the previous analyses. In the
case of GM31107, no plateau was observed, in agreement with the DSC analysis
made on the glass. Specifically, the crystallization phenomenon occurs between
700-900°C for V10 and V11, and between 750-920°C for GC2. After conducting
the measurements to characterize the glasses, the assessment shifted to potential
modifications arising from interactions with other components within the stack.
Figure. 3.4 and figure. 3.3 illustrate the curves related to GC2 and GM31107 glasses,
respectively, in both the alumina substrate case and when in contact with various
types of BCZY (BCZY1, BCZY2, BCZY3), which compositions are reported in the
previous chapter. In this instance, dashed lines indicate measurements taken on the
alumina substrate. It is evident that there are no significant variations in the curve
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shapes and characteristic temperature values, except for minor deviations. Among
these, we highlight a reduction in temperature after the sintering temperature (Ts)
in the case of the commercial glass and slightly lower shrinkage values in the case
of GC2 with the BCZY1 substrate. These variations warrant further analysis to
confirm any actual trends or attribute these deviations to simple measurement
errors.

Figure 3.2: HSM measurements on GM31107, and data from previous works on
V11, V10, and GC2. Characteristic temperatures are highlighted in the graphic
with colored marker. The figures below explain the meaning of the numbers
associated to the markers.
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Figure 3.3: Curves relative to different HSM tests, made utilizing three typology
of BCZY like substrate. The dashed line represent the values obtained in the case
with Al2O3

Figure 3.4: Curves relative to the measurments made by HSM, on GC2, consider-
ing different BCZY like substrate. The dashed line represent the values obtained
in the case with Al2O3
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3.1.2 Coefficent of thermal expansion (CTE)

Another fundamental parameter for the thermal characterization of the different
glasses is represented by the Coefficient of Thermal Expansion (CTE). In this case, a
dilatometer was used as the tool to evaluate this coefficient. In figure. 3.5, we present
the DIL measurements obtained. Similar to previous instances, measurements
not conducted during this laboratory work are depicted with dashed lines. It’s
noticeable that for the commercial glass, the values lie within the range of 11.2 −
12.7 ∗ 10−6K−1. In this case, three different measurements were taken, with one
exhibiting an error after 500°C, which is considered negligible as it does not
significantly impact the CTE value. Considering the range of values covered by
these results (averageCTE=12.2E − 6K−1, standard deviation = 0.7071) , it would
be advisable to repeat these tests in the future to avoid potential measurement
errors and narrow down the value within a more precise range.Among the three
measurements about GM31107, figure.tot reports also the curve of GC2, taken
from previous works, that shows a CTE value of 10.88 ∗ 10−6K−1. Recalling the
information from preceding chapters, the CTE value should not deviate excessively
from those of the materials that will interface within the stack junction. The
following table tab.tot summarizes the measurement values, considering also V11
and V10, along with those associated with the junction materials. From these data,
it can be observed that glasses V11 and GC2 exhibit values comparable to those of
the other components, with a tolerance of±1 ∗ 10−6K−1 in mind as a benchmark.
A similar consideration applies to the commercial glass, but with an assumption
that the actual CTE is in the range of 11.2 − 12 ∗ 10−6K−1, rather than trending
towards higher values in the range. On the other hand, V10 presents a value lower
than the acceptable limits for this application, which could potentially lead to
consequences at the interface when joined with such materials.

Material CTE (10−6K−1)

GM31107 ≈12.2

GC2 ≈10.88

V11 ≈10.59

V10 ≈9.21

AISI441 ≈11.5

Crofer22APU ≈11.2

BCZY ≈10-14

Table 3.1: CTE of different materials
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Figure 3.5: Curves relative to the dilatometry of GM31107 (three different
measurements), and GC2, from previous works. CTE values obtained in the range
300-500°C are also reported.

3.2 Paste characterization
The rheological properties of the pastes produced during this work have been
characterized and the results are here presented. Figure. 3.6 shows the flow sweep
tests, made for the evaluation of the shear thinning behaviour, and three interval
thixotropy test, that allow to study the recovery time of solid-like behaviour after
the extrusion, were carried out. In this laboratory work, the two pastes composition
were utilized, with GM31107 like solid load. Further comparison with GC2 and
V11 were made for the shear thinning behaviour analysis, using data from previous
works. In figure. 3.7 is possible to see the curves obtained during the flow sweep
test. For both, the trends suggest a shear thinning demeanour, most highlighted for
the terpineol paste. Indeed, for the PG-paste is possible to notice an initial region
where the paste shows a shear stress independent behaviour. Another interesting
information is the high level of viscosity of the terpineol paste, at the beginning of
the test, right after the rest state, followed by a fast decrease. For what concern the
old measurements on GC2 and V11, also them show a shear thinning behaviour,
with intermediate values of initial viscosity respect the other. All the results are
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considerable good, taking in consideration the advantages of using a shear thinning
paste during the extrusion process[9]. Figure. 3.8 show the result for the three
interval thixotropy test, considering only the PG-based paste with GM31107. The
paste exhibit encouraging results in terms of velocity and dimension of the recovery.
Also, in this case the paste shows a good behaviour, reaching a 73% of recovery
after the first stress. For allowing a comparison among the pastes, fig.tot outline
the test made on GC2 and V11 terpineol-based pastes. GC2 paste shows a higher
initial viscosity, like already seen in the previous test, and also in this case a good
recovery, even if lower that the commercial glass (63.6%). V11 present lower initial
viscosity and a high recovery, around 70%.

Figure 3.6: Flow curves of GM31107 in terpineol paste (red dots), and GM31107
in PG paste (black squares). Empty markers represent the shear stress.
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Figure 3.7: Flow curves of GC2(blu line) and V11(green line) terpineol pastes.
In this case lines are used to underling the fact that these results came from a
preavious study [48]. Dashed lines represent the shear stress.

Figure 3.8: Three interval thixotropy test for GM31107+PG paste. In the figure
are also reported the percentage values of recovery.
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Figure 3.9: Three interval thixotropy test for GC2 (blue dots) and V11 (green
dots) terpineol pastes. Also in this case the data utilized came from a previous
study [48]

3.3 Microstructural characterization

Once the thermal characterizations of the different glasses have been conducted,
the focus shifts to studying their behaviour within a junction. Specifically, the
compatibility of these glasses with the other two components they interface within
a standard stack configuration is analysed (stainless steels and the electrolyte).
As previously mentioned, for these applications, two different types of stainless
steel have been chosen: AISI441 and Crofer22APU. As for the electrolyte, the
choice is the one widely recognized in the literature as one of the best solutions
for proton conduction, BCZY1. In this specific case, it is part of a half-cell. The
samples are first brought to the temperatures identified in the preceding sections
before undergoing an aging process, which, in this instance, involves the use of a
humidified atmosphere. To simplify the reading, the following nomenclature will
be used in this section, for identify the samples (table. 3.2):
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AISI441+GM31107+BCZY1 (pre-ageing) S01

Crofer22APU+GM31107+BCZY1 (pre-ageing) S02

AISI441+GM31107+BCZY1 (after-ageing) S03

Crofer22APU+GM31107+BCZY1 (after-ageing) S04

AISI441+V11+BCZY1 (after-ageing) S05

Table 3.2: Samples nomenclature

3.3.1 Joined samples
Figure. 3.10shows the samples with the commercial glass (S01 and S02), which
only did the joining treatment, with static air. More in detail, in figure. 3.10a
there is the S01 sample, with commercial glass joined with Crofer22APU as FSS.
Instead figure. 3.10b shows the sample S02, which is joined with AISI441. For
both the configuration is possible to notice a good homogeneity inside the glass
phase, with a limited number of pores.Also, at the interface the samples shows
a good behaviour, without evident cracks or holes. In figure. 3.11 are reported

Figure 3.10: Two images of joined samples obtained through SEM: a) S02, and
b) S01

different magnification, which better highlight the good compatibility between
commercial glass, the two interconnectors and the electrolyte. Other important
characteristic to notice in these SEM images is the complete absence of crystalline
phase. This result confirms the ones previously obtained with HSM and DSC,
which didn’t show crystalline phase formation signs. To confirm the good results in
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Figure 3.11: SEM images of the samples S01 and S02, with the magnification of
the interfaces between the layers. For S01, a) shows the interface among the glass
and the AISI441, while in b) there are glass and BCZY1. The images of the S02
are reported below, where in c) there is the interface with the Crofer22APU, and
in d) with the BCZY1

terms of adhesion, present in figure. 3.11a,c, an EDX evaluation was made on the
sample with the AISI441/GM31107/BCZY, to exclude possible Cr interdiffusion.
Figure. 3.12 shows the distribution of the Cr at the interface between AISI441 and
commercial glass, confirming the absence of interdiffusion. To accurately determine
any reactions between the sealant glass and the BCZY electrolyte, an XRD of
a mixture of powders from both was performed. In particular, it was observed
that GM31107, when mixed with BCZY powder and heat-treated at 700°C for 30
minutes, does not react with BCZY to form new phases. Figure. 3.13 displays the
XRD of the powder, comparing it with that of various BCZY samples, where no
significant differences were detected.
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Figure 3.12: EDX of the interface between glass and AISI441, for the sample S01.
The aim is to evaluate the possible interdiffusion of Cr in the glass phase.

Figure 3.13: EDX of the interface between glass and AISI441, for the sample S01.
The aim is to evaluate the possible interdiffusion of Cr in the glass phase.
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3.3.2 After ageing

GM31107

Figure. 3.14 shows the samples S03, with commercial glass joined with AISI441 and
BCZY1 (figure. 3.14a), and S04, with Crofer22APU as FSS(figure. 3.14b). Similar
to the result obtained after the joining treatment, the glass doesn’t show any cracks
or imperfections at the interfaces or in the middle. The few holes present inside
the glass phase may be due to the introduction of air in the deposition process.

Figure 3.14: Focus on the formation of crystalline phase inside the glass in the
case of a) S03 and b) S04

Figure. 3.16 gives a magnification of the interfaces between the glass and the other
two layers in both the cases. Important outcome from this test, for the commercial
glass, is the formation of a crystalline phase. Different from the previous treatment,
in static air at 700°C, in this one, with the humidified atmosphere at 600°C, seems
to have an influence on reaction inside the glass phase. Figure. 3.15 exhibits
magnification of the glassy phase, with the presence of an evident crystalline phase.
These results need further investigation, to understand the causes behind this
behaviour.
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Figure 3.15: Focus on the formation of crystalline phase inside the glass in the
case of a) S03 and b) S04

Figure 3.16: SEM images of the samples S03 and S04, with the magnification
of the interfaces between the layers. For S03, a) show glass and BCZY1, while b)
shows the interface among the glass and the AISI441. The images of the S04 are
reported below, where in c) there is the interface with the BCZY1, and in d) with
the Crofer22APU
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V11

Figure. 3.17 shows the sample S05, constituted by the following layers: AISI441 +
GM31107+BCZY1. Once again, there is notable compatibility between these layers,
despite an increased number of imperfections within the glass phase compared to
other glasses. Along the interface, adhesion is generally good along most of its
length, although certain regions exhibit significant pores or separation between the
layers. A closer look at these interfaces can be seen in Figure. 3.18a, b. Regarding
V11, previous research focused on its behaviour post-joining treatment and aging in
a static air environment[48]. In that investigation, no significant imperfections were
observed either within the glass or at the interfaces with other components. However,
after 1000 hours of aging in static air, there was evidence of Cr interdiffusion within
the glass[9], a phenomenon distinct from aging in humidified air, where no new
interdiffusion layers were detected.

Figure 3.17: SEM images of the joined samples S05, with V11, BCZY1 and
AISI441.

Figure 3.18: Magnification of the interface between V11 and a) AISI441, and b)
BCZY1
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3.4 Modification of glass composition

3.4.1 GM31107+8YSZ

Figure. 3.19 report the average size of the particles of 8YSZ, and an image of the
powder taken from the SEM. The average value was 0.15353µm in the 8YSZ case.
Following is reported a comparison between HSM curves about pure GM31107 and

Figure 3.19: On the left there is a magnification of a 8YSZ powder, which was
utilized for the evaluation of particles size. On the right there is a size distribution
od the particles.

mixed with 8YSZ (figure. 3.20). Is possible to notice that the difference among
the two behaviours is negligible. For this evaluation, powder pellets were used.
Figure. 3.21 report the three HSM measurements made on modified glass, where
Comp-01 and Comp-02 represents the samples made of a paste droplet, while
Comp-03 is the previous mentioned powder pellet sample.
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Figure 3.20: Comparison of HSM results between pure GM31107 and modified
one, with the adding of 8YSZ (5%wt).

Figure 3.21: All the results obtained during the HSM tests on
GM31107+8YSZ(5%). Comp-1 and Comp-2 were made from a paste droplet,
while comp-3 was a normal HSM test on a powder pellet. Under the chart are
reported the samples after the HSM tests.

55



Results and discussion

From the SEM micrographs showed in Figure. 3.22, is possible to notice that
the glass appears cracked after the joining process. These cracks are present on the
whole surface and in the interfaces with other components. Possible reason to this
result could be the marked differences between the CTE (10.5 ∗ 10−6K−1 for the
8YSZ, and 12.2 ∗ 10−6K−1 for GM31107), or the small size of the particles. One
can observe the good dispersion of the 8YSZ particles inside the glass matrix. This
result was obtained using PVP as dispersant in the PG solvent.

Figure 3.22: SEM images of joined samples, containing glass-ceramic sealant
(GM31107+8YSZ).

3.4.2 GM31107+3YSZ
Due to the problems obtained with the addition of 8YSZ inside the commercial
glass, another try was made using a different type of YSZ. In this case 3YSZ was
mixed with the glass. Differently from the previous modification, this time YSZ
is characterized by a 3% of yttria, and a particle size higher than the 8YSZ. The
following test were made trying to reproduce the operational condition of the cell,
so with a humidified atmosphere. Figure. 3.23a,b reports the SEM images of the
sample with the addition of 2.5%w.t. of 3YSZ, while figure. 3.23c,d shows the
sample with 5%w.t. of 3YSZ. It is noteworthy that, instead of observing cracks and
defects within the glass, both samples exhibit a crystalline phase in this case, as
shown in figure. 3.24. Additionally, the compatibility of the glass at the interfaces
remains satisfactory. Further analyses are required to comprehend the distinct
behaviours of these two YSZ types and to assess the potential enhancements that
this addition could introduce to the thermal and rheological properties of the glass.
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Figure 3.23: SEM images of the samples with modified GM31107. First two
are related to GM31107+3YSZ (2,5%), where a) show glass and AISI411, while b)
shows the interface among the glass and the BCZY1. The remaining images are
about GM31107+3YSZ (5%), where in c) there is the interface with the AISI441,
and in d) with the BCZY1.
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Figure 3.24: SEM magnifications of the glass phase: a) AISI441 +
GM31107(+2.5%wt3Y SZ)+BCZY1 and b) AISI441+GM31107(+5%wt3Y SZ)+
BCZY1.
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Chapter 4

Numerical modelling

The following chapter delineates the modelling of a single PCEC. Given the need
to develop a comprehensive model for a PCC stack (for both the fuel cell and
electrolysis configurations), here is presented the initial step toward achieving this
objective. To obtain necessary data for optimizing the design of an entire stack, it
is imperative to deeply characterize and investigate the thermo-electric behavior
of a single cell. For this purpose, a 2D computational fluid dynamics model for a
PCEC is proposed, which takes in account the governing equations of mass and
momentum transport, charge, and species conservation, and energy transfer in a
two-dimensional domain.

4.1 Model development
For the development of this simulation model, different mathematical models from
the literature, developed for SOFC, SOEC, and PCFC were used, because of the
similitude of these systems. For what concern the parameters that are necessary
during the simulation, they were taken from literature, and other works [48]. The
model has been developed using COMSOL Multiphysics software.

4.1.1 Charge balance
PCEC technologies include materials with electric conduction, ionic conduction, or
both, in the case of the electrodes. The transport of these charges is described by
the Ohm’s law equation. 4.1, expressed as:

−∇(σi∇Vi) = Si,a,c (4.1)

Where σi represent the ionic or electronic conductivity. Vi is the electric potential,
and Si is the charge source term. This equation (equation. 4.1) must be applied ion
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both the electrodes and the electrolyte. For this simulation, the ion conductivity of
the electrolyte was considered fixed, and equal to 1.4 ∗ 10−2S/cm [49][50], while the
ionic conductivity of the active part of the electrodes, was taken equal for anode
and cathode, following this equation (equation. 4.2):

σGDE = σelectfl (4.2)

Whereσelect is the conductivity of the electrolyte, fl is a correction factor, which
consider the volume of ionic conductor inside the active volume of the electrode
(GDE). In this case is considered equal to 0.2 [48]. For what concern the electronic
conductivity of the electrodes, it is equal to 105S/m [48]. The parameter Si

(equation. 4.1), is defined by the equation (equation. 4.3):

Si,a,c = ±AT P Bja,c (4.3)

Where AT P B is the specific surface area of the TPB, taken equal to 1 ∗ 1091/m
in this case, which is considered uniformly distributed in the GDE layer of the
electrodes.

4.1.2 Mass balance
Transportation phenomena are mainly driven by diffusion and convection in the
porous electrodes of the cell and in the gas channel equation (equation. 4.4):

∂

∂t
(ρωi) + ∇(ρωiu) = −∇Ji + Ri (4.4)

where, considering the mixture of N species (with i that goes from 1 to N), ρ is the
density, u the mass average velocity, ωi the mass fraction, Ji the diffusion flux, and
Ri the rate of consumption or production of a species i [51]. The diffusion flux of
chemical species Ji is written as below (equation. 4.5):

Ji = −ρωi

Ø
k

Di,k,eff (∇χk + 1
p

[(χk − ωk)∇p] (4.5)

Where Di,k,eff is the effective diffusivity and χk is the molar fraction of the k specie
[51]. Assuming the porous electrode to be composed by a solid phase made of
spheres and the bed phase surrounding the spheres treated as the void fraction
of the electrode, the Buggerman’s equation can be used for the calculation of the
effective diffusivity (equation. 4.6):

Di,k,eff = ϵ1.5Dik (4.6)

Where ϵ represent the porosity of the electrodes, that in this case is set as 0.4
[48][49].

60



Numerical modelling

4.1.3 Heat balance
Temperature is a fundamental parameter for this simulation, due to the dependence
of different parameters to its value. In this case, considering the operational
temperature, around 600°C, radiative heat transfer could be neglected. So, the
only heat transfer phenomena are convection and conduction. Conductive heat
transfer (equation. 4.7) can be expressed as:

ρCp,effu∇T = ∇(keff∇T ) + Qgen (4.7)

Where ρ is the density, cp the specific heat capacity and keff the conductivity. This
equation is applied to all the domains, (solid, gas and porous), so they depend on
the domain considered. For porous materials, these three parameters are weighted
for the solid and fluid component, obtaining effective parameters. Qgen is the heat
source term, that varies depending on the part of the cell considered. the thermal
conductivity term can be written as follow (equation. 4.8):

keff = ϵpkf + (1 − ϵp)ks (4.8)

Where kf and ks represent the thermal conductivity of the gas and solid phase
respectively. Convection heat transfer is related to the flow of the species and can
be expressed like follow (equation. 4.9):

(ρcp)∂Tf

∂t
= −∇(kf∇Tf ) − (ρcp)fu∇Tf (4.9)

Where Tf is the temperature of the fluid, kf its thermal conductivity, and u the
velocity field vector. In the present application, the heat sources evaluated are the
electrochemical reaction irreversibilities (equation. 4.10), and the Joule’s effect in
electrodes and electrolyte (equation. 4.11). No heat sources are considered in the
gas channel.

Qchem = −∆Se
TJav

neF
(4.10)

Qohm = J2

σ
(4.11)

Where, in the equation. 4.11, the σ is the electrolyte ionic conductivity or electrode
electronic conductivity, depending by the case, while in equation. 4.10, ∆Se is the
change in entropy of the reaction [52].

4.1.4 Electrochemical reaction
The potential of the cell was described previously described, in the introduction
chapter, by the following equation (equation. 1.6).In that equation, different over-
potential are added, accounting for the polarization phenomena, to Voc, that is the
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open circuit voltage. The charge transfer kinetics is expressed by the Butler-Volmer
equation (eq.x), that here is reported for the anode (equation. 4.12) and for the
cathode (equation. 4.13):

ia = i0,a[exp(αb,aFηact,a

RT
− exp(−αf,aFηact,a

RT
)] (4.12)

ic = i0,c[exp(αb,cFηact,c

RT
− exp(−αf,cFηact,c

RT
)] (4.13)

Where i0,a and i0,c are the exchange current densities for anode and cathode
respectively, alphas are the backward and forward transfer coefficients [48]. For
this simulation, the value of exchange current densities was calculated starting
from the physics given by COMSOL software, here reported (equation. 4.14, 4.15):

i0,a = i0,a,ref

Ù
i:υi>0

pi

pi,ref

αcυi
n

Ù
i:υi<0

pi

pi,ref

−αaυi
n (4.14)

i0,c = i0,c,ref

Ù
i:υi>0

pi

pi,ref

αcυi
n

Ù
i:υi<0

pi

pi,ref

−αaυi
n (4.15)

Where i0,a,ref and i0,c,ref are the references value for anode and cathode respectively.
In this case the value for both was taken equal to 1.00A/cm2.

4.2 Geometry
The design employs a 2D rectangular anode-supported PCC, as detailed in a prior
study [48], featuring an area equivalent to that of a circular geometry with a 3
cm radius. The materials considered are BCZY for the electrolyte, NiO-BCZY as
fuel electrode, and BCZY-BGLC for the air electrode. The model is composed,
starting from the top, by fuel flow channel, fuel electrode gas diffusion electrode
layer (GDL), active volume of the fuel electrode (GDE), membrane, active volume
of air electrode (GDE), air electrode gas diffusion electrode layer (GDL), and
air flow channel (figure. 4.1). The flow channels represent the channels of the
interconnector. The electrodes were divided into two volumes: a gas diffusion
layer, where the reaction doesn’t take place, and an active volume, where reaction
takes place (figure. 4.2). Geometry parameters were taken from [48] and are here
reported in tab. 4.1.
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Figure 4.1: Geomentry of the model from COMSOL software.

Figure 4.2: Magnification of the cell, from the model geometry

4.3 Simulation results

4.3.1 Boundary conditions
Boundary conditions and cell parameters have been calibrated using data from pre-
vious work [48], with the necessary modification due to the change in configuration,
from fuel cell to electrolysis mode. In this case, a mixture of steam and oxygen is
introduced at the anode with a molar fraction of water vapor of 0.97, assuming
steam recirculation with oxygen separation (i.e. not complete separation as it is
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Length 6cm

Air and fuel flow channels thickness 500µm

Fuel GDL thickness 20µm

Fuel GDE thickness 20µm

Electrolyte thickness 10µm

Air GDE thickness 20µm

Air GDL thickness 330µm

Table 4.1: Geometry parameters of the PCEC

not necessary) on the anodic side. Hydrogen is considered slightly humidified, with
a molar fraction of water vapor of 0.1. The operating temperature considered for
the simulation is 600°C, imposing it as inlet temperature of the fluids. For what
concern the potential of the cell, ground potential is fixed to the anode, and the
cell voltage is imposed at the cathode, starting with a value of 0.98 V (OCV).
For the calculation of i-V polarization curve and power density curve, the Vcell
was varied within a range of 0.98V to 1.2V. No flux condition was imposed for all
the boundaries of the cell, except for inlet and outlet section, where a mass flow
rate and atmospheric pressure were imposed respectively. Considering the thermal
model, thermal symmetry was applied to the upper and lower boundary, while a
thermal insulation was applied for the side boundaries of the cell.

4.3.2 Electrochemical behaviour curves

The simulation was conducted for an electrolysis setup, where hydrogen flowed
at the cathode with a mole fraction of water equal to 0.1, while oxygen flowed at
the anode with a mole fraction of water equal to 0.97. Figure. 4.3 displays the
i-V polarization curve obtained from the simulation. The Open Circuit Voltage
(OCV) is registered at 0.98 V, with subsequent current densities showing negative
values. This outcome can be attributed to the specific electrolysis mode chosen
for this scenario. In figure. 4.4, power density vs current density graph is reported.
In this case also, the value of current and power are negative, for the reason
previous mentioned. The peak of power density is obtained for a current density of
2.03A/cm2 and is3.25W/cm2.
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Figure 4.3: Polarization curve i-V, from the COMSOL model of a PCEC.

Figure 4.4: Power density vs Current density curve, from COMSOL model of a
PCEC.

4.3.3 Species mole fraction
The model was also utilized to highlight the distribution of species mole fraction.
Figure. 4.5 shows the distribution of H2,O2, and H2O mole fraction for a cell
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voltage equal to 1.6V , and a current density of 2.03A/cm2. Is possible to notice the
formation of hydrogen along the cathode side, and the respectively consumption of
water at the anode.

Figure 4.5: Molar fraction results, for a voltage equal to 1.6V, from COMSOL
software. a) H2 molar fraction, b) O2 molar fraction, and c) H2O molar fraction
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4.3.4 Heat balance
In the context of the electrolysis configuration, the occurring reaction is charac-
terized as endothermic, meaning it necessitates the input of heat (∆H > 0) to
proceed. However, the heat associated with the irreversibility, is generated during
the operation. These two opposite contributions lead to three possible scenarios:

• Endothermic EC (Phitot > 0)

• Adiabatic EC (Phitot = 0)

• Exothermic EC (Phitot < 0)

Where Phitot represents the total heat exchanged by the cell.The cell voltage at
which the heat comsumption of the electrochemical reaction is balanced by the
heat generated by the irreversibilities is called thermoneutral voltage. At 600°C
the thermoneutral voltage is 1.282 V [53]. Figure. 4.6 illustrates the trend of
temperature within the cell, representing the curves of average, maximum, and
minimum temperature as a function of current density. At a voltage of 1.282V,

Figure 4.6: Temperature trend inside the cell. Black curve represent the average
temperature inside the cell, while the red and blue are the minimum and maximum
temperature in the cell respectively.

the condition of thermoneutrality, as previously described, is reached, where the
temperature inside the cell becomes uniform.Figure. 4.7 shows the temperature
distribution in the case below and over the thermoneutral respectively. In both
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cases is possible to notice the difference of the temperature in the inlet and outlet
zones, for both the electrode.

Figure 4.7: Temperature distribution results, for different cell voltage, from
COMSOL software. a) distribution at 1.2 V, so under the thermoneutral voltage,
b) distribution at 1.5 V, so over the thermoneutral voltage
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Conclusion

In conclusion, this work was focused on the study of PCEC technology, with
the specific aim to increase the knowledge of about material compatibility and
performance of a single repeating unit of a stack. Specifically, this thesis set out
to analyse technological solutions related to the glass-ceramic sealant component
of the cell which is an important element in the assembly of an SRU. The sealant
ensures electrical insulation between parts and prevents gas leaks both internally
and externally to the cell.This research included the evaluation of different Si-
based glass systems, labelled V10, V11 (Na-containing) and, (Ba-containing) GC2.
Moreover, a commercial Ba-based glass, labelled GM31107 was studied. The
thermal and chemical behaviour of these glasses, both individually and in contact
with other SRU components, such as electrolytes and metallic interconnects, was
studied. Additionally, considering the need to develop a repeatable and scalable
industrial deposition process for the glass via robocasting, viscous pastes were
formulated, and their rheological properties characterized. Finally, using COMSOL
Multiphysics software, a 2D model of the cell was developed to characterize the
electrochemical and thermal behaviour of the cell, with the goal of subsequent
development of a 3D model. The study into pastes for robocasting involved two
distinct formulations: one utilizing terpineol as a solvent and the other employing
PG. Both formulations exhibited highly promising characteristics in terms of
extrusion behaviour, with viscosity ranging from 101 to 102 for a shear stress in the
range of 1 to 100 1/s. This shear-thinning behaviour mirrors previous findings with
pastes of GC2 and V11 glasses. Additionally, in terms of recovery after deposition,
the PG paste demonstrated favourable outcomes, boasting an initial recovery rate of
73%. When considered together with earlier outcomes, these results emphasize the
good performance of the GM31107-PG paste and its suitability for the deposition
process in robocasting. Assessments of the thermal behaviour of the different glasses
provided important results. The Si-based glasses, exhibited high characteristic
temperatures, with glass transition temperatures (Tg) between 600°C and 700°C.
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In contrast, the commercial glass showed more favourable values, around 500-
550°C. Considering the typical operating temperatures of PCEC devices (550-700
°C) these last Tg range below the operating temperature makes the commercial
glass a good candidate for this application. SEM analyses of interactions between
different cell materials were made on joined (BCZY/glass-ceramic/AISI 441), after
the selected joining thermal treatment and later after ageing. The second part,
conducted only for GM31107, showed excellent results regarding adhesion with
the metallic interconnector and the electrolyte, with no interdiffusion or formation
of secondary phases. As for the glass, it initially did not develop any crystalline
phase after the joining heat treatment, but later did so after ageing in a humidified
atmosphere. Further studies will be necessary to evaluate this behaviour in more
detail and, especially, the mechanisms that may generate it. Moreover, YSZ was
added into the commercial glass to tune its properties. The outcomes revealed that
for 8YSZ, after a simple joining thermal treatment, the glass exhibited extensive
cracking, suggesting a difference on the CTE between the GM31107 and the adding
compound. In contrast, with the 3YSZ, after the joining thermal treatment and an
ageing in humidified atmosphere, good results were achieved, in terms of integrity of
the glass, distribution of the YSZ, and adhesion in the interfaces. This underscores
the potential use of YSZ for setting the properties of the glass. In conclusion, the 2D
model allowed the evaluation of the cell’s behaviour under operational conditions,
both in terms of voltages and the thermal aspect. Polarization and power density
curves were obtained, both of which followed the expected trend for electrolyser
operation. The Open Circuit Voltage (OCV) in this case was around 0.98 V.
After studying the electrochemical behaviour, a thermal analysis was conducted to
identify the temperature distribution within the cell for different applied voltages.
The thermal neutral point was reached at a voltage of 1.28 V, where the behaviour
transitions from endothermic to exothermic, with the dominant contribution being
the thermal power generated through the irreversibilities for voltages beyond the
neutral point. The results obtained here are of significant interest for future model
developments, serving as a foundational basis for creating 3D models of the cell,
with the additional inclusion of studies on mechanical stress.
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