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Carbon capture and storage plays a fundamental role in achieving the ambitious goal of the 2030 Agenda to
eliminate carbon dioxide emissions by 2050. One of the most promising technologies for this purpose is the
Molten Carbonate Fuel Cell (MCFC), a device capable of producing energy while capturing carbon dioxide from
industrial flue gases.

In this technology, a key component is the ceramic matrix that is filled with molten carbonates. This work aims
to optimize both its performance and the production process, with a focus on making it more environmentally
friendly by eliminating toluene, a component commonly used in literature for its production. The developed
matrix formulation was characterized using mercury porosimeter and scanning electron microscopy (SEM),
revealing uniform morphology across the entire surface, with porosity and pore size distribution values
consistent with those reported in the literature.

Once the optimal physical properties were achieved, the electrochemical performance of the matrix was
assessed through a comprehensive testing procedure using reference electrodes. Additional tests were carried out
by varying the cathode gas composition and operating temperature, as well as replicating real industrial exhaust
conditions that require effective CO: reduction solutions.

In all test scenarios, the matrix exhibited performance values fully in line with literature benchmarks, con-
firming its potential and marking a significant improvement in the manufacturing process.

Overall, this study provides a comprehensive link between manufacturing parameters, material properties, and
electrochemical performance, contributing to the optimization of MCFC matrices for carbon capture applications.

1. Introduction the specific application. The most common approaches include post-

combustion carbon capture, which involves physical or chemical

In recent years, carbon capture and energy transition have emerged
as some of the greatest challenges to address. Numerous climate actions
developed under the framework of the Sustainable Development Goals
(SDGs) aim to achieve these critical objectives. One of the most pressing
issues is the emission of carbon dioxide, which is directly linked to
climate change and the global rise in temperatures. To tackle this
challenge, a phased approach has been adopted. The first milestone is set
for 2030, with the goal of reducing emissions by 55% compared to 1991
levels [1].

Carbon Capture and Utilization (CCU) covers a wide range of ap-
plications in which carbon dioxide is captured and subsequently used
either directly or indirectly. The initial stage of this process, carbon
capture, can be achieved through different technologies, depending on
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adsorption/absorption techniques, membrane separation, and chemical
reactions. A key factor uniting these technologies is the high energy
demand required for their operation. A possible solution to resolve this
issue is the Molten Carbonate Fuel Cell (MCFC), which is a well-
established technology for energy production. This technology has
been evolving as a novel approach, particularly noteworthy for its dual
capability: it not only generates energy but also effectively captures and
segregates carbon dioxide, making it a significant tool in the pursuit of
sustainable energy solutions [2,3].

This system, owing to its modularity, can have its power adjusted
across various ranges (from kW to MW, [4]), making it highly adaptable
for application in numerous sectors. The basic cell is comprised of six
main components: two electrodes that catalyze the electrochemical
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reaction; an electrolyte, which in this application is based on molten
carbonate and guarantees the flow of charge carriers through the in-
ternal cell circuit; a matrix that serves as the electrolyte's support
structure; and two current collectors, which enables both gas distribu-
tion and the transfer of electrons. The following Fig. 1 illustrates the
mechanism behind the functioning of the cell. Carbonate ions migrate
from the cathode side to the anode side through the matrix sheet, which
is impregnated with the electrolyte. To enable reactions (1) and (2), the
circuit has to be closed externally, connecting the two electrodes to
enable the electron migration to happen.
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Each component possesses distinct characteristics that must be
optimized to ensure high cell performance in terms of both power output
and electrical resistance, [5]. The matrix is a key component in MCFCs,
as it plays a crucial role in separating the anode and cathode compart-
ments while retaining the electrolyte. Because of its importance, the
matrix has been investigated not only as an inert structural component,
as in this study, but also as an active layer capable of exhibiting ionic
conductivity. In particular, some works have explored the use of ceramic
materials typically employed as electrolytes in Solid Oxide Cells, thus
enabling dual anion conductivity (COs2~ from the MCFC electrolyte and
0%~ from the SOFC electrolyte), which can lead to increased power
density [6,7].

The purpose of this study is the optimization of the inert matrix, the
most critical component of the cell through chemical and physical
analysis and characterization followed by in-cell testing. The main
novelty of this work lies in the innovative matrix fabrication method,
which replaces the toxic solvent, toluene, commonly used in literature
with an eco-friendly alternative. The properties of this solvent, referred
to as S1, were provided by Ecospray Technology under a commercial
agreement. For confidentiality reasons, the commercial name cannot be
disclosed; however, to ensure reproducibility, the following experi-
mental average characteristics are reported in Table 1 with a compari-
son with Toluene.

Based on well-established principles of ceramic slurry processing,
solvent properties strongly influence slurry rheology, particle disper-
sion, and drying kinetics. In particular, lower solvent viscosity, 0.50
mPa-s for S1 compared to 0.56 mPa-s for toluene, enhances particle
mobility and dispersion, thereby reducing agglomeration phenomena
and promoting the formation of a more homogeneous green matrix [8].
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Fig. 1. Schematic of the MCFC working principle.
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Table 1
Comparison of the physical properties of toluene and solvent S1,
Toluene Solvent S1
Density @20 °C
870 790
[kg/m?]
Molecular weight 92 53
[g/mol]
Viscosity @25 °C 0.56 0.50
[mPa-s]
Boiling point
110 65
[°C]
Surface tension 285 23.0

[nN/m]

Cost and safety Higher cost, toxic Lower cost, non-toxic

Furthermore, solvents with lower molecular weight and density (53 g/
mol and 790 kg/m? for S1, vs 92 g/mol and 870 kg/m? for toluene) are
associated with increased molecular mobility and diffusivity, which can
facilitate a more uniform solvent removal during the drying stage [9].

Evaporation kinetics are primarily governed by solvent vapor pres-
sure and boiling point, among other processing-dependent factors, with
S1 exhibiting a lower boiling point of 65 °C versus 110 °C for toluene.
When properly controlled, this favors the development of smaller, more
uniform pores while limiting drying-induced defects [10]. However,
shifting from a traditional aromatic solvent like toluene to the S1 system
requires an optimization of the mechanical mixing energy. According to
standard processing guidelines [11], low-viscosity systems often require
an increase in rotational speed (typically in the range of ~15-25%
higher RPM, depending on mill geometry and media loading) to main-
tain the grinding media in an optimal cascading motion. This increase in
RPM compensates for the lower drag force of the S1 medium, ensuring
sufficient shear stress to break down hard agglomerates.

This mechanical adjustment ensures that the lower surface tension of
S1, approximately 23.0 mN/m compared to 28.5 mN/m for toluene, is
fully exploited to minimize capillary stresses during drying [12]. Ac-
cording to the Young-Laplace equation, this reduction in surface energy
lowers the mechanical tension on the pore walls, preventing structural
collapse and limiting defects such as warping. Consequently, the S1
system can enable the production of thicker green tapes with higher
packing density and improved structural integrity.

Also, the use of this solvent instead of toluene results in an approx-
imate 40% reduction in solvent purchase cost, which may positively
impact the overall economics of matrix manufacturing.

Additionally, several tests were carried out by varying the cathode-
side gas composition to evaluate its impact on cell performance and to
simulate real application scenarios in both maritime and steelmaking
environments, which are representative examples of hard-to-abate sec-
tors in terms of COy emissions.

This integrated approach, combining process innovation, material
characterization, and functional testing under realistic operating con-
ditions, provides new insights into the relationship between matrix
manufacturing parameters and MCFC performance, addressing a key
challenge for the advancement of this technology.

2. Experimentation

As mentioned above, the matrix layer plays a fundamental role in
retaining the carbonate while ensuring its chemical and physical sta-
bility. This stability is critical to maintaining gas segregation between
the two compartments: the fuel side and the oxygen side. For these
reasons, numerous microstructural characteristics of the matrix must be
analyzed to uptake electrolyte and hinder gas diffusion. The literature
highlights the most important ones as being, [13]:

- Porosity: 50-70%;
- Surface area: > 10 m?/g;
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- Pore dimensions: < 1 pm;
- Gas crossover: ~ 0.

The matrix layer is typically fabricated using the tape-casting
method, which involves a ceramic slurry based on lithium aluminate,
LiAlOy, as the raw powder. According to the literature, several recipes
have been developed over the years for this manufacturing process.
However, a common challenge associated with these methods is the
substitution of a toxic solvent, toluene, to produce the slurry phase.
Toluene is an organic solvent known for its harmful effects on human
health and the environment [14].

The primary goal of this experimental campaign, conducted at Uni-
versity of Genoa, was to completely replace toluene with other organic
solvents in order to achieve improvements in health, safety, environ-
mental, and operational factors, making the production of the matrix
one step closer to a potential future scale up to industrial scale. In terms
of solvent waste management and recovery costs, the use of toluene
presents greater challenges compared to other organic solvents, [15].

In the standard matrix manufacturing process, the sintering step is
not included, as this thermal treatment takes place directly during the
startup phase of the cell stack. For this reason, the matrix sheet produced
through the tape casting, which still contains organic compounds such
as binders and plasticizers, is commonly referred to as the “green” ma-
trix. To replicate real operating conditions and assess the matrix's
behavior within the cell, the green sheet is brought to high temperature,
matching that of actual cell operation, to observe the release of organic
compounds and study the resulting material structure.

After the sintering process, based on the Thermogravimetric Analysis,
TGA, the following analyses were made:

- Scanning Electronic Microscope, SEM, performed to evaluate the sur-
face homogeneity and the first determination of pores dimensions;

- Mercury Intrusion Pore Size Analyzers, which allows to determine the
material porosity, surface area and pore size distribution.

At the end, the matrix was used as an active component in a single
MCEC cell, which was subjected to electrochemical testing to assess its
performance and contribution to overall cell behavior. This evaluation
involved measuring the cell's internal resistance, which is directly
influenced by the matrix configuration, as well as the overall power
output of the cell. These analyses were conducted at KTH, Royal Insti-
tute of Technology in Stockholm. In particular, the analyses performed
were:

- Polarization curve, which allows to determine the cell power. Several
curves were conducted by varying the gas composition on the cath-
ode side;

- Electrochemical Impedance Spectroscopy, which allows to evaluate
the different phenomena that contribute to the overall cell electrical
resistance, at standard condition and by varying the cathode
composition.

2.1. Shaping

The manufacture of this sheet is based on tape-casting method,
which is the standard approach reported in the literature. Among the
most recent institutions that have studied and developed this process
include Korea Institute of Science and Technology, KIST, and Warsaw
University of Technology, WUT, [16,17].

The experimental campaign conducted for this study focused on the
substitution of toxic compounds rather than modifying the process itself.
Accordingly, the base manufacturing procedure adopted for the pro-
duction of the ceramic matrices follows established approaches reported
in the literature by KIST and WUT [16,17]. Consequently, the procedure
employed remains consistent with those used in previous studies and
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can be summarized as follows: Fig. 2.
Each component results necessary to give the slurry and the green
matrix itself specific characteristics, [13]:

- Solvents: these are used to allow for a complete homogenization of
all chemical compounds present in the mixture to happen, while also
activating the plasticizer and binder mixture;

- Raw powder: the basic matrix component. It is ceramic, commonly
Lithium Aluminate, LiAlOo;

- Dispersant: it allows for improvement in the slurry rheology and
prevents agglomeration;

- Defoamer: this compound helps to eliminate the air inclusions that
occur during the ball milling process and subsequent drying process;

- Binder: used to improve strength;

- Plasticizer: it gives improvement in terms of viscosity and grants
matrix flexibility.

The milling step ensures slurry homogeneity, which is essential to
prevent defects during casting and cell operation. To achieve this, the
rotational speed was optimized to 300 RPM (representing a 20% in-
crease compared to the 250 RPM of the reference WUT formulation
[17]), a necessary adjustment to maintain the optimal cascading motion
within the lower-viscosity S1 medium. Such enhanced homogenization
is critical to prevent cracks during the sintering process and, conse-
quently, within the operational cell, thereby mitigating the risk of gas
crossover and ensuring the long-term structural integrity of the elec-
trochemical system.

During the degassing step, performed using a vacuum pump, the
primary goal is to eliminate air bubbles introduced during the milling
process. This step improves slurry homogeneity, preventing crack for-
mation during drying. Once degassing is complete, the slurry is ready for
casting. Tape casting was performed with a blade gap of 3.5 mm on a
Mylar support, which served as a flat support for the matrix casting. This
height determines the final thickness of the green matrix and, conse-
quently, the porous volume to be filled by the electrolyte, molten
carbonate.

The final step is the drying process, which is carried out in air for 24
h. After this, the green matrix is ready for use within the cell or for the
previously described analyses.

After the drying process, the matrix appears homogeneous and
evenly distributed, with a thickness of 0.3 mm. In the Fig. 3 the green
matrix is shown.

2.2. Characterization analysis

Given the critical role of this layer, its characterization is essential to
minimize the risk of failure during the operational lifespan of the cell.
SEM and Mercury Intrusion Pore Size analyses were conducted on the
sintered matrix. This sintering process was conducted by using, as oven,
Carbolite Gero, CWF1200. In order to identify the appropriate sintering
step required to completely remove the organic components present in
the cell, a Thermogravimetric Analysis (TGA) was carried out, as shown
in Fig. 4.

The graph displays two y-axes: one corresponding to the derivative
weight percentage and the other to the total weight loss percentage. The
first degradation peak, observed at around 250 °C, is attributed to the
decomposition of the binder. The second, more pronounced peak at
approximately 350 °C, corresponds to the degradation of the plasticizer.
The total weight loss was about 35%, which aligns with expectations.
Initially, the solid-to-liquid ratio of the slurry was approximately 81%,
decreasing during the drying step due to solvent evaporation. Conse-
quently, the remaining organic components (binder and plasticizer)
account for about 35% of the total mass, consistent with the weight loss
detected in the TGA.

The sintering ramp used, based on the TGA results, is illustrated in
Fig. 5. Organic solvents evaporate during the drying process.
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Fig. 2. Matrix manufacturing procedure, based on 7 steps.
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Fig. 3. Green Matrix layer fabricated by the tape casting technique. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. TGA of the green matrix performed under a Nz atmosphere, from 25 °C
to 900 °C. The figure shows both the weight loss and its derivative as a function
of temperature.

Consequently, the primary components, in terms of weight, to be elim-
inated are only binder and plasticizer, which respectively degrade at
250 °C and 350 °C. To facilitate their degradation, the temperature ramp
includes two dwelling steps at these specific temperatures. Finally, the
operative temperature, 650 °C, is reached to simulate cell conditions.
SEM technique provides an overview of the sheet surface, with a
particular focus on granulometry. The instrument used was ZEISS Sigma
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Fig. 5. Sintering Ramp based on the TGA results to degrade all the
organic compounds.

360.

This analysis was conducted at several magnitudes, x5000 and
x10000, x20000 at 15 kV (Fig. 6). The backscattered electrons provide
detailed information on surface morphology.

The x5000 magnification provides a general view to assess the ho-
mogeneity of the matrix, while the x10,000 and x20000 magnifications
offer a closer look to examine the pore dimensions. In the Fig. 6 (A) and
(B), morphology appears homogeneous and free of imperfections. At the
same time, the Fig. 6 (C) reveals the presence of pores measuring
ranging from 1.5 pm down to less than 0.5 pm.

Using Mercury Intrusion Pore Size Analyzer, numerous characteris-
tics were evaluated, including porosity, surface area and pore size dis-
tribution. The instrument is PoreMaster GT60 and it consists of two
sections, [18]:

- Low pressure section measures the largest pores up to 6 pm using
pneumatic pressures until 30 psi;

- High-pressure section operates at 60,000 psi and is capable of
measuring pore sizes as small as 3 nm.

Given that, according to the literature, the pore sizes of this layer are
below 1 pm, high-pressure analysis was therefore carried out.

The first significant result is the matrix porosity, which represents
the percentage of void space within a solid. This result is derived from
two distinct contributions, [18]:

- Interparticle porosity, measured during the low-pressure analysis
using the following formula:
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Fig. 6. SEM images, x5000 (A), x10000 (B), x20000 (C) magnifications. The
images clearly show the pore size and porosity of the matrix.

Interparticle porosity(%) = 100% @)
b

- Intraparticle porosity, measured during the high-pressure analysis
using the following formula:

Vi—Vy

v (5)

Intraparticle porosity(%) = 100
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The volumes considered are defined as follows: bulk volume, Vj,
volume of mercury intruded up to the interparticle measurement, V,,
and the total volume of mercury intruded up to the maximum pressure,
Vi

The porosity of this matrix is in complete agreement with the liter-
ature, it is approximately 62%, respectively 8% interparticle, and 54%
intraparticle.

Another useful graph for understanding the matrix's characteristics is
the pore volume distribution as a function of pore size. By analyzing this
graph, it is possible to observe how the intruded volume varies with
changes in the pore size distribution. In Fig. 7, the curve illustrates the
variation in pore volume. On the y-axis, this is expressed as the deriv-
ative of the volume of mercury able to penetrate the pores, while the x-
axis represents the pore size.

At the 50% mark of the cumulative percentage, the pore diameter
corresponds to 0.167 pm. In the following Table 2 there are the main
percentages of the pore diameter:

The surface area represents the interstitial surface of the pores per
unit mass of the analyzed material. This parameter is crucial for
increasing the triple phase boundary, the region where gas, electrolyte,
and electrode come into contact and where the electrochemical reaction
effectively takes place. A high surface area is essential for facilitating the
electrochemical reaction, and moreover for determining the appropriate
amount of electrolyte to be added during testing. The measured value is
15.042 m?/g, it is in line with the values proposed in the literature [13].

2.3. Testing and station set-up

The test station consists of concentric ceramic tubes arranged verti-
cally inside a metallic support, Fig. 8. There are two concentric tubes for
each electrode, the smaller tube inside is used to feed the gases to the
electrode, while the external one is needed both to allow for the release
of the gases but also for the structural stability of the system. Connecting
the tubing for the two electrodes is the cell housing, composed of a thick
ceramic cylinder. This housing is where the cell itself is located, in layers
from bottom to top, starting from the current collector in nickel, fol-
lowed by the anode. Above the anode, two layers of matrix are posi-
tioned, in order to achieve the thickness required to keep the electrolyte
and to guarantee the separation of the anode and the cathode side.
Although the electrolyte is in powder form, it is pressed into a round-
shaped tablet under 10 tons of pressure before being placed above the
matrix. The last two components are the cathode and, in the end, a

1.6
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Fig. 7. Pore Volume Variation in function of the Pore Diameter performed
using Mercury Intrusion Pore Size Analyzer.
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Table 2

Pore size distribution.
D10 0.222 pm
D50 0.167 ym
D90 0.069 pm

Cathodic gas feed

Cathodic cell housing

Cathode
Electrolyte

Matrix
Anode

Anodic cell housing

Anodic gas feed

Fig. 8. Cell station setup, showing the gas feed, the cell housing, and the
arrangement of the different layers that constitute the cell.

stainless-steel current collector. Then another ceramic tubing is inserted
from above, to seal the housing completely. Inside this tubing is a
smaller concentric tube, which is positioned in contact with the cathode,
and a load will be applied to guarantee good electrical contact with the
fuel cell. The cell housing itself is positioned inside a furnace in order to
guarantee controlled heating and temperature control during the cell
operation.

For both gas lines that feed into the cell a heating tube is applied
before entering the cell. This has two reasons, firstly the gas is humid-
ified through heated evaporators the gas is flowed through, and sec-
ondly this avoids cooling the cell down too much, as it is true that the
cell is producing heat, but the scale is too small for this heat to effec-
tively counteract the various forms of heat dissipation and the
temperature.

The test was made utilizing a premixed gas composition to reduce the
variables that could affect the test results, the standard compositions of
these gases can be seen in Table 3, downstream of the humidifier.

The components used to perform these tests were:

- Two electrodes, an anode and a cathode, made of Ni + 5%, Al and
lithiated NiO, respectively, with a diameter of 19 mm and a thickness
of 0.5 mm;

Table 3
Standard gas composition used for anodic and cathodic feed.

Compounds Inlet Standard Composition [vol%]
CO, 28.8
0, 14.4
Cathode gas H,0 40
Ny 52.8
CO, 16.0
Anode Gas H, 64.0
H,0 20.0
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- Two matrix sheets composed of y-LiAlO2, with a diameter of 25 mm
and a thickness of 0.3 mm;

Electrolyte powder, a Li2CO3/K2COs eutectic mixture (62/38%mo1)-
The amount of powder was calculated according to the work re-
ported by Perez Trujillo et al. [19], also considering the porosity of
the layer measured by Mercury Intrusion Pore Size Analyzer. The
adequacy of electrolyte filling under the present testing conditions
was further supported by the stable resistance evolution over time,
indicating effective ionic conduction and no evidence of gas
CrOSSOVer.

Two current collectors, based on Ni for the anode side and AISI 316
for the cathode side.

3. Results and discussion

Several campaigns were conducted to gain a deeper understanding of
both the matrix and cell behavior under various operating conditions:

3.1 Standard condition;

3.2 Temperature variation;

3.3 Cathode gas composition variation;
3.4 Real application conditions.

The polarization curve is a characteristic feature of both the intrinsic
properties of the cell materials and the quality of the cell assembly, as it
directly reflects the electrochemical performance of the system. This
curve illustrates the relationship between the operating current and
voltage, providing essential information for evaluating the cell's
behavior and allowing the identification of key performance parame-
ters, such as:

- OCV (Open Circuit Voltage);

- Peak power density, which typically represents the optimal working
point;

- Limiting current density, indicative of mass transport limitations.

EIS technique measures the impedance of a system over a range of
frequencies. In particular, the instrument applies a small sinusoidal
perturbance for the input current or voltage (in the current study voltage
was used) in order to limit the measurements in a pseudo-linear portion
of the complete polarization curve profile. The impedance expression is
reported in the following (6), [20]:

7 (w) = St Eqsin(wt) ©)
osin(wt + @)
where Ey and I, represent respectively the sinusoidal amplitude of
voltage and current, w is the angular frequency and ¢ is the phase angle.
These data were expressed through the impedance plot, Nyquist plot,
where two resistances could be observed [20]:

- The first x-axis intercept, which represents the electrolyte/matrix
ohmic resistance, an important parameter used to evaluate the ma-
trix performance;

- The diameter of the semiarch, which is a measure of the polarization
resistance.

3.1. Standard condition

Fig. 9 A presents the polarization curve in standard conditions,
Table 3.

The obtained OCV is approximately 1.05 V, which is consistent with
the Nernst eq. [21], exhibiting an error percentage in comparison with
the results reported by Lan et al. [22]. The optimal operating point is
around 0.8 V and 0.15 A/cm ™2, corresponding to a power density of
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Fig. 9. A, Polarization curve @ standard conditions — 650 °C — Cathode CO2/0,/H,0/N, 28.8/14.4/4/52.8 (vol%) — Anode CO»/H»/H,0 16.0/64.0/20.0 (vol%) - B,

Power density curve and comparison between WUT and KIST results [16,17].

about 0.12 W-cm™2. Choi et al. reported comparable performance under
similar gas conditions, 0.125 W-cm—2 [23].

In addition, a comparison with the benchmark data from previous
studies on matrix manufacturing proposed by WUT and KIST is reported
in Fig. 9-B. It is particularly interesting to note that, in this work, despite
operating under less favorable conditions due to the humidification of
the inlet gas, the achieved performance is superior to that reported by
Baron et al. Specifically, at a current density of 250 mA-cm ™2, our cell
reaches a power density of 0.18 W-cm ™2, whereas Baron et al. reported
0.15 W-cm~2 under similar conditions (anode: H2 80% — CO2 20%j;
cathode: air 70% — CO2 30%). This improvement is even more remark-
able considering that the presence of water vapor in our feed gas typi-
cally reduces performance, while the higher hydrogen content in their
setup should, in principle, have been more favorable for the

electrochemical reaction. Kim et al. in their paper reported only the
voltage versus time curve at an applied current density of 150 mA-cm ™2,
and this value is consistent with the results presented in this work.
Cwieka et al. have investigated the substitution of the conventional
nickel-based cathode, reporting power density values of up to 0.25
W-cm’z, [24]; indicating that cell performance can be further enhanced
through appropriate component selection.

As discussed earlier, EIS represents a crucial diagnostic tool. Fig. 10-
A shows this measurement carried out with a sinusoidal perturbation of
5 mV over a frequency range from 20* to 10! Hz, generated by a gal-
vanostat coupled to a frequency response analyzer (Zahner Zennium
T5.9.2, Zahner-Elektrik GmbH & Co. KG, Kronach, Germany), recording
ten points per decade of frequency. The internal resistance, corre-
sponding to the ohmic resistance, is approximately 0.566 Q-cm?, in good
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Fig. 10. A, EIS test performed in OCV @ standard condition — 650 °C — Cathode CO/05/H20/N; 28.8/14.4/4,0/52.8 (vol%) — Anode CO5/H,/H,0 16.0/64.0/20.0

(vol%) compared with the Equivalent Circuit fitting and B, Equivalent Circuit.

agreement with values reported in the literature [25]. Similarly, the
polarization resistance, about 1.05 Q-cm?, is also consistent with liter-
ature [19,26].

In addition, the equivalent circuit (EC) proposed in Fig. 10-B was
compared with the experimental data, showing good agreement be-
tween the EC model and the measured points, with a root mean square
error (RMSE) of approximately 3. In this model, the ohmic resistance (R)
is connected in series with two R//CPE (Constant Phase Element) cir-
cuits, which represent the anodic and cathodic contributions to the
overall cell resistance. The use of CPEs accounts for the non-ideal
capacitive behavior of the electrode-electrolyte interface, capturing
surface heterogeneities and distributed time constants. This EC allows a
quantitative interpretation of the impedance response and provides
insight into the individual contributions of each electrochemical process
within the cell.

Fig. 11 illustrates the temporal evolution of internal and polarization
resistances. The data indicates that the cell undergoes a stabilization
phase, during which the electrolyte progressively diffuses into the
porous structure, filling the matrix and wetting the electrodes. Upon
complete melting and subsequent diffusion of the salts, the resistances
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Fig. 11. Internal and Polarization Resistance variation with time @ standard

condition — 650 °C — Cathode CO,/05/H>0/N, 28.8/14.4/4/52.8 (vol%) —
Anode CO5/H,/H50 16.0/64.0/20.0 (vol%). Total matrix thickness: 0.6 mm.

converge to a steady-state value [26]. Except for Fig. 11, all the data
discussed were obtained after stabilizing at least 2 h.

3.2. Temperature variation

Temperature plays a critical role in determining cell performance. As
evidenced by the polarization curves obtained after cell stabilization in
Fig. 12, higher operating temperatures lead to improved cell efficiency.
However, this improvement is accompanied by a decrease in the OCV,
which can be attributed to thermodynamic effects described by the
Nernst equation, specifically, the reduction of Gibbs free energy with
increasing temperature [26].

Fig. 13 presents the temperature dependence of the electrochemical
impedance. The observed decrease in internal resistance (from 0.78 Q
em? to 0.48 Q cm?) with increasing temperature is attributed to the
improved ionic conductivity of the carbonate electrolyte. Moreover, as
shown in Fig. 13, at lower temperatures the two impedance semicircles
tend to merge into a single indicating that charge transfer and mass
transport processes contribute simultaneously and cannot be clearly
distinguished. This behavior is consistent with literature reports, which
attribute the performance degradation at lower temperatures to the
increased resistance associated with these processes [27].

The ohmic resistance, is typically described by an exponential
function as reported in Eq. (7), [28],

P

Ro =Pre A (7)

Experimental data at different temperatures were used to fit the
curve shown in Fig. 14 and in Table 4 the kinetic parameters to define
the ohmic resistance were reported. Fig. 14 also reports the results of
Bosio et al. Both datasets follow the expected exponential trend; how-
ever, it is evident that those literature cells exhibit lower internal
resistance. This difference can be attributed to the matrix thickness and
electrolyte diffusion properties.

3.3. Cathode gas composition variation

Additional tests were performed under varying cathode flow condi-
tions, as shown in Table 5.

As expected, Fig. 15, the reduction of CO: leads to a decrease in cell
performance. However, an intriguing observation is that, while the IV
curves were expected to exhibit a diverging trend at higher currents, a
second curvature appears at elevated current densities. This suggests the
presence of an additional ionic carrier, likely hydroxide ions (OH™)
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[28-30].

From the Fig. 15, it can be observed that the performance of the
MCEFC decreases primarily when the amount of CO: is reduced, as ex-
pected from theoretical considerations, for both Series A and Series B.
Additionally, the CO2/0:ratio, as previously highlighted in other studies
[31], also affects cell performance. Specifically, when the ratio is lower
than 1/3 (cases A-1 and B-1), variations in oxygen concentration do not
lead to significant changes in performance, even at high current den-
sities. However, when the ratio increases (as shown in the other pairs A-
2 and B-2, A-3 and B-3, A-4 and B-4), the configurations with a higher
CO2/0:2 ratio (Test Series A) exhibit a performance penalty compared to
the corresponding cases with a lower ratio (Test Series B), especially at
higher current densities. At lower current densities, this effect becomes
negligible, as also reported in previous literature [31].

Additionally, the power densities for Test Series A and Test Series B
are reported in Fig. 16. As expected, increasing the CO: content in both
test series leads to a rise in power density. In particular, when the O2
concentration increases from 15% to 30%, a higher number of electro-
chemical reactions occur, resulting in an increase in the measured power
density.

3.4. Real application conditions

Up to this point, all operating conditions have been tailored ad hoc to

assess the functionality of the materials and the cell itself. This implies
that most tests were conducted with a high concentration of CO2, which
enhances ion transport and, consequently, electron flow. However, it is
also of great interest to investigate performance under real-world con-
ditions, particularly those relevant to CCS applications. Among the
sectors most affected by carbon emissions are the maritime and metal-
lurgical industries [32,33].

Based on these considerations, additional tests were carried out to
evaluate the cell's performance under realistic operating conditions. In
particular, Risso et al. and Yoni et al. [34,35]. proposed representative
scenarios for the maritime and metallurgical sectors, respectively. It is
important to highlight that the flue gases emitted by ships are directly
suitable for use in this type of cell. In contrast, although CO: concen-
trations in metallurgical emissions are higher, the oxygen content is
insufficient to sustain the electrochemical reaction, (2). As a result,
supplemental oxygen must be added, which in turn reduces the per-
centage of CO: available.

The main consequence of operating with a lower COz concentration
is that CO2 becomes the limiting reactant, leading to a reduction in
overall cell performance compared to the standard condition. Fig. 17
presents the polarization and power density curves for both application
scenarios.

Analysis of the graph reveals that the power density reaches
approximately 70 mW/cm?, a value that is fully consistent with those
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result, [28].

Table 4

Ohmic resistance kinetic parameters.
Py [Q*cm?] P,K] Reference
0.0079 =+ 0.00098 3999 + 111.9 This study
0.0139 3054 [29]

Table 5

Experimental campaigns: A and B respectively 15% and 30% of Oy with CO,
variation 5-20% [step 5%].

Anode Cathode

CO,/H2/H20 C02/02/H20/Ny

5.0/15.0/4.0/76.0

10.0/15.0/4.0/71.0
15.0/15.0/4.0/66.0
20.0/15.0/4.0/61.0

A CO2, cathode, effect, [vol%] 16.0/64.0/20.0

AW N~

5.0/30.0/4.0/61.0

10.0/30.0/4.0/56.0
15.0/30.0/4.0/51.0
20.0/30.0/4.0/46.0

B CO2, cathode, effect, [vol%] 16.0/64.0/20.0

A WN =

reported in other studies on CCS [36]. The integration of MCFCs into
CCS systems represents an innovative approach, combining high CO:
selectivity with efficient power generation. Unlike conventional CCS
technologies, which require a continuous energy input for CO: capture,
MCFCs demand energy only during the start-up phase to reach the
operating temperature, while subsequently producing electricity during
operation [37].

4. Conclusions

The objective of this study was to analyze the manufacturing process
of the matrix, a critical component of Molten Carbonate Fuel Cells
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(MCEFCs), through a series of analyses aimed at characterizing and
evaluating its properties. The main innovation of this study is the
replacement of toluene with an environmentally friendly organic sol-
vent provided by Ecospray Technology, density at 20 °C 790 kg/m°,
molecular weight 53 g/mol, viscosity at 25 °C 0.5 mPa:-s, and boiling
point 65 °C).

Two primary characterization techniques were employed: SEM and
mercury porosimetry. SEM analysis revealed a homogeneous surface
morphology, while mercury porosimetry provided key quantitative pa-
rameters, namely, a porosity of 62%, a specific surface area of 15 m%/g
and 50% of the pores with diameters smaller than 0.167 pm.

Electrochemical testing suggests the high performance of the
developed matrix, measuring an open-circuit voltage of 1.05 V and a
peak power density of approximately 120 mW/cm? at a current density
of 1500 A/m?. Electrochemical Impedance Spectroscopy indicated a low
internal resistance of 0.566 Q-cm? at 650 °C, in good agreement with
values reported in the literature. Moreover, the matrix showed encour-
aging results under simulated conditions relevant to hard-to-abate ap-
plications, such as maritime transport and the steel industry, achieving a
power density of approximately 70 mW/cm?2.

Overall, the newly developed formulation represents a significant
step forward in MCFC technology, as it enables a more sustainable, safer,
and potentially more scalable manufacturing process. The adoption of a
green solvent with suitable physical properties may facilitate large-scale
matrix production by reducing environmental impact, improving pro-
cess safety, and easing compliance with industrial regulations. From a
broader perspective, this fabrication route supports the industrial
deployment of MCFC systems, contributing to their viability as a key
technology for decarbonization in energy-intensive sectors.
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