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Abstract

Solid oxide electrolysis cell (SOEC) is a promising technology for CO» electrolysis and subsequent
conversion to useful chemicals. This thesis combines the experimental development of new
cathode materials with system-level simulation to enhance the performance of SOECs for CO;
electrolysis and assess their applicability for fuel production. There are two components to the
work: (1) proposing nanoparticle decorated perovskite cathode material and (2) integration of
DAC, SOEC and synfuel production and asses its performance with techno-economic and
environmental analysis.

In the experimental section, the focus was on the cathode material of the SOEC since it is the
limiting factor for COz electrolysis. SroFe1.sMoo.5Os-5 (SFM) has attracted much attention due to
its decent performance of CO; electrolysis. To enhance the SFM performance, it was modified by
doping bismuth and nickel to make a new composition of Bio.1Sr1.9Fe1 4Nio.1Mo0o.506-5 (BiSFNiM).
The Ni-doping made it possible for Fe—Ni nanoparticles to exsolve in-situ when the material was
reduced by 5% Ha/Ar. Structural characterizations like XRD showed that, during exsolution, the
material changed from a pure double perovskite structure to a mixed-phase material with both
Ruddlesden—Popper (RP) and residual double perovskite phases and metallic nanoparticles. Using
electron microscopy (SEM/TEM/EDS), it showed that Ni migrated to the surface of the perovskite
bulk where it forms Fe—Ni nanoparticles. This material, then, was used as the cathode of SOEC
and the results showed that these exsolved Fe—Ni nanoparticles significantly improved the
electrocatalytic activity for the COz reduction reaction (CO2RR). Electrochemical performance
tests demonstrated substantial improvements in current density and polarization resistance. The
fabricated cell achieved a peak current density of 1.3 A/cm? at 800 °C under an applied voltage of

1.6 V, while it was 1.0 A/cm? for the non-exsolved nanoparticles sample.



The second half of this thesis was a process simulation and system-level evaluation of an
integrated DAC-SOEC facility. The technology was based on capturing 250,000 tonnes of CO»
from the air each year and turning it into either methanol or synthesis fuel through downstream
processes. Methanol production was 36.4 tonnes per hour, while synfuel output was 15.1 tonnes
per hour. The techno-economic analysis found that the levelized production cost for methanol was
$1.32 per kilogram (nearly double the current market price) and for synfuel, it was $2.78 per
kilogram (approximately 45% more than normal expenses). Using Ontario’s electricity grid mix,
the simulated plant achieved greenhouse gas emissions of 31.1 gCOz-eq/MJ for methanol and 5.2
gCO2-eq/MJ for synfuel, the latter representing a reduction compared to conventional fossil-based
pathways (40 g-COz-eq/MJ-MeOH and 29 g-CO;-eq/MJ-synfuel). Further sensitivity analysis
demonstrated that switching to fully renewable electricity sources, such as hydropower or wind,
could push the synfuel production case into a net-negative emissions region.

In conclusion, this thesis contributes to both fundamental and applied aspects of CO; electrolysis.
On the material side, it offers a strong plan for boosting cathode performance by co-doping and
nanoparticle exsolution. It also gives information about phase stability, exsolution behavior, and
catalytic activity. At the system level, it shows that combining DAC and SOEC for sustainable fuel
production is possible from a technological, economic, and environmental point of view. The dual
approach shows how innovative materials and systems design can work together to help us toward

carbon-neutral chemical manufacture.
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Chapter 1

Introduction

The ever-increasing use of fossil fuels has been the main cause of global warming via massive
emissions of carbon dioxide (CO;) in the earth's atmosphere, resulting in atmospheric CO>
concentration increase from 390 ppm in 2012 to 427 ppm in 2025 [1]. This amount of carbon
dioxide will have irreparable effects on nature. Electricity, heat production and transportation
account for the largest share of carbon dioxide production. Next are the chemical industries that
also significantly emit carbon dioxide.

Among the solutions that were put forward to solve the carbon dioxide emissions problem, one
solution is carbon capture and storage. In this method, carbon dioxide is captured and stored, for
example, in an underground reservoir. However, this method requires a lot of energy, is expensive,
and there is a risk of carbon dioxide leakage [2]. As a result, the production of a useful product
from carbon dioxide instead of storing it gained more attention. Carbon capture and utilization
(CCU) technologies offer a promising avenue to address these dual challenges by not only reducing
CO2 emissions but also converting this greenhouse gas into valuable chemical products. The first
step to utilizing COz is its reduction to CO, which can be used further to produce other chemicals
when reacted with hydrogen. There are four general methods for converting carbon dioxide into
carbon monoxide: thermochemical (thermal energy), electrochemical (electricity), photochemical
(photon) and biochemical (biology cultivation). Among these, the electrochemical method has
been the focus of much research in recent years. The process is controllable by adjusting
temperature and can be linked with renewable energy, electricity production by photovoltaic panels

or wind turbines as examples. Direct Air Capture (DAC) technology provides a means to



selectively extract CO, from ambient air, offering a scalable and environmentally benign approach
to carbon capture. The captured CO» can then be utilized as a feedstock for chemical synthesis
processes, such as methanol or synthetic fuel (synfuel), thereby closing the carbon cycle and
mitigating the environmental impact of anthropogenic CO; emissions [3]. Meanwhile, SOEC
technology enables the electrochemical conversion of CO>, when mixed with water, into syngas
(a mixture of carbon monoxide and hydrogen) through co-electrolysis at high temperatures The

overall carbon loop can be seen in Figure 1.1.

Atmosphere b : Atmosphere
— O |
—1 — il

QD Exhaust ' Q9
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Figure 1.1. COz loop for carbon capture and utilization. Reprinted with permission from [4].
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1.1 Aims and Objective

Due to the slower rate of CO; electrochemical reduction in the SOEC cathode compared to the
anode’s oxygen evolution process, the system has a high resistance. The performance of many
cathode materials is also poor due to their low CO; catalytic activity and adsorption capacity.

Therefore, the main objective of this research is to enhance the performance of CO; reduction in



SOEC. It is necessary to develop cathode materials with the optimal combination of high
conductivity, structural stability, high CO, adsorption capacity, and high electrocatalytic activity
for CO> splitting.

While optimizing cathode materials can enhance the electrochemical performance of SOECs, it
is also essential to evaluate the broader impact of SOEC integration into industrial processes. To
assess the feasibility and efficiency of large-scale CO: electrolysis, this research also includes a
system-level simulation of a DAC-SOEC-Methanol/ Fischer Tropsch plant. This simulation aims
to analyze the techno-economic viability and carbon footprint of integrating SOEC technology
into a sustainable methanol production process.

To reach the above-mentioned goals, the project is divided into two main objectives:

Objective 1: this part focuses on the synthesis of co-doped double perovskite powder to use as the
fuel electrode in SOEC. SOEC cells were initially fabricated using (Y203)0.08(ZrO2)0.92 (YSZ) as
the electrolyte since it is the most common electrolyte in literature. (Lao.60S10.40)0.95C00.20F€0.8003-
s/ Gdo.10Ce0.9001.95 (LSCF/GDC) was used for the air electrode and SraFe1.sMoo.50s-5 (SFM) for
the fuel electrode. LSCF combined with GDC offers high oxygen-ion conductivity and excellent
catalytic activity for the oxygen evolution reaction, making it a strong anode choice in SOECs [5].
SFM, as a double perovskite, provides good electronic and ionic conductivity with enhanced CO-
adsorption and stability, supporting efficient CO: electrolysis at the cathode [6]. To enhance the
performance, Bi was doped on the A-site of SFM and Ni was doped on the B-site to form
Bio.1Sr1.9Fe1 4Nip.1Moo.50s.5. The material is then reduced to form nanoparticles on the surface.
Following these modifications, the electrolyte was switched from YSZ to
Lao.80S10.20Ga0.80Mgo.2003-5 (LSGM) to further increase the performance of the cell.

Objective 2: in the process simulation part of this research, a DAC-SOEC-Methanol/Fischer



Tropsch system was modeled using Aspen Plus. The primary objective of this integrated system is
to harness atmospheric CO; to produce liquid hydrocarbons, offering a sustainable pathway
towards reducing CO> emissions and advancing the transition towards a carbon-neutral future. The
simulation included process modeling of CO: capture, solid oxide electrolysis, and
methanol/Fischer-Tropsch plant. Additionally, a techno-economic analysis was conducted to
assess the system’s cost-effectiveness, while an environmental assessment was performed to
evaluate its carbon footprint and sustainability compared to conventional methanol production
methods. This study provides insights into the potential of SOEC technology in large-scale CO:

utilization and renewable fuel production.

Solid Oxide CO, Electrolysis

Objective 1: Objective 2:
Experimental study Process simulation study

Task 1:
Fabrication of Simulation of DAC-SOEC-Fuels
SFM/SDC/YSZ/LSCFGDC process in Aspen Plus

Task 1:

Task 2: Task 2:

Doping nismuth on A-site and Perform techno.-economic
nickel on B-site of SFM analysis
Task 3: )
Switch from electrolyte YSZ Vel s

to LSGM Assess enviromental impact

Figure 1.2. Schematic outline of the research framework.



1.2 Structure and content of this dissertation
The contents of each chapter are as follows: Chapter 2 explains how solid oxide cells (SOCs) work
by first giving an overview of how SOECs work and then going into detail about the main
electrochemical reactions and the thermodynamics that control them. After that, it addresses
cathode materials, introduces the perovskite structure, and gives a full review of the literature on
how these materials can be used in CO: electrolysis.

Chapter 3 details the experimental methodology, including the cell fabrication process, test setup,
operating conditions, and characterization techniques. Chapter 4 shows the outcomes of the
experimental work. Then, through characterization methods, a comparison is conducted to show
how the proposed cathode can improve CO> electrolysis performance. In chapter 5, the second
objective of this thesis is explored. This chapter starts with a literature review on chemical
production using direct air capture and SOEC is presented, followed by a full description of
methodology and modeling. Then, the results of the simulation are presented including both
economic and environmental aspects. Finally, in chapter 6, an overall summary and conclusions

of the thesis are given, followed by recommended future work.



Chapter 2

Literature Review

In this chapter, the working principle of a solid oxide cell is explained and then a literature review
of recently published papers on the cathode materials is presented, with a focus on perovskite-

based cathode materials for CO; reduction.

2.1 Advantages and Challenges of Solid Oxide CO: Electrolysis

Compared with more established low-temperature electrolysis technology, high-temperature solid
oxide electrolysis has gained attention due to some significant advantages. First, it has higher
conversion efficiency, meaning high electrical efficiency as high as 95% [7]. This is 25-30% higher
than low-temperature electrolysis technologies of alkaline electrolysis cells (AEC) and proton
exchange membrane electrolysis cells (PEMEC) [8], which means lower electricity consumption.
Second, SOECs can use a wider range of electrolytes, including solid ceramic materials, which
can make them more durable and resistant to degradation over time. Third, SOECs can operate in
both fuel cell and electrolysis modes, allowing for flexibility in energy storage and production.
Finally, SOECs have the potential to be more cost-effective and environmentally friendly
compared to other electrolysis technologies due to their high efficiency and use of abundant and
lower cost materials. One important feature of SOEC:s is that they can produce syngas, i.e. mixture
of CO and Ho, directly from co-electrolysis of CO> and H>O. The syngas can be used to produce a
broad range of fuels and chemicals like methanol, ethanol, methane, etc. The ratio of CO/H> for
different applications can be adjusted by varying the ratio of the CO2/H;0O feed into the SOEC.
However, some drawbacks of SOEC are the slower rate of CO; electrochemical reduction in the

cathode compared to that of the anode's oxygen evolution process. Many cathode materials have



insufficient CO> catalytic activity and adsorption capacity, which results in poor cell performance.
The advancement of SOEC technology thus necessitates the development of cathode materials that
possess high conductivity, structural stability, high CO» adsorption capacity, and high

electrocatalytic activity for CO> splitting.

2.2 Working principle of CO:-SOEC

As shown in Figure 2.1, a Solid Oxide Electrolysis Cell (SOEC) consists of three primary

components: the cathode (fuel electrode), the anode (air electrode), and the electrolyte, each

playing a crucial role in the electrochemical conversion process.

o Cathode (fuel electrode)
The cathode is responsible for the reduction of carbon dioxide (CO-) into carbon monoxide
(CO) and oxygen ions (O?). In an SOEC operating in CO: electrolysis mode, CO: is supplied
to the cathode, where it undergoes an electrochemical reduction reaction: CO, + 2e~ — CO +
02~. This reaction requires electrons, which are supplied from an external power source,
driving the electrochemical process. The cathode must exhibit high electronic conductivity,
excellent catalytic activity for CO: reduction and stability in a reducing atmosphere.

o Electrolyte
The electrolyte is a dense, ion-conducting ceramic layer that selectively allows oxygen ions
(O*) to pass from the cathode to the anode while blocking electron transport. The electrolyte
must be dense to prevent gas crossover and ensure efficient ion transport.

e Anode (air electrode)
At the anode, the oxygen ions (O*") that migrate through the electrolyte from the cathode are

oxidized to form molecular oxygen (O:), releasing electrons back into the external circuit:

0% - %02 + 2e”. This oxidation reaction completes the electrochemical process. The anode



material must exhibit high electronic and ionic conductivity, as well as stability in an oxidizing

atmosphere.

. v

CO, + 2e- — CO + O

t Wt o
canoce PGB GTLEIGE SN

—_ Electrolyte ‘OZ

—~ SRREEEEEENGS

0% — -0, + 2e-

¢ Y

Figure 2.1. Schematic of a solid oxide CO; electrolysis cell.

2.2.1 Thermodynamic of CO2-SOEC
During the overall CO: reduction reaction (CO2RR, Eq. 1), two half electro-reactions occur at the

cathode and the anode (Egs. 2 and 3, respectively).

1
COz(gas) = CO(gas) + 5 Oa(gas) (1
Cathode reaction: CO,(gas) + 26~ @ CO(gas) + 0%~ ()
1
Anode reaction: 02~ = 2e” + 5 Oz(gas) (3)

CO2RR’s total energy consumption can be calculated based on the enthalpy change according

to Eq. 4:

AH® =A,G° 4+ TA,S° 4)
where ‘7 stands for reaction, and ‘0’ refers to standard conditions of (1 bar and 25 °C). A, H® is

the change in both thermal energy TA,.S° and Gibbs free energy A,G°, which is the electrical



energy. Assuming that CO2RR is ideally reversible with two electrons transferred, A,.G° is the

electrical energy (Eq. 5), when there are no byproducts or extra work done to the environment.

A,.G° = 2E°F 5)
where E? is the electromotive force (EMF) at standard pressure, and F is the Faraday constant.
The value of E® under standard conditions (1 bar and 25 °C) is 1.33 V at. Due to the temperature
dependence of A,.G°, E® changes with temperature as well, as seen in Figure 2.2. E® drops because
of the thermal energy contributing more to the overall enthalpy change at higher temperatures. For

instance, at the usual SOEC operating temperature of 800 °C, E° is 0.98 V.
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Figure 2.2. Energy demand as a function of temperature for CO> electrolysis. Reprinted with

permission from [7]. Copyright 2014 ACS Publications.

The partial pressures of CO2 and CO in the cathodic chamber and O2 in the anodic chamber must
be considered as the two half-cell processes (Egs. 2 and 3) continue independently at the cathode
and the anode. The potential when the reaction achieves equilibrium is described by the reversible

potential Erev, which is determined by the partial pressures. When the cathodic potential is greater



than Erev, CO2 is reduced, but when it is less than Eey, CO is oxidized. The Nernst equation is used

to compute Erev:

Pco,c Poz,a1/2> 6)

RT
Erep =E°+—1In (
2F Pco,,c

where p; represents the partial pressure of CO and CO:z at the cathode and O at the anode, and the
subscripts "c" and "a" stand for the cathode and anode, respectively. While the Nernst equation
provides the theoretical equilibrium voltage for an electrochemical cell, the actual voltage
observed in an SOEC under open-circuit conditions is known as the Open Circuit Voltage (OCV).
In real systems, the measured OCV often deviates from theoretical value due to various practical
losses like gas crossover, sealing imperfections, and minor electronic leakage in the electrolyte.
When the SOEC is operating (i.e., current is flowing), additional losses such as activation, ohmic,
and concentration losses further reduce the actual operating voltage, as described in the next

section.

2.2.2 Performance of CO2-SOEC

In practical operation, the actual cell voltage required to drive electrolysis is higher than the OCV
due to various losses, known as overpotentials. These overpotentials arise from electrode reaction
kinetics, ionic and electronic resistances, and mass transport limitations. As a result, additional
energy input is needed to overcome these inefficiencies and sustain electrochemical reactions. The

required potential (V) applied to the SOEC can be written as:

V = Erev + nact,c + nact,a + nohmic + ncon,a + r]COTl,C (7)

where 714, c1s the activation overpotential of cathode; 14 4 the activation overpotential of anode;
Nonmic the ohmic overpotential; 7.,y . the concentration overpotential of cathode; and 7.,y 4 the

concentration overpotential of anode. The current is calculated using Eq. (8)
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i=4Xng, XF (8)
where 7 is molar flow rate.

The processes linked to the cathodic polarization for CO2RR utilizing an SOEC device typically
consist of three parts: (1) CO> adsorption and activation; (2) electronic/oxygen ionic migration
from/to the reaction sites; and (3) mass transfer of CO> and CO inside the electrode pores. As a
result, three categories-activation polarization, ohmic polarization, and concentration polarization-

could be used to describe the polarization phenomena.

e Activation polarization

The restricted catalytic activity of the electrode materials, which frequently takes precedence when
the applied voltage is relatively low, is the primary reason for the activation polarization [9].
Typically, the main tool for interpreting the phenomena of activation polarization is the Butler-

Volmer (B-V) equation.

e (1) e (-0

where i is the electrolysis current, ip the exchange current, 5 the activation overpotential, z the

number of charges transferred, and S the charge transfer coefficient. The activation overpotentials

for anode and cathode can be derived as:

RT h_1< i ) )
Nact.a = = Sin ,
act,a 2F zlo‘a

e 1
nact,c - ZF sin ZiOJC ( )

e Ohmic polarization

The barrier to the movement of oxygen ions (oxygen vacancies) and electrons between the parts

11



of the cell is what causes the ohmic polarization. The ohmic resistance of the electrolyte makes up
a considerable portion of the overall ohmic resistance since the ionic conductivity is often much
lower than the electronic conductivity. High ionic conductivity electrolytes are desired, and the
electrolyte layer should be as thin as possible to minimize ohmic polarization. The ohmic

overpotential is calculated by:

Nomic = L. Rq (12)

where R, is ohmic resistance.

e Concentration polarization

When the electro-reduction process proceeds more rapidly than the gaseous reactants' mass transfer,
concentration polarization occurs. Once mass transfer has taken control of the entire reaction, the
current density stops rising with the voltage applied and instead stays constant. The gaseous
transport rate may be constrained by porous electrode structure, particularly the micrometer-size-
pores where gas transports through the Knudsen diffusion predominates, which is typical in SOEC
electrodes. In contrast to other reactants like Hz and H2O, CO2 molecules are big and more difficult
to adsorb. As a result, such phenomena can be rather prevalent for CO2RR. On the other hand,
because the reaction rate is often relatively low even at a high voltage, CO; diffusion is seldom the
governing mechanism. The concentration polarization at cathode and anode are expressed in Egs.

13-14, respectively.

RT (1 + (RTid./2FDgl) P&,)) 03

n ) =—1In
“n¢ " 2F "\1- (RTid,/2FDEITRS,)
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RT (RTiud,/2FBy) + (pg,)

-2 14
nCOn,a 4F n pgz ( )

where D'/ is effective diffusion coefficient, By is the flow permeability, p is dynamic viscosity,

and d is thickness of the electrode (anode or cathode).

2.3 Electrolyte and Air Electrode Materials for Solid Oxide Cells

The performance of solid oxide cells (SOCs) is heavily influenced by the choice of electrolyte and
air electrode materials. An ideal electrolyte must exhibit high ionic conductivity (>107> S/cm) and
negligible electronic conductivity across the operating temperature range [10,11]. Yttria-stabilized
zirconia (YSZ) is the most widely used electrolyte due to its structural stability and moderate
oxygen ion conductivity (~0.03 S/cm at 800°C [10]). However, its performance decreases at
intermediate temperatures (<700°C) [12]. Alternatives such as scandia-stabilized zirconia (ScSZ)
offer higher conductivity (~0.128 S/cm at 800°C) but suffer from high cost and limited availability.
Doped ceria electrolytes (e.g., GDC or SDC) provide excellent ionic conductivity at intermediate
temperatures but exhibit electronic leakage due to their mixed ionic electronic conductors (MIEC)
characteristics, and low mechanical strength, limiting their use [11].

LaGaOs-based perovskites, such as Lao.oSto.1Gao.sMgo.203-6 (LSGM), demonstrate superior
ionic conductivity (~0.12 S/cm at 800°C [13]), making them promising electrolyte candidates.
However, challenges such as GayOs volatilization and reactivity with Ni-based electrodes
necessitate the use of buffer layers like doped ceria. Other materials, including Bi2Os-based oxides
and apatite-type lanthanum silicates, offer high conductivity but face issues related to stability or
sintering requirements [12].

Air electrodes in SOCs must facilitate oxygen reduction (ORR) in SOFC mode and oxygen
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evolution (OER) in SOEC mode, requiring both high catalytic activity and mixed ionic—electronic
conductivity [12]. Lanthanum strontium manganite (LSM) is commonly used due to its
compatibility with electrolytes, but its limited ionic conductivity necessitates the use of composite
electrodes with ionic conductors like YSZ [12]. Advanced air electrode materials such as double
perovskites (e.g., PBCC) and Ruddlesden—Popper (RP) oxides (e.g., LazNiO4+s, PraNiOg4+5) have
garnered interest due to their high oxygen mobility, ORR activity, and thermal stability. These
materials feature layered structures that promote fast oxygen diffusion and are considered strong
candidates for next-generation SOC cathodes [12]. Lanthanum strontium cobalt ferrite (LSCF) is
a widely adopted MIEC material with excellent oxygen transport properties, though it is
chemically incompatible with YSZ and requires a GDC interlayer to prevent degradation [11].

In this work, LSGM is selected as the electrolyte material due to its high oxygen ion conductivity
and full ionic conduction across a wide range of oxygen partial pressures. For the anode electrode,
a composite of Lao.sSro.4Cro.sFeo.sOs-0 (LSCF) and Gd-doped ceria (GDC)—referred to as
LSCF/GDC—is utilized. This composite benefits from the mixed ionic and electronic conductivity
of LSCF, while the addition of GDC enhances the ionic transport and improves interfacial

compatibility with the LSGM electrolyte.

2.4 Cathode (fuel electrode) materials for SOEC

One of the fuel electrode's main functions is to provide reaction sites and to catalyze the
electrochemical reaction of the fuel. As a result, the fuel electrode must be stable in a reducing
atmosphere and possess a high level of electronic conductivity and catalytic activity [14]. The fuel
electrode material must also have a thermal expansion similar to that of the other components of
the cell, as it operates at high temperatures (700-850 °C). To facilitate the diffusion of fuel gas to

the three-phase interface, the fuel electrode for the SOEC must also be porous. Fuel electrode
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materials for high temperature SOECs consist primarily of precious metals, electronic conductive
ceramics, and mixed conductor oxides. Nickel, copper, and precious metals are commonly used as
fuel electrode materials, but they face limitations such as thermal instability, corrosion at high
temperatures, and high cost or scarcity. These issues lead to performance degradation, making pure
metals less ideal for long-term SOEC operation. To overcome these challenges, fuel cells often use
alloys or composite materials that combine the benefits of different metals while minimizing their
drawbacks. Researchers have then mixed the metal Ni with the YSZ (Yttria Stabilized Zirconia)
electrolyte to make a composite anode [15] and they have been using it ever since. A typical fuel
electrode mainly includes Ni-based cermet anodes, Cu-based anodes, and calcium titanium oxide
anodes. Among them, Ni-based fuel electrodes have high catalytic activity and are relatively
inexpensive [16]. However, cermet cathodes such as Ni-YSZ are prone to coke deposition during
COz electrolysis. As such, there has been efforts to develop alternative cathode material like

perovskites.

2.4.1 Perovskites

Since the 1950s, research on perovskite materials has expanded quickly and is now being
conducted in many areas of science and engineering. Perovskite materials typically have a
structure of ABX3 where A and B represent cations, and X is the anion. The large A-site cations
occupy the 12-fold sites, while the B-site cations and oxygen ions form the BX¢ octahedra at the
corners, as shown in Figure 2.3. Since the perovskite structure deviates from the ideal cubic
structure due to the varied arrangement of BX¢ octahedra, the BX¢ octahedra defines the primary
structural properties of the perovskites. However, the functional properties of perovskites are
influenced by cationic and anionic defects, cation and anion stoichiometry, doping, synthesis

method, etc.
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Lanthanide (such as La, Pr, Sm, Gd, Nd, etc.) metal ions or alkaline earth (Ca, Sr, Ba) metal ions
occupy the A-site and transition metal ions (such as Mn, Fe, Co, Ni, etc.) occupy the B-site. The
perovskite structure's structural integrity is provided by the A-site ion, while its characteristics,
such as electrocatalytic activity, electronic conductivity, etc., are determined by the B-site ion. The
advantage of such a unique structure is that the physical and chemical properties of the material
can be adjusted by doping a broad range of elements [17]. A-site and B-site elements may be
partially replaced with many different combinations of other elements without changing their
crystal structure. Different functionalities that cannot be achieved by a single oxide material or
their combinations can be brought about by the presence of many such ions in the same lattice.
Oxide perovskites, where X is oxygen, are distinctive in their oxygen vacancies. Significant
changes in a material's characteristics are brought on by the existence of oxygen vacancies in
perovskite oxides; these changes are seldom seen in oxides with other structures. Doping is one
way to change the oxygen vacancies in perovskite oxides. Besides that, perovskite has a mixed
ionic-electronic conductivity (MIEC) that makes it a suitable replacement for traditional electrode
martial. The other advantage of the perovskite is that it increases the active sites of the metal-
oxide-gas TPBs (Triple Phase Boundaries) in cermet electrodes to the oxide-gas interface on the
entire surface of the perovskite. Perovskites have good redox stability, a fine catalytic impact on
fuel oxidation, and may successfully suppress the hydrocarbon fuels' tendency to deposit carbon
in the fuel electrode [18]. The overall valence states of the ions at positions A and B change when
they are partially replaced by other ions, which changes the valence states of transition metal ions
or causes oxygen vacancies to form in the crystal lattice, giving the substance a specific oxygen

ion conductivity.
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Figure 2.3. Perovskite ABXj3 lattice. (a) Large A and small B cations, with X anions; (b)

octahedron by X anions; (c¢) octahedra lattice. Reprinted with permission from [19]. Copyright

2020 Taylor & Francis.

In terms of structure, perovskite can be categorized into the following three groups:

1) Single perovskite: there is no order in the structure of the octahedra, as shown in Figure 2.4(a).
In contrast to complex perovskites, single perovskites can be synthesized easily at low
temperatures, and their properties can easily be modified by doping.

2) Double perovskite: a doubled lattice spacing is produced by two different types of octahedra, as
shown in Figure 2.4(b). The presence of two property-determining B-site cations is likely to show
superior properties than ABX3 perovskite materials, especially among the halide perovskites for
opto-electronic applications [19].

3) Layered perovskite: the octahedra can create a layered structure, as seen in Figure 2.4(c). The
Ruddlesden-Popper phase, the Dion-Jacobson phase, the Aurivillius phase, and the AnBnOsn+2
layered phase are further classifications for the layered perovskites. Since the present work is
concerned with the use of double perovskite as fuel electrode, the following section will describe

in more detail only the double perovskite [19].
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Figure 2.4. Crystal structures of: (a) Single perovskite; (b) double perovskite; (c) layered

perovskite. Reprinted with permission from [19]. Copyright 2020 Taylor & Francis.

2.4.2 Double perovskite

Double perovskites often have the general formulae A’A""B20O¢ (double A-site), A2B'B”Og (double
B-site), or A’A"B'B"”O¢ or have A- and B-lattice sites filled by more than two different types of
ions (mixed site). The arrangement of the A’, A" or B’, and B" cations in the corresponding lattices
determines the crystal structure of double perovskites. If the size difference between A’ and A" or
B’ and B"” cations is large, then such an arrangement is important. In typical double perovskite
structures, three types of ordering can be observed depending on the cation at either the A- or B-
site. When the B’ and B” cations are occupied in the same places, the rocksalt structure (Figure
2.5(a)), which is the most symmetrical, is created. As illustrated in Figure 2.5(a), the B’ and B”
octahedra in the rocksalt structure are all alternately separated from one another, which is known
as zero-dimensional ordering. As shown in Figure 2.5(b) and (¢), the cations can also adopt layered
or columnar ordering, which correspond to one- or two-dimensional ordering, respectively. The
A’A""B,0¢ perovskite structures, depicted in Figure 2.6, show A-site ion ordering similarly. Such

ordering happens in double perovskite structures and is influenced by the size of the A-site ions in
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A'A"BOgs perovskites as well as the general difference in charge of the B-site cations.

Figure 2.5. Ordering of BOg octahedra in A2B'B"O¢ double perovskites: (a) zero-dimensional or
rocksalt type, (b) one-dimensional or columnar, and (c) two-dimensional or layered. Reprinted

with permission from [19]. Copyright 2020 Taylor & Francis.

(b) P (Cw

Figure 2.6. Ordering of A-site ions in A’A"B20O¢ double perovskites: (a) zero-dimensional or
rocksalt type, (b) one-dimensional or columnar, and (c) two-dimensional or layered. Reprinted

with permission from [19]. Copyright 2020 Taylor & Francis.

2.5 CO: electrolysis using double perovskite as fuel electrode

Perovskite materials possess mixed ionic-electronic conductivity and good chemical stability.
Among perovskites that have been used in SOEC, Sr2Fe15Mo00.506.5 (SFM) has attracted much
attention [20]. SFM has notable conductivity and redox stability, and it is frequently recommended

as the electrode CO: electrolysis in SOEC [20]. While SFM is thermally and chemically more
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robust, especially for CO; electrolysis, its catalytic activity, CO2 adsorption capability, and long-
term phase stability still need to be enhanced—especially when compared to the conductivity and
catalytic strength of Ni-based cathodes [21]. Researchers have explored a variety of techniques
recently to increase its electrocatalytic activity for CO; electrolysis, including the infiltration
technique, doping, and in-situ exsolution. A cathode made of SroFe1.sMo0o.50s-5 (SFM) deposited
on a YSZ scaffold was investigated by Li et al [22]. Their results showed that the SFM-YSZ
ceramic performed very well in comparison with traditional Ni-YSZ cermet that needs safe gas.
The cell achieved 1.1 A/cm?at 1.5 V and 800 °C, which is higher by one order of magnitude than
other reported perovskite ceramics prior to 2016. The use of Sr2Fe1 sMoo 506-5 (SFM) for pure CO»
_electrolysis without using any safe gas was presented for the first time in 2017 by Li et al. [23].
They used LSGM as the electrolyte, which resulted in a current density of 0.71 A/cm? at 1.5 V and
800 °C. They further improved their performance by introducing SFM-Smo 2Ceo.802-5 (SFM-SDC)
composite material. The performance peaked at 1.09 A/cm? for the same operating conditions,
proving that SFM is a promising fuel electrode for CO: electrolysis. Lv et al. [24] proposed a
composite of SFM and Gdo2CeosO1.9 (GDC) to increase the activity for CO2RR. The GDC
infiltrated SFM reached 0.45 A/cm? at 1.6 V and 800 °C which is higher than the standalone SFM
(0.283 A/cm?). The extended TPBs lengths, additional active sites for CO, adsorption and electro-
reduction, and improved oxygen ion transport capabilities are the results of the GDC infiltration.
Xi et al. [25] investigated the effect of composition of the B-site of the double perovskite
SroFe1+:Mo1.,O¢-5 on the performance of the CO» electrolysis cell. They found a current density of
1.5 A/em? at 1.5 V and 800 °C, which is comparable to the present state-of-the-art Ni-based

catalysts. The findings showed adding more Fe to SroFe1+xMo1.xOs-s improved the reaction kinetics.
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e Symmetrical cells

In the above reported studies, the SOEC cathode and anode were made of different materials, but
double perovskites have also been used in symmetrical cells, which would ease the fabrication
process and render them suitable for reversible SOFC/SOEC cells. Li et al. [26] proposed a
symmetrical cell consisting of LaooSro.1GaosMgo203-s (LSGM) as the electrolyte and SFM
deposited on LSGM as electrodes. With a current density of 1.24 A/cm? at 1.5 V and 800 °C, the
cell proved to be a promising option for electrolyzing CO-, and this might be due to the enlarged
active sites produced by infiltrated Sro.FeMoOg (SFM) nanoparticles. Wang et al. [27] presented a
symmetrical SFM-SDC/LSGM/SFM-SDC cells that were used in a high temperature H>O/CO- co-
electrolysis process to produce syngas, and the results showed good electrochemical performance
with an electrolysis current density of 0.73 A/cm? under 1.3 V at 850 °C. By raising the operating
temperature and applied cell voltage, improved co-electrolysis kinetics, including an increase in
electrolysis current density and a decrease in interfacial polarization resistance, were achieved.
With a variety of B-site cation options in a wide range of compositions, SroFei1sMoo50e¢-5 as the
cathode material offers flexibility in adjusting their attributes. A metal-ceramic composite was
produced by Hou and Xie [28] where the B-site of Sr2Fe1.sMoo.506.5 was doped with 10% Fe. The
in-situ generated Fe-ceramic composite cathode offers a large and effective triple-phase boundary
(TPB) for the H>O/CO; co-electrolysis process after being reduced. The current density of the
symmetrical cell reached 1.27 A/cm? at 1.6 V and 850 °C for SroFei ¢MoosO6.5, which in case of
SroFe1sMoosOs-s was 1.02 A/ecm?. Xu et al. [29] studied the catalytic properties and reaction
kinetics of CO2 on PBCO (PrBaCo,0s s+5) surfaces for a symmetrical PBCO/YSZ/PBCO cell. The
CO2s reaction behavior on the PBCO electrode was investigated using electrochemical impedance

spectroscopy. The surface resistance of CO2 on PBCO is around 30 Q.cm?, which suggests that
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PBCO might be a desirable choice for CO» reduction. Niu et al. [30] studied a symmetrical cell
with structure of STCO2F/LSGM/STCO2F with STCO2F as Sr2Tio.8Coo.2FeOs. They performed in-
situ exsolution of cobalt-iron nanoparticles on the fuel electrode. Their results showed a current

density of 0.5 A/cm? at 1.3 V and 800 °C.

e B-site doping

Doping SFM with foreign elements to change the defective system and the crystal structure is
another method to improve its electrical conductivity and electrocatalytic activity. Jiang et al. [31]
aimed at examining the impact of partial Fe substitution by Mn in SFM (to generate
SroFer.4Mng.1Moo.506 (SFMMO. 1)) on its efficiency as a cathode material for CO; electrolysis with
the goal of accelerating the rate of CO; reduction. At 800 °C and 50% CO/CO,, the polarization
resistance falls from 1.15 Q.cm? for SFM to 0.60 Q.cm? for SFMMO. 1. Under the same conditions,
the polarization resistance of a symmetrical cell with dual-phase SFMMO0.1-SDC (samaria-doped
ceria) electrodes drops even further to 0.50 Q.cm?. When SFMMO.1-SDC is integrated as the
cathode in a solid oxide cell for electrolysis of pure CO», higher performance is shown, obtaining
a current density of 1.35 A/cm? at 800 °C at 1.5 V. Xu et al. [32] proposed Cu-doped SFM as a
novel material for cathode. The Sr2Fe13Cu02Moo.506-5 (SFCM) had a lower polarization resistance
of 1.125 Q.cm? in comparison of 1.834 Q.cm? for SFM. In principle, using Cu as dopant increased
the oxygen vacancies in the B-site of the SFM perovskite, which dramatically increased the
chemical adsorption capacity of carbon dioxide at high temperatures. The interaction between CO>
molecules and oxygen vacancies was improved by the higher concentration of oxygen vacancies,
which also provided more area for CO, adsorption. Xi et al. [33] tested the Sr2FeMoQOe-5 (SFM) as
the cathode materials for CO; electrolysis by substituting Mo partially with Mg. They found that

by doping Mg more oxygen vacancies are formed after reduction and subsequently increasing the
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electrochemical performance with 1.4 A/cm? at 800 °C and 1.5 V, which two times higher than

simple SFM.

e A-site doping

B-site doping has been well explored in literature due to successful improvement in cell
performance. A-site doping, however, has not been thoroughly researched and a limited number
of research papers were found on A-site doping of SFM perovskite for CO; electrolysis. A-site
doping can influence the crystal structure, oxygen vacancy concentration, and overall stability of
the perovskite, thereby impacting its ionic and electronic conductivity. Recent studies have tried
to enhance the performance by doping rare-earth and alkaline-earth metals on the A-site. For
example, Sun et al. [34] investigated the performance of doping La on the SraFeisMog.50e.-
s perovskite. The results showed that SrigLao.1Fe1.5sMo00.506.5 with the LSGM as the electrolyte
could achieve current density of 2.76 A/cm? at 850 °C and 1.5 V, which is higher than non-doped
SFM. This is because La-doping enhances the oxygen surface exchange rate as well as the bulk
diffusion coefficient. Yang et al. [35] studied the effect of doping Bismuth on the A-site of SFM
perovskite as the cathode for CO; electrolysis. By partially replacing Sr with Bi, the modified SFM
showed better CO- adsorption and improved oxygen ion conductivity. The cell delivered a high

current density of 1620 mA cm 2 at 1.6 V and 850 °C.

e Exsolution

When a solid solution is formed by mixing two or more components, the atoms of each element
are uniformly distributed within the crystal lattice. However, under certain conditions—such as
cooling, compositional changes, or changes in temperature and pressure—one of the components
may become insoluble, leading to the formation of a separate phase within the structure [36]. The

newly formed phase will often have a different composition, crystal structure, and physical
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properties compared to the original solid solution. This can lead to a range of interesting properties
and applications, such as improved mechanical strength, enhanced catalytic activity, and increased
conductivity [36]. Exsolution of transition metal particles from the base double perovskite cathode
can lead to a promising electrode with enhanced CO» catalytic activation. Li et al. [37] studied the
effect of adding Ni-Fe nanoparticles into SFM-SDC uniformly. The chemical adsorption of CO>
and the kinetics of its surface reactions were both improved by the exsolved NiFe nanoparticles.
With a 1.5 V applied voltage at 800 °C, SOECs using this unique cathode have shown a peak
current density of 2.16 A/cm? and consistent CO; electrolysis performance for 500 hours. To
effectively accelerate the CO2RR in SOECs, in situ exsolved Fe-Ni nanoparticles on a
SroFer.35M00.45Ni0.206 (SFNM) double perovskite substrate (Fe—-Ni@SFNM) have been developed
by Lv et al. [38]. The SOEC with the Fe-Ni@SFNM-GDC (Gdo2Ceo.801.9) cathode exhibits great
stability and no coke deposition for 40 h at 1.2 V, as well as a current density of 0.934 A/cm? at
1.6 V and 800 °C. During the synthesis procedure, nickel was added to the B-site of
SroFe1.sMoo.sOg to create a stoichiometric Sr2Fei 35Mo00.45Ni0.206 (SFNM) double perovskite oxide.
Using a high-temperature reduction process, Fe—Ni alloy nanoparticles were exsolved in place and
equally anchored on the perovskite surface while the double perovskite kept its original structure.
Lv et al. [39] showed that metallic Co can be exsolved from the parent perovskite in a reducing
environment, resulting in the creation of cation defects and oxygen vacancies. Metallic Fe may
subsequently be exsolved to produce CoFe alloy nanoparticles in SFMC, along with the structure
changing from double to layered perovskite at 800 °C. At 600 °C in an oxidizing environment, the
spherical CoFe alloy nanoparticles are first converted to flat CoFeOx, then at 800 °C, the structure
is changed back to double perovskite while being entirely dissolved back into the bulk. Due to the

synergistic impact of CoFe alloy nanoparticles and plentiful oxygen vacancies at the metal-oxide
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interfaces, the SFMC cathode decorated with CoFe alloy nanoparticles exhibits 1.2 A/cm? at 1.6
V and 800 °C which is 50% higher than the parent cathode of SFMC. Chen et al. [40] prepared a
double perovskite of SroFeis:xMo0o.5O¢.5 with exsolved Fe nanoparticles. This type of in-situ
generated Fe nanoparticles offers a method for creating a metal-oxide three-phase boundaries to
improve electro-catalysis activity. Their cell with the structure of SFis5+xM-SDC/LSGM/LSM-
SDC showed a current density of 1.16 A/ecm? at 1.8 V and 850 °C. Zhang et al [41] investigated
the stability issued of exsolved nanoparticles on the SFM perovskite. Although the nanoparticles
make the material performs better, they are unstable at high voltages. Zhang et al. found out the
B-site vacancies are the primary cause of the degradation. Therefore, they supplemented the
perovskite with external Fe. The results showed that the supplemented SFNM had better catalytic
activity and less degradation. Xi et al. [42] explored the exsolution of bimetallic nanoparticles of
Fe-Cu on the SFM perovskite. This was done by doping Cu on the SFM structure and then
performing reduction treatment. Results showed a current density of 2.5 A/cm? at 1.5 V and 800 °C,
which was higher than 1.6 A/cm? for unreduced electrode. Lv et al. [43] developed a redox-induced
redispersion strategy to create RhOx nanoclusters on SFM. In this method, the material is reduced
to create the nanoparticles of RhFe and then oxidized again to selectively dissolve the iron species
and keep the RhOx clusters on the surface. The results showed 45.9% improvement in the
performance of CO; electrolysis. Zhang et al. [44] investigated the performance improvement of
SFM perovskite by co-doping Ni on B-site and Fluorine on oxygen site. Ni doping introduced Ni-
Fe nanoparticles on the surface while F doping improved bulk properties. The results showed that
doping reduced the polarization resistance from 0.64 to 0.31 Q cm?, and a current density of 2.66
A/em? (800 °C, 1.5 V). Zhang et al. [45] investigated the performance of double perovskite and

layered perovskite of SFM with nanoparticles exsolved. By introducing a B-site iron supplement
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strategy, the authors successfully promote nanoparticle exsolution while preserving the perovskite
scaffold, breaking the traditional trade-off. Double perovskite-based nanoparticles (DP-NPs)
showed the highest activity, while layered perovskite-based nanoparticles (LP-NPs) offered
superior stability. Shen et al. [46] explored the benefit of doping SFM with iridium. The prepared
powder was then reduced to form IrFe nanoparticles onto the SFM surface. The results showed a
current density of 1.46 A/cm? for IrFFe@SFIrM and 1.16 A/cm? for SFM at 1.6 V, which shows an
improvement of 25.8%. Hu et al. [47] proposed a novel strategy of dual-exsolution of nanoparticles
on a composite electrode made of SFM and GDC. The cell delivered 1.72 A/cm? at 1.5 V for
CO2RR, which is almost double that of SFM/GDC electrode with no nanoparticles. Liu et al. [48]
studied the effect of doping zinc on Fe-sites of SFM to improve the Fe nanoparticles exsolution
and ultimately increase the CO2RR performance. The cell achieved a high current density of 2.74
A/cm? at 850 °C and 1.6 V while for SFM with no nanoparticles it was 1.42 A/cm?. Tan et al. [49]
presented a high-performance solid oxide electrolysis cell (SOEC) cathode composed of
Pro.4Sr1.6(NiFe)1sMo00.506-5 (PSNFM) double perovskite, decorated with exsolved NiFe/FeOx
(NFA@FeO) core-shell nanoparticles. The in-situ exsolved particles and generated oxygen
vacancies significantly enhanced CO; adsorption and reduction activity. As a result, the cell
achieved a high current density of 1.58 A/cm? at 1.4 V and 800 °C. Lopez-Garcia et al. [50]
explored a double perovskite, SrxFeCoo2Nip2Mng.1Mo00s506-5 (x = 2.0, 1.9, 1.8), as a cathode
material for solid oxide electrolysis cells (SOECs). It demonstrates the formation of tunable Fe—
Co—Ni ternary alloy nanoparticles via in situ exsolution, influenced by reduction temperature and
A-site stoichiometry. Exsolution at 600 °C resulted in smaller, more abundant nanoparticles and
better CO: electrolysis performance than higher-temperature treatments, which led to RP phase

formation. The x = 2.0 composition showed superior nanoparticle formation and conductivity.
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These findings highlight the potential of tailored alloy nanoparticle exsolution for enhancing
SOEC efficiency and broader energy conversion applications.

Exsolution has emerged as a highly promising strategy for enhancing electrode performance in
solid oxide electrolysis cells (SOECs). Unlike conventional infiltration methods, exsolved
nanoparticles are socketed into the perovskite matrix, offering excellent thermal stability and
strong metal-support interaction. This approach not only prevents particle agglomeration under
harsh conditions but also introduces abundant active sites and oxygen vacancies, significantly
boosting catalytic activity and long-term durability. As such, exsolution provides a robust pathway
to develop next-generation SOEC electrodes with improved efficiency and stability for CO-

electrolysis and related energy conversion applications.
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Chapter 3

Experimental Methodology

In this section, the complete experimental procedures employed in this study are described in detail.
It covers the synthesis of cathode powders using the sol—gel method, followed by subsequent
processing steps for doping and nanoparticle exsolution. The fabrication of the full solid oxide
electrolysis cell (SOEC), including electrolyte preparation, electrode deposition, and sintering
processes, is also presented. Furthermore, the section outlines the characterization techniques used
to analyze the structural, morphological, and electrochemical properties of the materials and cells,
such as X-ray diffraction (XRD), scanning electron microscopy (SEM), electrochemical
impedance spectroscopy (EIS), and current—voltage measurements. This detailed methodology
ensures that the experimental approach is transparent, reproducible, and directly linked to the

performance evaluation discussed in the subsequent results sections.

3.1 Perovskite powder synthesis

Powders are synthesized using sol-gel method. The sol-gel method is a wet-chemical synthesis
technique used to produce ceramic or glassy materials from a solution. In this process, a
homogeneous solution (sol) containing metal precursors is first prepared. Through hydrolysis and
polycondensation reactions, the sol gradually transforms into a gel, which is a three-dimensional
network containing both solid and liquid phases. The gel is then dried and calcined to remove
residual organics, resulting in a fine, homogeneous oxide powder with high purity and controlled
stoichiometry. This method is particularly advantageous for synthesizing complex oxides because
it allows mixing at the molecular level, leading to uniform particle size and excellent compositional

control. The Bio.1Sr1.9Fe1.4Nio.1Moo.506.5 powder synthesis procedure, shown in Figure 3.1, is as
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follows:

Step 1: precursor solution preparation

Stoichiometric amounts of Sr(NO3)2, Bi(NO3)3-5H-0, Fe(NO3)3-9H»0,
Ni(NO3)2-6H>0 and (NH4)sM07024-4H>0 (all purchased from Fisher Scientific) were dissolved in
distilled water under continuous magnetic stirring to ensure complete dissolution and homogeneity
of the cation mixture. The volume of distilled water used to dissolve the metal nitrates was selected
based on the solubility limits of each precursor and the required stoichiometric quantities. The total
water volume Vo Was taken as the sum of the individual minimum volumes with an added safety
margin (typically 20-30%) to ensure complete dissolution and easy stirring. A sample calculation

is presented in Table A.1 in Appendix.

Step 2: chelating and complexation

EDTA was added to distilled water under constant stirring. The mixture was then heated to 80 °C,
after which aqueous ammonia was slowly added until the EDTA particles were completely
dissolved. The pre-prepared EDTA-NH3H>O solution was added to the precursor solution to
chelate the metal ions and prevent premature precipitation. Citric acid was subsequently introduced
as both a complexing agent and an additional fuel source for combustion. The molar ratio of EDTA :
citric acid : total metal ions was maintained at 1:1.5:1, which promotes the formation of a stable
polymeric network. Upon addition of citric acid, the solution changed to a green color with
dispersed fine particles, indicating complex formation. The pH of the resulting solution was about

2.6.

Step 3: pH adjustment
NH3H>0 was added dropwise to raise the pH value to around 8. The liquid started to become dark

red and transparent after pH around 3.5. A pH of 8 was selected to ensure the complete chelation
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of metal ions with EDTA and to maintain the metal-EDTA complexes in a stable, soluble form.

Step 4: gel formation
The solution was stirred and heated on a hot plate at 80 °C to promote slow evaporation of water,
leading to gelation (around 12 hours). The gel ensured uniform distribution of all metal species at

the molecular level, which is critical for achieving phase purity after calcination.

Step 5: combustion step

The resulting gel was transferred to a ceramic dish and placed in oven and heated up to 300 °C for
4 hours. At this temperature, an exothermic self-igniting combustion reaction occurred,
decomposing nitrates and organic matter, and generating a porous, foamy precursor structure.
During this process, the organic components ignite, producing noticeable smoke. Therefore, the
oven should be equipped with an outlet connected to proper ventilation to ensure safe removal of

the fumes.

Step 6: grinding
The porous combustion product was manually ground using an agate mortar and pestle to obtain a

fine powder.

Step 7: calcination
Finally, the powder was calcined in air at 1100 °C for 5 hours (heating rate: 3 °C/min) to achieve

complete crystallization of the single-phase perovskite structure.

3.2 Cell fabrication

Cell fabrication begins with preparation of the dense electrolyte substrate, followed by deposition
of electrodes onto the electrolyte. The overall process is shown in Figure 3.2. Detailed procedure

for each part is provided in the following subsections.
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Figure 3.1. Solution combustion synthesis process followed in this research.
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Figure 3.2. Overall cell fabrication process.
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3.2.1 Electrolyte substrate

The cells used in this research are electrolyte-supported, with the electrolyte substrates fabricated
using a dry pressing technique. The process of ceramic dry pressing involves placing ceramic
powder into a metal mold and applying high pressure to compact the powder into a dense green
body. During pressing, the particles are rearranged and brought into close contact, forming a
compact with the same shape and cross-section as the mold. A schematic of dry press is shown in
Figure 3.3. Dry pressing has several benefits, including a straightforward process, little labor, quick
production, high densities and strengths, precise sizing and minimal shrinkage. The drawback is
that the pressed product's shape is severely constrained, and the green body's internal compactness
is inconsistent, and also uneven pressure distribution, density, and shrinkage, all of which
contribute to the phenomena of cracking and delamination.

The LSGM electrolyte powder (purchased from Fuelcellmaterials) is uniaxially pressed at 150
MPa using a 30 mm diameter die set to form circular pellet with a thickness of 0.4 mm. The pellet
was then ramped up to 1450 °C at 2 °C/min and kept for 10 hours to achieve a fully dense
electrolyte. The pellet shrank to a diameter of 24 mm and thickness of 0.3 mm. Figure 3.4 shows

the LSGM electrolyte substrates after sintering.
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Figure 3.3. The basic principle of dry pressing. Reprinted with permission from [51]. Copyright

2009 Elsevier.

Figure 3.4. LSGM electrolyte substrates after sintering.
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3.2.2 Buffer layer

The presence of Ni at the electrode-electrolyte interface can lead to undesirable reactions or
interdiffusion, potentially reducing the cell performance and stability. To prevent this, a thin La-
doped ceria (LDC) buffer layer must be applied between BSFNM and LSGM. The LDC layer acts
as a chemical barrier, preventing such reactions while maintaining low interfacial resistance due
to its high ionic conductivity and compatibility with both LSGM and perovskite-based electrodes.
The LDC powder was synthesized via the same sol-gel method described in section 3.1. The
powder was calcined at 1000 °C for 5 hours to form pure phase LDC. A paste was prepared by
mixing the LDC powder with an ink vehicle (FuelCellMaterials) in a 1:2 weight ratio of powder
to ink. The resulting paste was then spin-coated onto the LSGM substrate and sintered at 1200 °C
for 5 hours to form a buffer layer prior to deposition of the BiISFMNIi cathode. The electrolyte with

the LDC layer (white color) deposited on it is shown in Figure 3.5.

Figure 3.5. LDC buffer layer on the electrolyte substrate after sintering.
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3.2.3 Electrodes

For the air electrode, a commercial LSCF/GDC paste (Lao.6St0.4Co0.2Fe0303-5 mixed with GDC)
was purchased from Fuelcellmaterials. The paste was used as received without further
modification and directly applied onto the electrolyte substrate by screen printing. To make the
cathode paste for screen printing, synthesized BiISFMNi powder was mixed with a commercially
available ink vehicle (Fuelcellmaterials) in a 1:1 weight ratio and ball milled to make a paste that
was smooth and easy to print. The paste was used to put the cathode layer on top of the electrolyte
substrate using the screen-printing machine. In the screen-printing process, the substrate is covered
with a fine-pattern mesh, and the prepared paste or ink is applied on the mesh. The paste is then
forcefully pressed through a mesh with an area of 1 cm? using a blade to have an electrode with an
active area of 1 cm?. Depending on demand, the screen-printing layer's thickness may be adjusted.
Film thicknesses of 10 to 100 pum may be produced via screen-printing. The operation of a screen-
printing process and the actual screen-printing machine and the mesh are shown in Figure 3.6 and

Figure 3.7, respectively.

Printing direction Open area to fill with ink
EEEEE——
Screen frame
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Figure 3.6. Screen printing working principle. Reprinted with permission from [52]. Copyright

2021 Royal Society of Chemistry.
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Figure 3.7. Screen printing machine and the mesh.

After screen-printing the electrodes, the cell was sintered at 1100 °C. Nevertheless, the cathode
particles' adhesion to the electrolyte and to one another was weak. As demonstrated in Figure 3.8,
a trace would appear on the finger even if the electrode was lightly scratched. It is believed that
this inadequate adhesion is most likely due to the large particle size of the powder. Consequently,
the particle size analysis shown in Figure 3.9 (a) was carried out. It revealed that the powder's
median particle size was approximately 22.1 um. To solve the issue, using a low energy ball mill
with zirconia balls, the powder was ball milled 24 hours. An amount of typically 10g of powder
was mixed with isopropanol in a 1:2 weight ratio of powder to isopropanol prior to milling. As
shown in Figure 3.9 (b), the median particle size has been decreased to 1.7 um. The ball milled
powder was then used for screen printing and showed good contact and bond after sintering. This
is most likely because smaller particles pack more densely and uniformly, promoting stronger neck

formation between particles and with the electrolyte surface, which leads to improved adhesion of
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the electrode layer after sintering. The single cells made by ball milled powders are shown in

Figure 3.10.

Figure 3.8. Screen printed electrode using as-prepared electrode materials showing weak

adhesion.
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Figure 3.9. Particle size analysis of (a) as-prepared SFM (median size=22.1 um) and (b) after 24
hr ball milling (median size=1.7 pm).
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Figure 3.10. Sintered single cells with electrode active area of 1 cm? ready for testing, (a) fuel
side, and (b) air side.

3.3 Testing of the cells

The electrochemical performance of the fabricated SOEC cells was evaluated using Fiaxell test
station. The cell was first mounted onto the test fixture and sealed with Open Flanges™ inside the
furnace. To make sure that the heat was evenly distributed and to avoid thermal shock, the system
was heated slowly at 1 °C/min in air to 800 °C. When the appropriate temperature was reached,
argon gas was added to the cathode side to clear out any leftover air from the fuel chamber. Then,
the desired reactant gases were supplied to the fuel and air sides, and the system was allowed to
stabilize until a steady open-circuit voltage (OCV) was observed. A stable and high open-circuit
voltage (OCV), consistent with the theoretical Nernst potential, is not only an indicator of proper
electrochemical activity but also confirms good gas tightness of the cell assembly, demonstrating
that there is minimal gas leakage across the electrolyte. After achieving a stable OCV,
electrochemical measurements—including I-V curves, electrochemical impedance spectroscopy
(EIS), and distribution of relaxation times (DRT) analysis—were performed. Following these

baseline tests, the fuel side was switched to a 10% Hx—Ar gas mixture for a reduction period to
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promote in-situ exsolution of Fe—Ni nanoparticles at the cathode, while maintaining air flow on
the anode side. After the reduction treatment, the gas supply was switched back to CO»-containing
fuel, and the electrochemical tests were repeated under identical conditions to evaluate the impact
of nanoparticle exsolution on CO; electrolysis performance. Lastly, the cell temperature dropped
in steps to 750 °C and then to 700 °C to see how performance changes with temperature.

Figure 3.11 depicts the test station that was used to measure the performance of solid oxide
electrolysis cells (SOECs). The system is kept in a walk-in fume hood to keep the operator safe
when they are working with carbon monoxide (CO) and other gases. Gas lines connect the gas
cylinders to the test stations, and a mass flow controller controls the flow rate of gas into the system.
There is a CO detector at the top that continuously monitors possible leaks. The cell is put within
the Open Flanges™ testing fixture from Fiaxell, which is illustrated in Figure 3.12. Then, it is put
inside the Squadro SQ11 kiln from Kittec. A thermometer is used to check the furnace's operating
temperature. A Gamry potentiostat is connected to the cell's electrical connections, while a PC

controls the potentiostat to take electrochemical measurements.
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Figure 3.12. Fiaxell fuel cell test station parts.
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3.4 Characterization and electrochemical measurements

Diverse characterization approaches were utilized to examine the structural, morphological, and
electrochemical features of the synthesized materials and fabricated cells. The surface and cross-
sectional microstructures were analyzed utilizing scanning electron microscopy (SEM). A Tescan
Vega Il SEM was utilized for general imaging and to examine cell architecture and layer
thicknesses, whilst high-resolution imaging of electrode surfaces and exsolved nanoparticles was
conducted using a Zeiss Merlin SEM. Transmission electron microscopy (TEM) was conducted
utilizing a Libra 200 MC TEM for nanoscale structural research, facilitating meticulous
examination of particle morphology, interfaces, and crystal lattice fringes. Phase identification and
crystallographic analysis were conducted via X-ray diffraction (XRD) utilizing a Rigaku MiniFlex
II diffractometer with Cu Ka radiation. To investigate the chemical states and surface composition
of the elements, X-ray photoelectron spectroscopy (XPS) analysis was performed using a Thermo-
VG Scientific ESCALab 250 microprobe. The XPS results provided insight into the oxidation
states of transition metals and the effect of reduction treatment on surface chemistry,
complementing the structural and morphological analysis. The electrochemical performance was
assessed utilizing a Gamry 5000P potentiostat, which is also equipped with impedance

spectroscopy (EIS) and distribution of relaxation times (DRT) analysis.
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Chapter 4
Experimental Results of Fe—Ni Nanoparticle-decorated

Bio.1Sr1.9Fe1.4Ni0.1M00.50¢-5 Cathode in CO: Electrolysis

This chapter presents the experimental results for the fabrication and testing of double perovskite
cathodes with nanoparticles for solid oxide CO: electrolysis cells (SOECs). Figure 4.1 illustrates
the structural configuration of the cell used in this study. The cell is composed of a dense electrolyte
layer sandwiched between two porous electrodes. The cathode (fuel electrode) is made of a co-
doped perovskite material decorated with exsolved metal nanoparticles to enhance CO: adsorption
and catalytic activity. The anode (oxygen electrode) facilitates the release of oxygen gas. This
schematic provides a visual representation for the material-specific results and performance

evaluations presented in the following sections.
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Figure 4.1. Schematic of the solid oxide electrolysis cell configuration used in this study.
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The first step is to use X-ray diffraction (XRD) to make sure that the synthesized materials are
pure phase. Next, compatibility tests are done to see how stable the cathode material is when it is
mixed with the buffer layer and electrolyte. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are then used to give a detailed picture of the microstructure, focusing
on the particle morphology and nanoparticle exsolution. Surface chemical states and elemental
compositions are then investigated using X-ray photoelectron spectroscopy (XPS). Lastly, the
cell's electrochemical performance is tested using current—voltage (I-V) measurements,
electrochemical impedance spectroscopy (EIS), and distribution of relaxation times (DRT)
analysis. This gives us information about how the electrodes work and how changes to the

materials affect the overall performance of the cells.

4.1 Crystal structure

X-ray diffraction (XRD) is used to look at the crystal structure and phase purity of the synthesized
perovskite materials. The results, shown in Figure 4.2, indicate that all the compositions - SFM,
Bi-doped SFM (BiSFM), and Bi/Ni co-doped SFM (BiSFMN:i) - have a pure double perovskite
phase with no secondary phases that could be seen. This shows that adding Bi to the A-site and Ni

to the B-site was accomplished without changing the structure of the perovskite lattice.

43



BiSFMNi
S
s
Py
» BiSFM
C
5)
£
——SFM
A L A A N
20 30 40 50 60 70 80

20 (degree)

Figure 4.2. XRD patterns of SFM, BiSFM, and BiSFMNi powders.

4.2 Interfacial compatibility

Compatibility experiments between BiSFMNi, LDC and LSGM helped to confirm the need of the
LDC buffer layer. Binary mixes of BiSFMNi-LDC, BiSFMNi-LSGM, and LDC-LSGM were
prepared in a 1:1 weight ratio, pressed into pellets, and sintered at 1100 °C for 5 hours. XRD
analysis was then performed to evaluate phase stability. As shown in Figure 4.3, there is a strong
chemical compatibility between LSGM and LDC as well as between LDC and BiSFMNi. A small
amount of a new phase in the BISFMNi-LSGM combination suggests some interfacial interaction
between these two materials. These results confirm the need of a thin LDC buffer layer to reduce
unwanted interfacial interactions and enhance the chemical stability between the LSGM electrolyte

and BiSFMNi cathode.
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Figure 4.3.Chemical compatibility of binary mixes of BISFMNi -LDC, BiSFMNi -LSGM and
LDC-LSGM.

4.3 Thermal Stability

The Thermogravimetric analysis (TGA) results, shown in Figure 4.4, provide valuable insights
into the thermal stability and oxygen release behavior of the perovskite powders under different
atmospheres. Both SFM and BiSFMNi samples exhibit gradual weight loss with increasing
temperature, mainly associated with lattice oxygen release and minor surface species desorption
such as adsorbed water and carbonates. The TGA curves can be divided into three distinct weight-
loss regions: (i) 25-400 °C, corresponding to desorption of adsorbed water and surface species, (ii)
400-800 °C, associated with lattice oxygen release and redox activity of the perovskite, and (iii)
above 800 °C, linked to deep oxygen loss and potential partial structural instability. In air, the
weight loss is minimal compared to inert (N2) or reactive (CO2) conditions, confirming the higher
stability of the perovskite lattice in oxidizing environments. Under pure CO2, both SFM and

BiSFMNi exhibit slightly higher weight loss, which may be related to surface interactions with
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CO> or transient carbonate formation and decomposition. Notably, the Bi and Ni doping shows
improved thermal stability compared to pristine SFM, with less overall weight change across all

atmospheres, suggesting that co-doping helps stabilize the oxygen sublattice and suppresses

excessive oxygen release.

100.5
100.0 -
S
= 99.5 -
Ny
2
()
= 99.0 -
' BiSFMNi - CO,
- | - BiSFMNi - Air
- k - BISFMNi - N, 5
98.5 - SFM - CO, ~
——sFm - Air '
——SFM-N,
98.0

—_— T -———

|
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4.4. TGA of SFM and BiSFMNi samples in N2, Air and CO> atmospheres.

4.4 Cathode material exsolution behaviors

This section presents the results of various characterization techniques used to investigate the
exsolution behavior of the cathode materials, providing insights into their structural,

morphological, and compositional changes under reducing conditions.
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4.4.1 X-ray Diffraction results

XRD analysis was conducted on both BiSFMNi samples under reducing conditions to investigate
the exsolution behavior; the results are plotted in Figure 4.5. The oxidized version of the BISFMNi
showed a pure double perovskite phase. After 1 hour of reduction in 5% Hz/Ar at 800 °C, however,
the XRD pattern showed the appearance of secondary phases, such as a Ruddlesden—Popper (RP)
structure, metallic Fe—Ni, and leftover double perovskite. This means that the perovskite scaffold
breaks down in part and nanoparticles are starting to exsolve. The Fe—Ni peaks got stronger as the
reduction time increased, while the double perovskite peaks got weaker. This shows that the
structure is breaking down and that the RP phase is becoming more dominant. After 5 hours of
reduction, the XRD pattern predominantly showed the Ruddlesden—Popper phase along with Fe—
Ni alloy peaks. This suggests that the original double perovskite structure had largely transformed,

and a significant number of nanoparticles had been exsolved.
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Figure 4.5. XRD patterns of BISFMNi samples as-synthesized and reduced in 5% H/Ar at
800 °C for different duration.
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Figure 4.6 shows the Rietveld refinement that was performed on the XRD pattern of BISFMNi
sample that had been reduced for one hour The sample had 6.56% Fe—Ni alloy, 27.61% DP phase,

and 65.83% RP phase.
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Figure 4.6. Rietveld refinement results of XRD patterns BiISFMNi sample reduced in 5% Hz/Ar
at 800 °C for 1 hour.

XRD was also used to look at three samples of the BiSFMNi material: the as-synthesized
(oxidized), reduced, and reoxidized states and the results are shown in Figure 4.7. This was done
to see whether the structure could return to its original state. The XRD analysis of the reoxidized
BiSFMNi sample showed that the double perovskite structure had completely recovered. There
were no peaks that matched the previously exsolved Fe—Ni alloy or Ruddlesden—Popper phase.
This means that the changes in structure caused by reduction is reversible. The reoxidation process
effectively puts the exsolved metal species back into the lattice, bringing the material back to its

original double perovskite phase.
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Figure 4.7. XRD patterns of BISFMNi in oxidized, reduced, and reoxidized states.

4.4.2 X-ray photoelectron spectroscopy results

X-ray photoelectron spectroscopy (XPS) was performed to investigate the chemical states of Fe,
Ni, and O before and after reduction and results are shown in Figure 4.8. The Fe 2p spectra showed
that the sample contained Fe** and Fe?". After reduction, a clear Fe® peak appeared, showing that
some of the iron had been reduced. In the same way, the Ni 2p spectra first displayed peaks that
matched Ni?* and Ni**, but following reduction, they changed to produce a Ni® signal. The Mo 3d
spectra showed Mo® in the fresh sample, with the appearance of Mo>* after reduction; however,
no Mo® peak was observed. This suggests that while Mo underwent partial reduction, it did not
participate in the formation of metallic nanoparticles, unlike Fe and Ni. The O 1s spectra had two
peaks: one for lattice oxygen (Ouar), which is usually seen at lower binding energies, and the other
for adsorbed oxygen species (Oags), Which is seen at higher binding energies. After the reduction,

the Ora peak became less intense, while the Oags peak got stronger. This change showed that the
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reduction treatment causes oxygen vacancies to occur in the perovskite lattice, perhaps because of
Fe—Ni nanoparticles exsolution. These results showed that Ni and Fe were successfully reduced
in-situ to their metallic forms, which supports the idea that exsolved Fe—Ni nanoparticles can form

on the surface of perovskite.
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Figure 4.8. XPS spectra of (a) Fe 2p, (b) Ni 2p, (c) Mo 3d, and (d) O 1s regions before and after
1 hr reduction in 5% H»-Ar.
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4.4.3 Scanning electron microscopy results

Figure 4.9 presents SEM images of BiSFMNi samples at different stages of the reduction and
reoxidation process, including the as-synthesized powder, and samples reduced for 2, 10, 30, and
60 minutes, followed by a reoxidized sample. When oxidized, the material had clean, packed grains
with smooth surfaces, which is normally expected from a well-sintered perovskite structure with
no particles on the surface. As the reduction time increases, a gradual emergence of surface
nanoparticles is observed. At 2 and 10 minutes, a few nanoparticles begin to appear, while at 30
and 60 minutes, the number and density of exsolved nanoparticles significantly increase, indicating
progressive exsolution of Fe—Ni alloy particles from the perovskite matrix under a reducing
atmosphere (5% H2/Ar at 800 °C). The appearance of surface nanoparticles matches the XRD
evidence of the formation of the Fe—Ni phase and a partial change in structure. The grains
underneath also look like they are getting rougher on the surface, which could mean that the
structure is changing as it moves into the Ruddlesden—Popper phase. In the reoxidized sample, the
nanoparticles are no longer visible, and the surface appears smoother and more compact compared
to the reduced state. This suggests that the exsolved Fe—Ni nanoparticles moved back into the
perovskite lattice during reoxidation, bringing back the original structure. The surface morphology
looks like that of the oxidized sample, which backs up the conclusion that the structural change

can happen again under redox cycling circumstances, which was also found by XRD.
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Figure 4.9. SEM images of BiISFMNI in three states: As-synthesize, reduced in 5% Ha/Ar at

800 °C for 2, 10, 30 and 60 minutes, and reoxidized in air.

4.4.4 Transmission electron microscopy results
The exsolution behavior and structural evolution of the BiSFMNi were investigated using
transmission electron microscopy techniques. Figure 4.10 and 4.11 present comparative TEM
images of the sample before and after reduction at 800 °C for 2 hours in 5% Hz/Ar atmosphere.
In the as-synthesized state (Figure 4.10), the perovskite exhibits a cubic, dense surface
morphology without any apparent nanoparticle decoration. Energy-dispersive X-ray spectroscopy
(EDS) confirms a homogeneous elemental distribution across the sample. The quantified atomic
percentages closely match the nominal target composition of Bio.1Sri.9Fe14Nio.1Moo.50s-5,
verifying the successful synthesis and cation incorporation into the lattice.

After reduction (Figure 4.11), clear morphological changes are observed. Numerous
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nanoparticles have emerged and are uniformly distributed on the surface of the perovskite matrix.
Scanning transmission electron microscopy (STEM) images clearly show these nanoparticles
anchored to the host surface. High-resolution TEM (HR-TEM) images reveal lattice fringes
indicating the crystalline nature of both the perovskite matrix and the exsolved nanoparticles. The
interface between the nanoparticle and the host lattice appears coherent, suggesting strong
integration and good adhesion.

To further analyze the composition and phase separation, EDS analysis carried out at two places:
one on a nanoparticle and one on the perovskite bulk. The EDS spectrum from the nanoparticle
area had a strong Fe peak and a smaller but clear Ni peak. This means that Fe—Ni alloy
nanoparticles were formed, which is what was seen in the XRD as the Fe—Ni phase. However, the
EDS spectra from the perovskite bulk showed Sr, Fe, Mo, Bi, O, and a very little quantity of Ni.
This means that most of the Ni ions were exsolved during reduction, but a small amount stayed in
the bulk lattice. Ni exsolution happens over time. It is likely that after a longer reduction time (like
5 hours), almost all of the Ni will be exsolved to form more nanoparticles. This migration of Ni
from the lattice to the surface can be harnessed to control the density, size, and distribution of
exsolved nanoparticles. The atomic percentages obtained from the EDS analysis after reduction of
the bulk perovskite closely match the stoichiometry of the Ruddlesden—Popper phase,
Sr3Fe1.5sMoo.50s.5-5 , confirming the presence of this secondary phase.

Additionally, EDS elemental mapping was performed to provide a clearer visualization of the
spatial distribution of individual elements across the sample. This technique helped distinguish the
regions containing exsolved nanoparticles from the perovskite and Ruddlesden—Popper phases
based on elemental composition. The EDS maps, shown in Figure 4.12, show the spatial

distribution of key elements: Fe and Ni signals are strongly localized in the exsolved nanoparticle
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regions, confirming the formation of Fe—Ni alloy nanoparticles, consistent with Fe—Ni as identified
in XRD analysis. In contrast, Sr, Mo, Bi, and O signals are concentrated within the bulk matrix,
indicating their retention in the perovskite lattice. The presence of Bi remains uniformly distributed
in the matrix, suggesting that Bi remains stable during reduction and does not participate in
nanoparticle formation.

Overall, the combination of STEM, HR-TEM, and EDS analysis confirms that the reduction
treatment induces selective exsolution of B-site elements (Fe and Ni), while the A-site dopant (Bi)

and other structural components remain integrated in the perovskite lattice.
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Figure 4.10. TEM image and EDS analysis of the as-synthesized BiISFMNi sample.
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Figure 4.11. TEM image and EDS analysis of the reduced BiSFMNi sample.
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Figure 4.12. STEM image and EDS elemental mapping of BiISFMNi perovskite after reduction

treatment showing exsolved nanoparticles.

4.5 Cell structure

The SEM cross-sectional image, Figure 4.13 , shows the multilayer structure of the fabricated solid
oxide electrolysis cell (SOEC), confirming successful layer deposition and good interfacial contact
between components. The LSGM electrolytelayer is around 275 um thick and gives the structural
strength and ionic conductivity. On the fuel side (bottom), there is a 40 um-thick porous cathode
(BiSFMN:i) that is separated from the electrolyte by a 5 um La-doped ceria (LDC) buffer layer.

This thin layer was deposited via spin coating, which proved to be highly effective for achieving
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a uniform and continuous coating. The LDC layer makes the cathode and the LSGM electrolyte
more chemically compatible and stops unwanted reactions at the interface. There is a 55 pm-thick
porous anode (LSCF/GDC) on the oxygen side (top). The microstructure of both electrodes is
porous, which is necessary for gas diffusion and offering a triple-phase boundary during CO-
electrolysis. The clear layer boundaries and the strong interfaces show that the screen-printing and

sintering procedures worked well.

Figure 4.13. Cross-sectional SEM image of the fabricated single cell.

Line EDS analysis was performed across to see how the elements were spread out across the
cell. In Figure 4.14, along with the SEM cross-section, the matching elemental intensity profiles
are depicted. The figure clearly shows that the layers have different compositions with well-
defined interfaces. The LSCF/GDC oxygen electrode has signals for La, St, Co, Fe, Gd and Ce,
which is expected from its mixed perovskite-fluorite structure. As expected for a LSGM phase, the

electrolyte is mostly made up of La, Sr, Ga, and Mg. There is a little area between the electrolyte
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and the cathode where La and Ce signals are higher than normal. This shows that a thin LDC (La-
doped Ceria) buffer layer has been successfully deposited. On the fuel side, the BiSFMN:i is
confirmed by big signals for Fe, Mo, Bi and a tiny signal for Ni. There was no significant elemental
crossover or interdiffusion between neighboring layers, which shows that the spin-coated LDC
buffer layer does a good job of keeping the cathode and electrolyte from reacting with one other

in ways that are not desirable.
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Figure 4.14. Line EDS elemental mapping across the cell cross-section.
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4.6 Cell electrochemical performance

This section presents the electrochemical performance of the fabricated cell for CO» electrolysis
using BiSFMNi and Fe-Ni@BiSFMNi as the cathode materials. A controlled sol—gel synthesis
route was employed, with carefully standardized calcination and sintering steps, ensuring
reproducibility in phase composition and microstructure, as confirmed by XRD and SEM.
Although large-scale statistical reproducibility studies have not yet been performed, the results
obtained are consistent within the fabricated batches and align well with reported performances in
the literature, thereby strengthening confidence in their reliability. All cells were conditioned with
the same temperature ramp (1 °C min' to 800 °C), gas purities and flow rates, reduction schedule
(5% Ha/Ar, 2 h), and measurement sequence (OCV stabilization — IV curves — EIS — DRT).
Geometric electrode area, contact paste, and fixture compression were held constant. Mass-flow
controllers and the thermocouple were calibrated; leak-tightness was verified by OCV values
within 20 mV of the Nernst potential for the CO/CO>—air pair. Impedance spectra were collected
with the same AC amplitude and frequency window.

Reproducibility was evaluated by testing three independently fabricated electrolyte-supported
cells per cathode configuration under 10% CO/CO; and at 800 °C. Figure 4.15 shows the [-V
curves of the three cells before and after adding nanoparticles, which exhibit similar trends and
overlapping behavior, confirming good reproducibility of the results. While minor variations in
current density (within ~0.1-0.15 A/cm? at 1.5 V) were observed, these are attributed to inevitable
differences in cell fabrication (e.g., electrode microstructure, thickness uniformity, and contact
quality). Overall, the results demonstrate that the observed performance enhancement with Fe—Ni

nanoparticle exsolution is a consistent phenomenon.

59



1.5

800 °C 800 °C
10% CO/CO, 10% COICO, L 1.4
Fe-Ni@BiSFMNi BiSFMNi
_ L13
b b
o) F1.2 o
()] ()]
8 8
3 L =
(@] (@]
> >
B L1.0 B
< =
< Wtoo &
~ Cell #1 £ Cell #1 ' 08
o Cell #2 o Cell #2
o Cell #3 - 0.7 n Cell #3 - 0.7
: : : : : : : : 0.6 . . . . . . . . 0.6
18 -16 -14 -12 -1 -08 -06 -04 -02 0 18 16 -14 12 -1 -08 -06 -04 -02 0
Current density (A/cm?2) Current density (A/cm?)

Figure 4.15. I-V characteristics of three independently fabricated cells, demonstrating

reproducibility of electrochemical performance.

4.6.1 I-V Characteristics of BISFMNi and Fe-Ni@BiSFMNi Cathodes

Figure 4.16(a) presents the I-V curves of cell using BISFMNi and Fe-Ni@BiSFMNi materials as
the cathodes for pure CO: electolysis.. The BiSFMNi cathode, containing Ni and Bi co-doped
perovskite, shows moderate performance with a gradual increase in current density as the voltage
increases. In contrast, the Fe-Ni@BiSFMNi sample, in which Fe-Ni alloy nanoparticles were
exsolved through a 2-hour reduction process, delivers significantly higher current at higher
voltages. At a cell voltage of 1.6V, the current density for the Fe-Ni@BiSFMNi cathode is 1.3
A/em?, which is 30% higher than that of 1.0 A/cm? BiSFMNi. This improvement can be attributed
to increased surface catalytic activity. The nanoparticles of Fe—Ni provides numerous reaction sites
where COz can absorb and reduce, ultimately increase the electrochemical reaction rate. This can
also be explained by the fact that these nanoparticles increase the triple-phase boundary (TPB)

density, allowing for more distributed reaction sites.
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Figure 4.16(b) shows the relative improvement in current density of Fe—Ni@BiSFMNi versus
BiSFMNi as a function of applied voltage. This was done to measure how much better the
performance was with Fe—Ni nanoparticle exsolution. The data clearly showed that increasing the
voltage led to an increase in current density. The Fe-Ni@BiSFMNIi cathode always outperformed
the undoped one over the entire voltage range. At low voltage around 1-1.2 V, the improvement
in the current density is because of reduction in activation overpotential. However, this
improvement is small as the activation overpotential has a small contribution in total overpotential.
But when the voltage goes above 1.4 V, the improvement gets larger, reaching over 50% at 1.8 V.
This means that the exsolved Fe—Ni nanoparticles help with charge transfer (lower ohmic
resistance) and reduce concentration polarization more at higher current densities. These results
support the idea that exsolution is a good way to increase the performance of SOEC cathodes,
especially when they are under high load or demand.

Fe-Ni@BiSFMNi-based cell was considered for further analysis. The effect of temperature
between 700 and 800 °C on the I-V curve was investigated and plotted in Figure 4.16(c). As
expected, raising the operating temperature led to increased current densities at all voltages. This
improvement can be attributed to faster electrochemical reaction kinetics, especially for the CO-
reduction process, which is very thermally dependent. At 800 °C, the cell exhibits the highest
performance, with a current density exceeding —1.3 A/cm? at 1.6 V. In contrast, at 750 °C and
700 °C, both activation and ohmic losses are more pronounced, leading to a significantly lower
current response of —0.67 A/cm? and —0.23 A/cm?, respectively.

Constant-voltage tests were performed at 1.0 V, 1.2V, and 1.4 V for 20 minutes at 800 °C to see
how stable the Fe—Ni@BiSFMNi cathode was in the short term. Figure 4.16(d) shows that all three

curves start with a drop in current density in the first few seconds. After this change, the current
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density remains stable, which suggests that the electrode keeps its structural and electrochemical

integrity throughout the test.
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Figure 4.16. Electrochemical performance of cell under CO: electrolysis conditions: (a) -V
characteristics of BiISFMNi and Fe-Ni@BiSFMNi cathodes, (b) Percentage improvement in
current density of Fe-Ni@BiSFMN1 over BiSFMNI, (c) I-V characteristics of the Fe—
Ni@BiSFMNIi cathode measured at 700 °C, 750 °C, and 800 °C, and (d) Short-term

electrochemical stability test under constant voltage operation at 1.0V, 1.2V, and 1.4 V.
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4.6.2 Electrochemical Impedance Spectroscopy (EIS) Analysis

Electrochemical impedance spectroscopy (EIS) was used to investigate how the Fe—
Ni@BiSFMNi-based cathode behaves under different operating conditions. The EIS
measurements show how much resistance arises from different phenomena inside an operating cell.
This information is very important for figuring out what steps in CO: electrolysis limit
performance. Typically, the total resistance can be separated into two main components: Rs, the
ohmic resistance, which includes the ionic resistance of the electrolyte and contact resistances; and
Ry, the polarization resistance, which reflects the combined effects of charge-transfer reactions,
adsorption, and mass transport limitations at the electrodes.

Figure 4.17(a) shows the EIS spectra of the Fe-Ni@BiSFMN!i cathode at 800 °C at different
voltages (OCV, 1.2V, and 1.4 V). As the voltage rises, the arc diameter clearly gets smaller (lower
Rp) and also shifts a bit to lower resistance (Lower Rs). This pattern shows that charge transfer and
catalytic activity are better at higher operating voltages. At 1.4 V, Rs and Rp equals to 0.2 Q cm?
and 0.30 Q cm?. Figure 4.17(b) shows the Fe-Ni@BiSFMNi and BiSFMNIi spectra with the ohmic
resistance taken out. Fe-Ni@BiSFMNi has smaller arcs at all working voltages, which confirms
that the exsolved Fe-Ni nanoparticles lower polarization resistance, from 0.38 © cm? for BiISFMNi
to 0.3 Q cm? at 1.4 V, by increasing the number of reaction sites on the surface and improving
catalytic efficacy. Figure 4.17(c) shows how temperature affects the polarization resistance of the
Fe-Ni@BiSFMNIi cathode at 1.2 V. As expected, the size of the arc gets bigger resulting in R, to
increase from 0.5 Q cm? to 3.6 Q cm? (at 1.2 V) when temperature decreased from 800 to 700 °C.
This shows that higher temperature favors the CO: reduction. These EIS results show that
nanoparticle exsolution and higher operating temperatures both help reduce polarization losses and

make the SOEC work better overall.
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Figure 4.17. Electrochemical impedance spectra (EIS) of (a) cell with Fe-Ni@BiSFMNi at OCV,
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1.2 Vand 1.4V, (b) Comparison of Fe-Ni@BiSFMNi and BiSFMNi, and (c) Temperature
dependence of EIS spectra of Fe-Ni@BiSFMNiat 1.2 V.

4.6.3 Distribution of Relaxation Times (DRT) Analysis

Traditional electrochemical impedance spectroscopy (EIS) is useful for measuring the total
resistance of a cell, but it doesn't always have enough precision to tell among overlapping
electrochemical processes. To get around this problem, the Distribution of Relaxation Times (DRT)
analysis is used. DRT breaks down the impedance spectrum into separate time-constant parts,

making it easier to find and assign resistive and capacitive processes in the cell. This method is
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very good at breaking down contributions from electrode polarization, gas diffusion, and charge
transfer at the interface. By looking at the DRT profiles of the Fe—Ni@BiSFMNi-based SOEC
under different operating circumstances, it was able to learn more about how exsolved
nanoparticles and temperature might improve performance.

The DRT deconvolution, Figure 4.18, shows four separate peaks, which are linked to
electrochemical processes that happen at various characteristic frequencies:

e Pl and P2: is attributed to oxygen ion transfer in electrolyte and interfaces and oxygen evolution
at anode [38,42,45,53].

e P3:isassociated with surface processes such as CO: adsorption, activation, and electrochemical
reduction [38,42,45].

e P4: Gass diffusion process [38,42.,45].

It is observed that P1, P2, and P4 do not change significantly between samples, suggesting that
they predominantly reflect bulk ionic transport and gas diffusion phenomena, which are less
sensitive to surface modifications. In contrast, P3 shows a more pronounced change, indicating
that it is closely related to CO- reduction processes at the cathode surface. The smaller P3 peak for
Fe-Ni@BiSFMNi1 demonstrates that the exsolution of Fe-Ni nanoparticles accelerates CO-
surface kinetics by enhancing adsorption and activation. The exsolution achieved through
reduction treatment increases the number of metal-oxide interfaces and oxygen vacancies, both of
which facilitate gas-phase reactions and improve electrochemical surface exchange rates. These
results are consistent with the [-V and EIS studies, which showed improved current density and
reduced polarization resistance.

The DRT profiles also show the effect of temperature on the performance. As the temperature

drops, all the peaks move to lower frequencies and are stronger, which means that the kinetics are
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slower, and the resistive losses are larger. The general pattern is that the polarization resistance
goes up a lot as the temperature goes down, especially in the low-frequency range where CO»
reduction happens. This shows how important it is to run SOECs at high temperatures to get the

fastest possible reaction rates, even when using better electrodes like Fe—Ni@BiSFMNi.
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Figure 4.18. DRT spectra: (a) comparison of Fe-Ni@BiSFMNi1 and BiSFMNi cathodes at 800 °C
and 1.2V, and (b) DRT spectra of Fe-Ni@BiSFMNi at 800 °C, 750 °C, and 700 °C under 1.2 V
applied voltage.

4.7 Long-term stability

A long-term electrolysis test was conducted to evaluate the durability of the cell under constant
operating conditions. The cell was held at a fixed voltage of 1.4 V, and the current density was
monitored continuously for 140 hours. As shown in Error! Reference source not found., a sharp i
nitial drop in current density was observed within the first few hours, which can be attributed to
the early-stage stabilization of the electrode—electrolyte interfaces and possible restructuring of the
electrode surface. Following this initial adjustment, the current density gradually decreased at a

very slow rate, indicating minimal degradation over time. This stable performance highlights the
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robustness of the cell architecture and the long-term electrochemical stability of the electrode

materials under CO: electrolysis conditions.
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Figure 4.19. Long-term CO: electrolysis performance at 1.4 V over 140 hours.

4.8 Performance comparison with literature

Table 4.1 compares the CO: electrolysis performance of this work with representative literature
reports, showing the change in current density before and after nanoparticle exsolution. In each
case, the baseline cell with the pristine perovskite fuel electrode is compared with its nanoparticle-
decorated counterpart under identical or comparable testing conditions at 800 °C. Across the
studies, the incorporation of exsolved Fe-based alloy nanoparticles (e.g., Fe—Cu, Fe—Co, Fe—Ni,
Fe—Ru) is associated with a measurable increase in current density, indicating the beneficial role
of surface-active metallic nanoparticles in enhancing CO: reduction kinetics. In this work, the Fe—
Ni@BiSFMN:i electrode showed an increase in current density from 1.0 A/cm? to 1.3 A/cm? at 1.6
V, which is consistent with the improvement trends observed in the literature. It should be noted

that the performance reported in this work is neither the highest nor the lowest among published
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studies, but it lies within a reasonable range. Direct comparison, however, remains challenging,
since even when using the same cathode materials, variations in cell fabrication methods, electrode
microstructures, testing setups, and other experimental details can significantly influence the

observed performance.

Table 4.1. A comparison of current densities with literature at 800 °C for pure CO; electrolysis.

Current density

Air electrode  Electrolyte Fuel electrode (Alem?) Reference
LSCE-SDC - LSGM 1§1:—C(131111\é@SFCuM YSaisy [42]
BSCF LSGM EZ%SE%MOI (1):2 " }g v [48]
scrooe tsow SCOE L smier
sersoc tsow SMMESC Ly g
BSCF-GDC ~ LSGM IEEFE%(S}I?I&M-GDC a0V 53]
scrape isow SMMEE. o eaiey
LSM-YSZ ~ YSZ IESVII\I_iSé)S%MNi-SDC Y2 a1V [37]
BSCF  LSGM gy Laiev B9
LSCE-GDC LSGM Eésllilliv[@l\giSFMNi }:(3) " i:g X/ vTv}:rsk
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4.9 Experimental work conclusion

In conclusion, in-situ exsolution of Fe—Ni nanoparticles on the Bi- and Ni-doped BiSFMNi
cathode made the solid oxide CO> electrolysis cell perform better, resulting in 30% higher current
density. Structural investigations showed that Fe—Ni nanoparticles were successfully formed in a
way that made them evenly spread out, and that the host perovskite partially changed into a
Ruddlesden—Popper phase. These nanoparticles added more active sites for CO> adsorption and
reduction, sped up surface exchange kinetics. At 1.6 V and 800 °C, the nanoparticle-decorated
cathode (Fe—Ni@BiSFMNIi) had a peak current density of 1.3 A/cm?, which was higher than the
1.0 A/cm? of the non-nanoparticles BiISFMNi. Electrochemical impedance spectroscopy (EIS)
indicated a big drop in polarization resistance, while DRT analysis showed a noticeable drop in

low-frequency processes related to surface adsorption and reaction kinetics.
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Chapter S

Simulation Study of DAC-SOEC-Methanol/Synfuel Plant

5.1 Introduction

The 21st century faces an unprecedented challenge: mitigating the harmful effects of increasing
atmospheric pollutants, prominently carbon dioxide (CO;), while simultaneously meeting the
escalating global demand for energy and chemicals. Carbon capture and utilization (CCU)
technologies offer a promising avenue to address these dual challenges by not only reducing CO-
emissions but also converting this greenhouse gas into valuable chemical products. Among the
various CCU approaches, the integration of direct air carbon capture (DAC) and solid oxide
electrolysis cells (SOEC) represents an innovative solution for the sustainable production of liquid
hydrocarbons such as syncrude and methanol. DAC technology provides a means to selectively
extract CO; from ambient air, offering a scalable and environmentally benign approach to carbon
capture. The captured CO> can then be utilized as a feedstock for chemical synthesis processes,
thereby closing the carbon cycle and mitigating the environmental impact of anthropogenic CO»
emissions [3]. Meanwhile, SOEC technology enables the electrochemical conversion of CO-,
when mixed with water, into syngas (a mixture of carbon monoxide and hydrogen) through co-
electrolysis at high temperatures.

Methanol, a versatile fuel and chemical precursor, has attracted the most attention for carbon
capture and utilization (CCU) technologies, offering significant potential for sustainable fuel
production. Through comparative analyses of CO> capture technologies, studies have underscored
the cost-effectiveness and environmental benefits of methanol production from DAC [54].

Furthermore, advancements in co-electrolysis and integration with Fischer-Tropsch (FT) synthesis
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have positioned methanol as a frontrunner in achieving carbon-negative fuel production by 2030.
Wei et al. [55] presented an integrated process utilizing power plant flue gas for methanol
production. They considered a methanol production of ~606,000 tonnes/year with low CO>
emissions with exergy efficiency ranges from 48% to 97%, with the highest exergy destruction in
the CO; capture unit. Economic analysis shows production costs as 0.52 $/kg that is lower
production costs compared to similar renewable energy-based technologies by 65%. This process
is suggested for pilot projects or high-tech parks to promote economic and sustainable production.
Ferguson et al. [56] explored the feasibility of combining DAC (CO; capture from the atmosphere)
with co-electrolysis of water and captured CO> using a solid oxide electrolyzer cell (SOEC). The
study indicates that while methanol production could be carbon-negative, current SOEC capital
costs make it unprofitable. However, it is anticipated that by 2030, SOEC capital costs could
decrease by half, enabling profitable methanol production. Moreno-Gonzalez et al. [57] assessed
pathways for producing syngas from CO- captured from air, considering net CO2 emissions, energy
efficiency, and costs. Three DAC to syngas plants are analyzed, utilizing different CO> reduction
methods. Results showes that while gaseous COz-electrolysis offers no advantage over thermolytic
reverse water gas shift rfWGS), DAC-(bi)carbonate electrolysis presents the best pathway in terms
of net CO; emissions. However, it has higher syngas costs compared to other methods. Cost
competitiveness could be achieved with improvements in performance and lower electricity and
membrane prices. Nonetheless, all CO»-based alternatives currently entail higher costs than current
retail prices for syngas, synfuel, or methanol. Galan et al. [58] compared CO- capture technologies,
focusing on biomass and DAC, to address rising atmospheric CO; levels. It evaluates the techno-
economic aspects, considering methanol production as a common endpoint. Biomass offers lower

costs due to renewable energy use, but requires significant land and water. Zang et al. [59]
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evaluated the techno-economic and environmental aspects of producing low-carbon hydrocarbons
through CO; capture and utilization. It analyzes integrated methanol—ethanol coproduction,
integrated methanol-ammonia coproduction, and stand-alone methanol production systems using
CO» from ethanol plants, ammonia plants, and general market supply. Greenhouse gas emissions
range from 13.6 to 84.6 g COz-eq /MJ, compared to 91.5 g CO»-eq/MIJ for conventional methanol
from natural gas. The fuel selling price of methanol ranges from $0.61 to $1.28/kg, depending on
hydrogen price and CO; abatement credits. Without credits, hydrogen prices need to be $0.77—
0.95/kg for methanol to equal the average market price (around 0.65 $/kg [60]). With a $35/tonne
CO; credit, the methanol price reduces to $0.56—0.59/kg. Morimoto et al. [61] evaluated methanol,
syncrude, and gasoline for their potential in carbon capture and utilization (CCU) and carbon
dioxide removal (CDR) technologies. Results indicate varying levels of CO; reduction and product
costs across the fuels, with methanol showing an average CO; emission reduction of 3.43 kg-
CO»-kg ! respect to conventional process and an average product cost of 0.82 $-kg ™.

Syncrude, a synthetic hydrocarbon derived from Fischer-Tropsch (FT) synthesis, represents
another promising avenue for sustainable fuel production. Comparative analyses have highlighted
syncrude's varying CO> reduction potentials and product costs across different CCU and carbon
dioxide removal (CDR) technologies. Integration with DAC and renewable energy sources offers
opportunities to significantly reduce greenhouse gas emissions, paving the way for its adoption as
a key component in the transition to a low-carbon future. Marchese et al. [62] proposed a plant
concept integrating DAC technology with Fischer-Tropsch synthesis to produce synthetic
hydrocarbons. Different scenarios are analyzed, including energy supply from natural gas or
electrification, and off-gas recirculation. The highest system efficiency achieved is 36.3%, with a

maximum carbon dioxide conversion of 68.3%. Capital and operating costs are evaluated, with the
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minimum Fischer-Tropsch waxes production cost ranging from 6.3 €/kgwax to 5.05 €/kgwax,
depending on financial risk and market electricity costs.

D'Adamo et al. [63] studied the levelized cost of producing electrofuels (e-fuels) using
renewable energy sources. The process includes DAC, electrolysis, and the Fischer-Tropsch
process. The baseline scenario shows an e-fuel cost of around 3.1 €/1, mainly influenced by energy
and hydrogen production. While current costs are not competitive with fossil fuels, the
development of e-fuels supports environmental protection. Various strategies like incentive
policies and technology development could reduce costs, aiding the transport sector's
decarbonization. Liu et al. [64] assessed the greenhouse gas emissions of pairing CO2 DAC with
Fischer-Tropsch synthesis to produce diesel fuel. The system emits 0.51 g COz-eq per g CO:
captured from air, or 29 g COz-eq per MJ of FT fuel combusted in the baseline scenario. If low
carbon electricity is used, this pathway can deliver transport fuels with a lower carbon intensity
than conventional diesel production and some biofuel pathways. Labunski et al. [65] analyzed the
current and projected greenhouse gas (GHG) emissions of e-fuels produced through electrolysis
and Fischer-Tropsch synthesis for use in Germany. Key process steps include feedstock provision,
electrolysis (via solid oxide co-electrolysis; SOEC), synthesis (via Fischer-Tropsch synthesis), e-
crude refining, and eventual transport and use in Germany. Scenarios for production in Germany
project GHG emissions ranging from 2.78-3.47 kg COz-eq/L e-fuel in 2021 to 0.064-0.082 kg
CO»z-eq/L e-fuel in 2050. Zang et al. [66] conducted a techno-economic analysis of producing
Fischer-Tropsch liquid fuel from hydrogen and carbon dioxide using renewable electricity. Results
indicate that hydrogen price has the largest impact on the minimum selling price of FT fuel. For
instance, to be cost-competitive with petroleum diesel, FT fuel production requires an H» price of

$0.8/kg with a CO> price of $17.3/tonne.
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This chapter presents a techno-economic and environmental study of a novel CCU system
integrating DAC, SOEC, and liquid hydrocarbon production units, with a specific focus on synfuel
and methanol. The main rationale for this system configuration is the synergy between the high
temperature exhaust of the DAC process and the temperature requirement for the SOEC. The
primary objective of this integrated system is to harness atmospheric CO» for the synthesis of
liquid hydrocarbons, offering a sustainable pathway towards reducing CO> emissions and
advancing the transition towards a carbon-neutral future. Through simulations using Aspen Plus,
this research investigates the techno-economic feasibility of the proposed CCU system for synfuel

and methanol production, focusing on key operational parameters and economic considerations.

5.2 Process overview

The system's primary objective is to produce chemicals by capturing CO> from the atmosphere.
This chapter explores two case studies: CO2 to Methanol and CO» to synfuel. Each case study
involves three main components: DAC, solid oxide electrolysis cell (SOEC), and either a methanol
production plant or a Fischer-Tropsch unit. The DAC unit, based on the design by Carbon
Engineering [67], draws in atmospheric air, where approximately 75% of the CO; is absorbed
before being transferred to the SOEC unit along with steam. The SOEC unit utilizes renewable
electricity to co-electrolyze CO> and H>O, producing syngas (mixture of primarily CO and H>).
This syngas serves as the feedstock for chemical production, either methanol or synfuel, with
specific syngas ratios tailored for each product. For methanol production the syngas ratio of (H»-
CO2)/(CO+ CO») is kept at 2 while for synfuel production the ratio of H»/CO is kept at 2. An
important feature of this configuration is heat recovery and integration where the hot output air
from the SOEC's anode section is utilized as a heat source in the methanol production process,

reducing the need for additional methane burning as a preheat source. Another feature is the
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capture and utilization of any CO; generated during the process from natural gas oxy-combustion.
In both case studies, the exhaust gas containing CO: is recycled to the calciner of the DAC unit.
Figure 5.1 presents a simplified flow chart of the two case studies, while more detailed technical

information about the Aspen Plus models is provided in subsequent sections and Table A.2 in

Appendix.
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Figure 5.1. Overall direct air capture to fuel plant configuration.

5.2.1 Direct air capture (DAC) model

The DAC model is based on the design by Carbon Engineering [67]. As shown in Figure 5.2, the
DAC system has two loops: the first encompasses an air contactor/absorber and a pellet reactor for
CO; capture; the second involves the pellet reactor, a cyclone, a calciner, and a slaker reactor. In
the air contactor, CO, (400 ppm in air) is extracted from the surrounding air using an aqueous
alkali solution containing OH", COs*, K*, resulting in K>COs (aq) formation. The capture
efficiency for this component is designed as 73.5% of the CO; in the form of K.COs(aq) [67]. The
calcium loop regenerates the alkali solution through the precipitation of CO3* reacting with Ca**

from Ca(OH): in the pellet reactor, leading to CaCO;3; formation. The CaCOs3 pellets enter an
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oxygen-fired calciner (95.6% O, 4.4% Nz) with a CaCO3-to-CaO conversion efficiency of 98%.
Subsequently, the CO»/steam stream leaving the calciner is fed to the SOEC unit. The complete
combustion of natural gas the calciner thermally supports the endothermic decomposition of
CaCOs pellets, facilitating adiabatic operations in the calciner. In the slaker the solid CaO is

hydrated to form Ca(OH)»(aq), which is then directed to the pellet bed to react with KoCOs.

Calciner

CaCo,,,

|
Ca0y, + CO,,

2KOH ) + CaCOy,,
1
K,COs(aq) *+ Ca(OH),

Pellet Reactor

COyg + Steam

€O, + 2KOH,q)

H,0() + KyCO055

Air Contactor/

Absorber

Cag I— H,0,

Ca(OH),
Slaker

Figure 5.2. Reactions occurring in the DAC unit.

Although the DAC model is based on Carbon Engineering design [67], some changes and
simplification were made in the Aspen Plus simulation. These changes made the plant become
more like a pulp and paper Kraft process. For example, mixing tanks are used instead of a fluidized
bed causticizer presented in the Carbon Engineering design. Also, the fluidized bed calciner was
replaced with a rotary kiln.

The schematic of the DAC Aspen model is depicted in Figure 5.3. The absorber component is
simulated by integrating a combination of Separator and RGibbs blocks. The causticizer is

represented by an RGibbs block. A HyCyc block is utilized to simulate the hydrocyclone. The
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dried cake is directed to the calciner including a rotary kiln and burner assembly using a hierarchy
block comprising RStoic and Heater blocks as shown in Figure 5.4. A design specification block
is employed to maintain the kiln temperature at 900°C by regulating the methane fuel burned,
ensuring a net heat of 0 for the calciner (Q stream in Figure 5.4). The natural gas burner is assumed
to achieve complete combustion, and a conversion rate of 98% is set for the kiln [67]. The flue gas
is directed to the SOEC process. Subsequently, the slaked lime is cooled to prevent rapid boiling
in the slaker. The slaker is modeled as an RStoic block with a conversion rate of 85% [67]. The
resulting calcium hydroxide is recycled back to the causticizer.

The DAC system inherently requires a substantial land footprint because of the low
concentration of CO: in the atmosphere, which limits the amount of CO: that can be captured per
unit volume of air processed. This large footprint is a well-known characteristic of DAC
technology and poses challenges in terms of land use and scalability, especially when compared to
other components of the plant, which generally have more compact designs. The present study is
assuming no limitation in terms of land footprint, which we acknowledge can be a major issue in

some jurisdictions.
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Figure 5.4. Aspen Plus model of Calciner.
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5.2.2 SOEC model

Since carbon monoxide and hydrogen are needed to produce methanol/synfuel, co-electrolysis of
carbon dioxide and water was chosen. In SOECs, co-electrolysis involves the simultaneous
splitting of CO» and H>O into their respective components: carbon monoxide (CO), hydrogen (H2),
and oxygen (O2). This process occurs at high temperatures and is driven by applying a DC voltage

across the electrodes. The reactions in anode and cathode are as follows:

Cathode:

H,0 +2e~ — H, + 0%~ (1)
CO,+2e~ — CO + 0% (2)
Anode:

20% - 0, + 4e” (3)

Besides the electrochemical reaction, the gas at the fuel electrode will also experience the reverse
water gas shift (rWGS) reaction (Eq. 4) on the surface of a porous electrode catalyst, such as a

nickel (Ni).

RWGs H,0 + CO 4)
«WGS ?

H, +CO,
At the operating temperature of 800°C, the rWGS kinetics is faster than that of the CO:
electrochemical reduction (Eq. 2) [68]. Therefore, only water electrochemical reduction was

considered, CO arising only from rWGS reaction. The equations to calculate cell voltage, required

power and heat and cell characteristics are presented in Table 5.1 and Table 5.2.
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Table 5.1. Fundamental equations for the simulation of the SOEC [68—72].

Term Equation Eq.
0.5
—Ag°(T) + RT In (pHZ—p‘)Z)
Reversibl ( U Pra0
€Versiole erns =
voltage (Nerms?) - neF (5)
p, —Ag° and F are partial pressure of components, Gibbs free
energy at standard pressure and temperature and Faraday constant,
respectively.
. 6el
Vohm =J\—+ Tohmic,cond
Oel
_ Eactel
Oel = Ope1€ RT
Ohmic resistance Cd (6)
/=2
cell
Tonmic,cond 15 Ohmic resistance of electron-conducting elements
8.; and 0O are thickness and inverse of conductivity of electrolyte,
respectively.
2RT j
Vactk = —=sinh™1 [ =
act,k nF 2 ok
Activation overvoltage — _ Eactk (7)
Jok =Yore RT
Jox is exchange current density of electrode
k refers to fuel or oxygen electrode
v RT
conc,FE,SOEC — 2F o7 5
1+ (2F Dy )
ef f,H,0 * PH,,bulk
* In
L (RT Srg )
— J —
Concentration 2F Deffh,0 * PH,0,butk )
overvoltage v _ E
conc,0E,SOEC —
4F
RT S0k
*In| 1+ <—
< 4F Desr 0, * Do, bulk
6 and D, are thinknes of electrode and effective diffusion
coefficient.
i=4Xng, XF
Power required Veeu = Urev + Vorm + Vace + Veone ©)]
W=1ix Vceu
U, = — AHreactant + AHoxidant
Heat required tn = i (10)

Q = i(Vcell - Utn)

80



Table 5.2. Characteristics of the SOEC stack [68—70].

Parameter A
Acen 0.1 m?
Yo,FE 1.344x10'° A/m?
Y0,0E 2.051x10° A/m?
Eqctre 100,000 J/mol
Eqctor 85,634 J/mol
Eqctel 120,000 J/mol
Tohmic,cond 5.7x10° Q.m?
0o,el 33,330 (Q.m)’!
el 1.25x10° m
OrE 3.2x10° m
8ok 1.75x10° m

The schematic of the SOEC Aspen Plus model is shown in Figure 5.5. As Aspen Plus cannot
directly model an electrolyzer cell, equipment that closely mimics actual operating conditions was
chosen. Since the processes inside the cell reach equilibrium, RStoic reactors are used for
equilibrium processes. Electrochemical reactions were represented using an RStoic reactor,
without accounting for ion formation. To obtain the amount of electricity and heat needed for the
operation of the cell, a calculation block was designed in Excel and compiled into Aspen Plus
software; the corresponding equations listed in Table 5.1. A separator unit was used to model the
electrolyte, whose duty is to separate oxygen from other components. Since the cell operates under
isothermal conditions, hot air was supplied to compensate for the heat absorbed by the reactions.
For the heat balance, the heat capacity of the COOLER is equal to the sum of the heat consumed
in the EQUIBOUT and the heat needed for the electrochemical reactions.

SOEC works at a high temperature of 800°C that is the same temperature as the products of the

DAC process, which is an advantage of coupling these two. The air input, however, needs to be
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brought to 900°C before entering the anode (a 100°C temperature drop is assumed through the

cell). For this reason, three preheaters have been implemented. The hot output streams of the

cathode and anode are used as the heat source for the first two preheaters. A part of the product of

the cathode is mixed with a portion of the input to the cathode and oxygen at mixer B7 and then

fed to a RStoic to burn and produce heat in the preheater 2 and then sent back to the cathode.

=

5.2.3 Methanol production model
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Figure 5.5. SOEC Aspen Plus Model.

Figure 5.6 shows the Aspen Plus flowsheet of the methanol production process. Before the output

stream of the SOEC enters the methanol production reactor, the excess water should first be

removed with the help of a flash distillation unit. Then, the pressure of the stream is increased to

70 bar [73] (with a resulting increase in temperature to 232°C). A packed-bed reactor is considered

for the methanol reactor. The product of the reactor then enters a cooler and transfers its heat to

water and leaves it at 40°C. The output stream of the reactor contains CO, Hz and CO; along with
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methanol and water. Using flash distillation, the unreacted gaseous components are separated and
recirculated into the reactor again. This stream is first preheated in PREHEAT1 and then heated

up further by the hot air coming from the SOEC.

PRHAR(IN)

COZRECYC(OUT)

WEOHFEED(IN)

Figure 5.6. Methanol production Aspen model.

The reactions carried out in the methanol reactor are as follows:

CO + 2H, & CH;0H

CO, +3H, & CH;0H + H,0 (11)
CO, + H, & CO + H,0

The following kinetics are used in the simulation [74]:

feHyon e
H
kiKeo | feofy! — =2 ]
P1
Tco = ¥ (12)
(1 + Kcofco + Kcozfcoz) 1/2 % fu,0
KH2
1/2
3/2 fCH OHf
k;Kco, fcozf 3KP ‘
Tco, = (13)
H,0
(1 + Kcofco + Kcozfcoz) fl/z ( 12/2>sz0]
Hz

&3



fiof
KsKco, | Feo, i, — 25222

Tgas shift =

172 , [ Ko (14
(1 + Kcofco + Kcozfcoz) sz + g fr,0

H;

The constants for the above equations are presented in Table 5.3.

Table 5.3. Kinetic constants for methanol production reactions [74].

Parameter A B
k, 4.89¢7 -11300
k, 1.09€5 -87500
ks 9.64el1 -152900
Ko 2.16¢-5 46800
Kco, 7.05¢-7 61700
Keo/Ky'? 6.37¢-9 84000
Kp, 5139 12.621
Kp, 3066 10.592
Kps 2073 -2.029

k= Aexp(B/RT)
K= Aexp(B/RT)

A
K, = 10T 8

5.2.4 Fischer-Tropsch model

Figure 5.7 shows the flowsheet of the Fischer—Tropsch process. Eqgs. (15-17) provides the main

reactions of the Fischer—Tropsch synthesis.

nCo + (2n+ 1)H, - C,Hyp4o + nH,0 (15)
nCO + 2nH, - C,H,, + nH,0 (16)
CO +H,0-C0O,+H, (17)

The FT reactor with low temperature conditions was operated at a temperature of 230°C and a

pressure of 25 bar. The syngas feed was transformed into synthetic hydrocarbons through catalytic

84



reactions involving CO and Ho. Prior to entering the FT reactor, the syngas underwent compression
to reach the desired operating pressure.

The Fischer—Tropsch (FT) products were modeled using a modified Anderson—Schulz—Flory
(ASF) distribution, as described by Eq. (18) [75]. This modified version accounts for increased
methane (CHa) production, decreased ethylene (C2H4) formation, and a more linear distribution for
hydrocarbons with carbon numbers above Cz, compared to the classical ASF theory. The key
design parameter in this model is the chain growth probability (a), which determines the product
spectrum of the FT reactor. According to FT kinetics, the maximum yield of Cio—C20 hydrocarbons
is approximately 40% when a = 0.85. For enhanced production of long-chain hydrocarbons, a
higher a value is required - in this simulation, o = 0.94 was selected [76].

W, = na™ V(1 — a)? (18)

The ASF distribution does not differentiate between olefins and paraffins; instead, it predicts the
overall fraction W, of products with carbon number #, which includes both n-sized paraffins and
olefins. The molar ratio between olefins and paraffins at a given chain length # is determined using

an exponential decay relationship shown in Eq. (19):

Wn,O _
Wn,P

e =031 (19)

A single-pass CO conversion of 90% was assumed [72], with an H2/CO feed ratio of 2:1 into the
FT reactor. The reactor effluent contained unreacted CO, H», CO», steam, and a range of
hydrocarbon products — including alkanes up to Cso and alkenes up to Czo. A three-phase separator
operating at FT reactor pressure and ambient temperature was used to split the effluent into three
streams: (i) light FT off-gases (C1—C7 hydrocarbons along with CO, CO>, and H>), (ii) liquid

hydrocarbon products, and (iii) water. The FT off-gas was directed to the DAC section, where

hydrocarbons were combusted to generate energy and the resulting CO: was captured.
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A 90% CO conversion per-pass was considered [77], with an H»/CO feed ratio of 2:1 into the
FT reactor. The reactor effluent contained unreacted CO, H;, CO», steam, and a range of
hydrocarbon products — including alkanes up to Cso and alkenes up to Czo. A three-phase separator
operating at FT reactor pressure and ambient temperature was used to split the effluent into three
streams: (i) light FT off-gases (C1—C7 hydrocarbons along with CO, CO», and H>), (ii) liquid
hydrocarbon products, and (iii) water. The FT oft-gas was directed to the DAC section, where

hydrocarbons were combusted to generate energy and the resulting CO2 was captured.

REACTOR

COOLER
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Figure 5.7. Aspen Plus model of Fischer-Tropsch unit.

5.3 Methodology

The primary methodology for this study involved the simulation of the system using Aspen Plus
software. For most sections of the process, the Non-Random Two-Liquid (NRTL) property method
was used. However, for the DAC unit, which involves solid components, the SOLIDS property
method was employed to represent the thermodynamic behavior of solid-liquid-gas interactions.
In the DAC unit, a design specification was used to maintain the correct mass balance within the
KOH loop. Additionally, in the SOEC section, a design specification adjusted the cold air inlet
flow rate to ensure that the inlet temperature to the cell was maintained at 900°C. Following the

system simulation, an economic analysis was conducted to evaluate the financial viability of the
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process. This analysis included estimating the capital costs for equipment, calculating the
operational cost such as utilities and operating and maintenance. Then, sensitivity analysis was
performed to understand the impact of key economic parameters on the overall feasibility. Finally,

to evaluate the environmental impacts of the process, net CO; emission was determined.

5.3.1 Economic analysis
All costs reported here are in 2023 US dollars. For the economic analysis, we consider two main
sources of expenses: cost of equipment and operating costs. For equipment costs, either a cost

equation is used or, when knowing an equipment cost for a certain size, it is estimated by Eq. (20):

A \™
Zequip = Zref X (Aref> (20)

where Z..r and A4, are the installed cost and size of the reference equipment, m is a scaling factor
around 0.6-1. Table 5.4 presents the cost parameters for each equipment. Then, the costs are

updated to the current year using the cost index:

Z _, CEPCl,gys
equip,present — “equip X CEP—CITef (21)

where CEPCI is the chemical engineering plant cost index. To convert the investment cost to an

annual cost accounting for the entire lifetime of the equipment, the depreciation cost is calculated:

ixX({@+ D"
Cequip,annual = Zequip,present X m (22)

where Cegyip,annuais the annualized capital cost ($), i is the annual interest rate and # is the plant
lifetime.

It is assumed that the DAC and Methanol/FT unit won’t need to be replaced during the 25 years
project life. However, the SOEC system is a newer technology and currently cannot last 25 years.

It is assumed for the base case that the SOEC cells have a lifespan of 5 years, requiring replacement
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4 times over the 25-year plant lifetime. However, to account for advancements in technology and
economies of scale, a 30% reduction in the cost of SOEC cells is assumed every 5 years. This
means that with each replacement, the cells become progressively cheaper. All the necessary
economics parameters for annualized capital cost calculation are presented in Table 5.5. These

values are considered for the base case, which will be looked at in more detail in parametric

analysis.

Table 5.4. Equipment purchase cost.
Equipment Base cost (Million $§)  Base capacity Scaling factor Year-Reference
DAC 786.2 0.98 Mt-COz/year 0.8 2018-[67]
SOEC 1198 2000 MW 1 2023-[78]
Methanol 19.8 131 (tonne/day) 0.8 2023-[79]
FT unit 55.4 351 (tonne/day) 0.8 2021-[66]

Table 5.5. Economic parameters assumed in the base case.

Term Value

Plant lifetime 25 years
Interest rate 10%

SOEC lifespan 5 years
SOEC price reduction 30%/5-years

Operating cost:

The operating cost consists of utilities like natural gas, electricity and water and also operation and
maintenance costs. It is assumed that the electricity is generated from non-to low-CO2 emitting
sources. The price for these utilities is presented in Table 5.5.

To account for operation and maintenance cost (O&M), 2% of equipment cost is added to the

annual costs.
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Cop = Lutility + 0.02 * Zequip,present (23)

Table 5.6. Electricity market price of different renewable sources.

Sources Value Reference
Natural gas 9.87 ($/MWh) [80]
Process water 0.48 ($/tonne) [81]
Electricity:
Ontario grid 72.3 ($/MWh) [82]
Photovoltaic 64.15 ($/MWh) [62]
Hydropower 44.34 ($/MWh) [62]
Geothermal 58.07 ($/MWh) [62]
Wind 48.6 ($/MWh) [62]

Concentrated solar power 171.70 ($/MWh) [62]

5.3.2 Net CO2 equivalent emission assessment

CO: equivalent (CO2-eq) is a widely used metric to quantify the greenhouse gas (GHG) emissions
associated with input resources such as electricity and natural gas. The use of CO:-eq for input
resources provides an assessment of the environmental impact in production and distribution.
Table 5.7 presents the emission factors used in this research. CO2-eq emissions from electricity are
dependent on the energy mix used in the regional grid (e.g., coal, natural gas, renewable sources)

or each renewable sources.
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Table 5.7. Emission factors of resources used in this research.

Resource Emission factor Reference
Electricity
Ontario grid (gCO2-eq /kWh) 30 [83]
Solar PV (gCO:2-eq /kWh) 33 [83]
Solar thermal (gCO2-eq /kWh) 23 [83]
Wind (gCO2-eq /kWh) 12 [83]
Hydropower (gCO2-eq /kWh) 4 [83]
Geothermal (gCO2-eq /kWh) 37 [83]
Process water 0.32 [83]
Natural gas (gCO2-eq /kg) 2955 [84]

5.3.3 Key performance indicators

To measure the performance of a new plant, we should consider a series of performance indicators
to assess the advantage of the new plant over conventional ones. For the proposed plant the
following three performance indicators are considered:

e The first performance indicator is for the plant to be carbon negative. This means that the
amount of carbon input to the plant is greater than the output amount and the difference
has been converted into a useful product.

e The second one is the energy efficiency of the system. It considers the ratio of output to
input energy and shows how a system is performing.

e The third performance indicator, which is often the most important and determines the
implementation of a new idea, is that the manufactured product should compete with the
product of other manufacturers in terms of price.

To assess the performance of the system with respect to CO2 emission, an environmental

indicator is defined as CO; capture per amount of product, or CCPP, with the unit of kilogram of
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captured CO; per kilogram of the methanol or synfuel production.

Carbon entering the systems — carbon exiting the system
CCPP = : 24)
Chemicals produced

The specific energy consumption (SEC) was estimated in terms of products (methanol or synfuel),

and expressed as GWh/ktproduct:

Myg. LHVyG + PEF * Wy o,

mproduct

SECproquct = (25)

where m and W, are mass flow rate (kg/s) and electricity (kW), respectively. Primary energy
factor (PEF) describes the efficiency of converting energy from primary sources (e.g. coal, natural
gas) to a secondary energy carrier (electricity). From the Ontario grid mix [85] and the PEF factor
for each technology [86], the weighted PEF is 2. The subscripts product and NG refers to the fuel
produced (methanol or synfuel) and natural gas input, respectively. The economic indicator is the
levelized production cost (LPC), represented as the ratio of the total annual cost per unit mass of
chemical produced:

Cequi +C
LPC = equlp,.annual opt

26
mproduct ( )

5.4 Results and discussion

The overall simulation was based on a DAC capacity to capture 250,000 tonnes of CO; per year.
In this study, a base case (Table 5.5) is considered to serve as the reference configuration for our

parametric analysis.

5.4.1 Base case results

The results for the base case detailing the utility requirements are presented in Table 5.8, providing

insights into the energy consumption and resource utilization of the system. In the DAC-SOEC-

91



MeOH case, the production process demands 403 MW of electricity and 10.9 tonnes per hour of
natural gas. Compared with the synfuel case, the methanol production system requires less utilities
because of the smaller size of the plant. Conversely, in synfuel production, a greater amount of
COaz is recycled, necessitating higher utility usage. However, methanol production entails a larger
COz purge, resulting in less CO; being recycled. In the methanol case, the production rate amounts
to 36.4 tonne/hr of methanol, with the product stream containing approximately 87% of all carbon
introduced into the system (from direct air capture and burnt natural gas), whereas for the synfuel
case, the production is 15.1 tonne/hr with only 1% purged carbon.

To gauge the energy efficiency of the production process, the SEC indicator is provided in Table
8. The SEC for methanol production is calculated at 26.0 kWh per kilogram of methanol, while

for synfuel, it stands at 53.9 kWh per kilogram of synfuel.

Table 5.8. Required supplies and production for the base case.

Parameter Methanol  Synfuel
Electricity input (MW) 403 360
Natural gas input (tonne/hr) 10.9 7.09
Process water (m?) 68.8 60.7
Production (tonne/hr) 36.4 15.1
SEC (kWh/kg-product) 26.0 53.9

5.4.2 Economic analysis results

Table 5.9 and Figure 5.8 present both equipment and operating costs to produce methanol and
synfuel. The total annual cost for methanol production amounts to 346 million dollars, while for
synfuel, it stands at 301 million dollars. As seen in Figure 5.8, a breakdown reveals that
approximately 64.9% of the total annual cost is attributed to utilities, 29.7% to utilities, and the

remaining 5.4% to operations and maintenance (O&M) expenses. Interestingly, the solid oxide
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electrolysis cell (SOEC) accounts for 65-67% of the equipment cost, whereas DAC technology
represents 24-28%. This distribution is expected, considering that SOEC and DAC technologies
are relatively new compared to the established Methanol and Fischer-Tropsch production units.
The levelized cost of production for methanol and synfuel are calculated at 1.32 dollars per
kilogram of methanol and 2.78 dollars per kilogram of synfuel, respectively. The results of the
simulation indicate that the production costs for methanol and synfuel are higher than current
market prices, which are $0.65/kg [60] (103% higher) and $1.92/kg [87] (45% higher), respectively.
This suggests that the simulated plant design, utilizing novel technology, is efficient and cost-
effective. The lower prices demonstrate the potential for the plant to be competitive in the real
world, offering a more economical alternative to existing production methods while maintaining
performance standards. Other studies provide a range of costs for similar technologies. D'Adamo
et al. [63] reports synfuel production costs of $3/1 (our case: $2.1/1), and Fulham et al. [54]
estimates methanol production costs at $0.96/kg (our case: $1.32/kg). The lower LCP in their
research compared to the present work is primarily due to the electricity source they chose, being
a wind farm as part of their facility. In that way, their electricity cost was much lower than this
work. These differences can also arise from factors such as the scale of production and the specific

technologies used.
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Table 5.9. Investment cost of different units and levelized cost of production.

Unit Methanol Synfuel
Total installed capital cost (Million $) 931 822
Annualized equipment cost (Million $/yr):
DAC 25.1 25.1
SOEC 68.5 59.2
MeOH 9.07 -
FT - 6.25
Utilities (Million $/yr) 224 194
O&M (Million $/yr) 18.6 16.4
Total Annual cost (Million $/yr) 346 301
LCP (§/kg) 1.32 2.78
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Figure 5.8. Contribution of each part to the capital cost for (a) methanol and (b) synfuel case

studies.

The choice of the source of electricity significantly impacts the operational costs of industrial
plants. Renewable energy, such as wind and solar, can offer long-term cost savings through fixed-
price contracts and reduced dependence on fluctuating fossil fuel prices. Moreover, investments in
renewable energy technologies can support the resilience of industrial operations against future
energy price shocks and carbon pricing mechanisms, positioning them favorably in the transition

to a sustainable energy future.
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The results shown in Table 8 are for the base case, where some parameters, such as replacement
period of SOEC, may be considered conservative. A sensitivity analysis of key parameters is,
therefore, necessary to understand the possible future LCP for such a process. Figure 5.9 shows
the effect of using different sources of electricity on the LCP, based on the cost data Isited in Table
5.6. As shown in Figure 5.9, the LCP is the lowest when Hydropower is used. The other renewable
energy sources like wind, geothermal and photovoltaic result in comparable LCP to Hydropower.
However, concentrated solar power has an unreasonable effect on the LCP. On the other hand, the

benefits of these renewable energies will be evident in the environmental analysis in the next

section.
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Figure 5.9. Effect of electricity sources on the levelized cost of production. Ontario grid was the

base case scenario.

The replacement period of cells in a solid oxide electrolysis plant is a crucial factor influencing

plant costs. Longer replacement period will reduce the purchase cost of the equipment significantly
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and also typically result in reduced maintenance expenses and downtime associated with cell
replacements, leading to improved operational efficiency and lower overall operating costs.
However, extending the replacement period too far may risk performance degradation or failure
of aging cells, potentially increasing maintenance costs and jeopardizing production reliability.

In Figure 5.10, the impact of the solid oxide electrolysis cell (SOEC) replacement period on the
LCP is illustrated. As the replacement period is extended from 2 to 4 years, 4 to 8 years, and 8 to
12 years, there is a notable reduction in the LCP by 18.5%, 11.4% and 4.3%, respectively. However,
beyond an 8-year replacement period, the reduction in LCP becomes less significant. This suggests
that while increasing the replacement period up to 8 years leads to substantial cost savings, further

extension beyond this point yields is much less impactful on the LCP.
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Figure 5.10. Effect of SOEC replacement period on the levelized cost of production.

Figure 5.11 illustrates the LCP for various scenarios of SOEC price reduction. In the least

favorable scenario, where only a 10% reduction in SOEC price occurs, the LCP is estimated to be
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around $1.47 and $3.08 per kilogram for methanol and synfuel, respectively. Conversely, in the
most optimistic scenario with a 50% reduction in SOEC price, the LCP decreases to $1.23 and
$2.58 per kilogram for methanol and synfuel, respectively. These findings underscore the critical
importance of accurately forecasting and managing SOEC price, as they directly impact the
economic viability and competitiveness of producing methanol and synfuel through solid oxide
electrolysis. Additionally, they highlight the potential range of outcomes based on different levels
of cost reduction, emphasizing the need for strategic planning and flexibility in adapting to

changing cost dynamics over time.

$3.5

—a—Synfuel
Methanol
$3.0 A

$2.5 ~

LCP (S/kg)

$2.0 ~

S1.5 A

$10 T T T T T
0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00%

SOEC Price Reduction Per Five Years (%)

Figure 5.11. Effect of SOEC cost reduction per five years on the levelized cost of production.

Interest rates directly influence the operational and investment costs of industrial plants. For the
base case scenario, a 10% interest rate was used. This can affect the cost of production greatly. As
Figure 5.12 shows, by increasing the interest rate by 10% point, the LCP increases by 25% for

both cases.
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Figure 5.12. Effect of interest rate on the levelized cost of production.

5.4.3 Environmental analysis

To be able to measure how compatible the designed plant is with the environment, the amount of
carbon output and input to the system should be considered. The main goal of designing this system
is to achieve a system that recycles carbon in the air and turns it into a product, resulting, in
principle, in significant overall reduction in greenhouse gas emissions. To quantify how this goal
is achieved, the amount of carbon dioxide entering the system should be compared with the amount
of carbon in the produced fuel and the purged carbon dioxide/monoxide. As presented in Table
5.10, for the methanol case, 647.7 kmol/hr CO; is absorbed in the DAC unit. Besides that, 659.6
kmol/hr COz is the byproduct of natural gas combustion in the Kiln. Altogether, 1307.3 kmol/hr
COa, either captured or generated within the process, need to be converted to useful fuel. An
amount of 171.2 kmol/hr CO» is purged back to atmosphere through process and the rest, 1136.3
kmol/hr, is converted to methanol. The CO» capture per amount of product (CCPP) for the
methanol case is 0.58 kg-CO»/kg-MeOH. In synfuel case 647.7 kmol/hr CO> is absorbed in the

DAC unit and 442.0 kmol/hr CO is generated by combusting natural gas. Out of the resulting
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1089.7 kmol/hr CO, only 3.21 kmol/hr CO> is purged to the atmosphere and the rest is converted
to synfuel. The CCPP for the synfuel case is 1.88 kg-CO»/kg-synfuel.

The impact of greenhouse gas (GHG) emissions on global warming is a critical concern in
today's climate discourse. We assess how the emissions from the proposed plant contribute to this
phenomenon, measured in carbon dioxide equivalent (COz-eq). In this study, Ontario's electricity
grid was used for GHG calculations. Ontario's grid is among the cleanest globally, with 91% of its
supply coming from low-carbon sources like nuclear, hydro, and renewables [85]. This contributes
to the low GHG emissions calculated. However, grids in regions reliant on coal or other fossil fuels
would result in significantly higher emissions, underscoring the impact of regional electricity
supply on environmental performance.

When considering Ontario's grid and natural gas for GHG calculations, as depicted in Figure
5.13, the greenhouse gas (GHG) emissions for methanol production amount to 31.1 g-CO»-eq/MJ-
MeOH. The conventional methanol production system using natural gas exhibits a higher carbon
footprint of 40 g-COz-eq/MJ-MeOH [88] This is primarily due to its reliance on fossil fuels. Wei
et al. [55] proposed a similar system and calculated a carbon footprint of 0.61 kg-CO»-eq/kg-
MeOH, which is very close to our value of 0.60 kg-CO2-eq/kg-MeOH. As shown in Figure 5.13,
the greenhouse gas (GHG) emissions for synfuel production stands at 5.2 g CO;-eq/MJ-synfuel,
which is one-sixth of conventional systems at 29 g-CO»-eq/MJ-synfuel [64]. These emissions can
be notably reduced by transitioning to renewable sources of electricity. Figure 5.14 illustrates the
GHG emissions associated with different electricity sources. Notably, hydropower exhibits the
lowest global warming impact, with emissions of 17.4 g-CO;-eq/MJ-MeOH and -20.3 g-CO»-eq
/MIJ-synfuel. This implies that when hydropower is utilized for synfuel production, the overall net

CO; emissions are negative, indicating a reduction in atmospheric CO; levels. However, it should
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be noted that hydropower is geographically a limited source of energy. In addition to hydropower,

wind energy emerges as a favorable option, resulting in negative emissions for synfuel production.

These findings underscore the potential of renewable energy sources to significantly mitigate GHG

emissions associated with industrial processes, highlighting the importance of transitioning

towards sustainable energy solutions to address climate change effectively.

Table 5.10. Carbon balance for methanol and synfuel production.

Term Methanol  Synfuel
Carbon entering the system (kmol/hr):
Atmospheric CO> 648 648
Kiln fuel 660 442
Carbon exiting the system (kmol/hr):
Purged CO» 171 3.21
Fuel produced 1137 1087
CO2 capture.d (kmol/hr) 477 645
(Atmospheric CO; captured — purged CO»)
CCPP (kg-COzcaptured/’kg-product) 0.58 1.88
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Figure 5.14. GHG emissions for different sources of electricity.
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5.5 Simulation study conclusion

The simulation study presents a detailed analysis of a system designed to produce chemicals by
capturing CO: from the atmosphere, leveraging synergies between DAC and SOEC technologies.
The system, based on a DAC capacity of 250,000 tonnes CO: per year, achieves production rates
of 36.4 tonnes/hour of methanol or 15.1 tonnes/hour of synfuel. Methanol production requires 403
MW of electricity and 10.9 tonnes/hour of natural gas, with a specific energy consumption of 26.0
kWh/kg. Synfuel production demands higher energy at 53.9 kWh/kg but offers lower CO:
emissions per unit product.

Economic analysis indicates levelized production costs of $1.32/kg for methanol (double the
current cost) and $2.78/kg for synfuel (45% higher than current cost). Using Ontario's grid,
environmental assessment shows emissions of 31.1 gCO2-eq/MJ for methanol (22% lower than
current emission) and 5.2 gCO2-eq/MJ for synfuel (one-sixth of the current emission). Clearly, the
synfuel case shows more promises than the methanol case. Transitioning to renewable electricity
sources can significantly reduce these emissions, even achieving negative emissions for synfuel
when powered by hydropower or wind.

While the system faces challenges such as high initial investment costs, advancements in SOEC
technology and the adoption of renewable energy sources provide a pathway to cost-effective and
environmentally sustainable chemical production. This highlights the system's potential to

contribute to global decarbonization efforts.
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Chapter 6

Conclusions and Recommendations for Future Work

6.1 Conclusion

This PhD thesis set out to fill in two important gaps in the field of solid oxide CO: electrolysis:
how to make cathode materials that are both efficient and stable, and to assess the benefits of
combining SOECs with other technologies to make carbon-neutral fuel. SOECs show decent
performance, but for them to be commercially viable, they need to have both performance and
stability, especially at the cathode, and show that they are techno-economically feasible at the
system level. This work helps both sides by suggesting a nanoparticle-decorated perovskite
cathode and testing its performance in the lab, as well as simulating a whole DAC-SOEC-fuel
production process to see how well it could operate on a larger scale.

The first half of the thesis was about the cathode side of the SOEC, which is still the major
problem with CO; electrolysis. Sr2Fe1.5sMo00.506.5 (SFM), a double perovskite that has been
extensively researched, was modified by adding bismuth and nickel to make
Bio.1Sr1.9Fe1.4Ni0.1M00.506-5 (BISFMNi). Under reducing conditions, the phases changed partially
and Fe—Ni nanoparticles were exsolved out of the material in-situ. XRD, Rietveld refinement, and
microscopy all showed that there were metallic nanoparticles with a mixed-phase structure.

These exsolved nanoparticles added more active sites, made it easier for CO> to adsorb to the
surface and be activated, as well as speeding up the surface exchange kinetics. The nanoparticle-
decorated cathode performed better, reaching a current density of 1.3 A/cm? at 1.6 V and 800 °C,
compared to 1.0 A/cm? for the undoped sample. Electrochemical impedance spectroscopy and

DRT demonstrated lower polarization resistance, from 0.38 0.3 Q cm? for BISFMNi to 0.3 for Fe—
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Ni@BiSFMNi at 1.4 V. These results show how important nanoparticle exsolution is for getting
around kinetic barriers and making SOEC cathodes work better.

The second half of the thesis is about the use process modelling (Aspen Plus here) to model
and test the viability of a fully integrated system that combines direct air capture (DAC), SOEC-
based H,O/CO» co-electrolysis, and chemical synthesis of methanol and synthetic fuel (synfuel)
downstream. The system was designed to capture 250,000 tons of CO» per year from the air. The
simulation revealed that methanol could be made at a rate of 36.4 tonnes per hour and synfuel at a
rate of 15.1 tonnes per hour.

The techno-economic study showed that methanol and synfuel could be made at $1.32/kg and
$2.78/kg, respectively. These prices are higher than the market price (about double), yet the
environmental performance is significantly better, even though it is highly dependent on the source
of electricity. Using electrical grid in Ontario, Canada, equivalent CO2 emissions for production
were calculated as 31.1 gCO:z-eq/MJ for methanol (22% lower than current emission) and 5.2
gC02-eq/MJ for synfuel (one-sixth of the current emission). The synfuel pathway can even have
net-negative production emissions when it gets its energy from renewable sources like wind or
water. The high initial cost is still a problem, but these results show that technology could be a
long-term solution for fuel production that doesn't add to carbon emissions or even takes them
aways.

The experimental and simulation results in this thesis show how new ideas in material
engineering and process integration can give a broader picture to solve important problems in CO2

electrolysis.
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6.2 Recommendations for future work

Although this thesis contributes to the advancement of SOECs for CO> electrolysis, several areas
remain open for future research:

e Long-term stability:

Fe—Ni nanoparticle exsolution improved short-term performance, but it is needed to look at how
long it lasts under cyclic redox circumstances, including particles agglomeration, reoxidation
behavior, and phase evolution over time.

e (Cathode microstructure engineering:

Future studies could investigate optimization of porosity, particle size distribution, and triple phase
boundary length to further enhance mass transport and reaction kinetics.

e Scalability of cathode fabrication:

The sol-gel and screen-printing methods used here are lab-scale. Scalable and cost-effective
fabrication techniques, such as tape-casting, for nanoparticle-decorated perovskites should be
developed for commercial viability.

¢ Investigating the co-electrolysis of CO2 and H2O to produce syngas:

This process would allow the simultaneous reduction of both CO> and steam, leading to a tunable
syngas ratio (CO/Hz) suitable for downstream fuel synthesis via Fischer—Tropsch or other catalytic
routes. Exploring this pathway would also provide insights into electrode stability, reaction
kinetics, and long-term durability under more complex operating conditions compared to pure CO»
electrolysis.

e Full cell integration and stack testing:

This work focuses on single-cell performance, however validating the cathode material in a multi-

cell stack and under more realistic operating conditions would be essential.
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e System-level optimization:

Further optimize operating parameters and explore alternative CO: capture methods, such as
absorption and adsorption methods, to identify more efficient and flexible system configurations.
e Techno-economic sensitivity under market dynamics:

Extending the economic analysis to include future electricity cost projections, carbon pricing
mechanisms, and policy incentives could help determine under what conditions DAC-SOEC—
synfuel systems become competitive. This should also include evaluating different DAC
technologies, integration with point-source CO: capture from hard-to-abate industries such as steel
or cement.

e Alternative Fuels

The current system focuses on methanol and synfuel production. Downstream synthesis of other
chemicals such as ethanol, or aviation fuel could diversify product streams and improve overall

economics.
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Appendix

Table A.1. Calculation of reagent quantities for sol—gel synthesis of Bio.1Sr1.9Fe1 4Nip.1M0o.506-5

Perovskite.

Perovskite components: Formula: :;i)ii(():hiometric Mass of nitrate (g)
Strontium SrN2O¢ 1.90 19.36
Iron FeN309-9H>0 1.40 27.23
Nickel NiN206.6H20 0.10 1.40
Molybdenum Mo7N6H24024 0.50 4.25
Bismuth Bi(NO3)3.5H20 0.10 2.34

Value Unit
EDTA/water: 0.5 g/g
EDTA/metal: 1 mol/mol
Ammonia/EDTA: 1 g/g
Citric acid/metal: 1.5 mol/mol
Final mass of perovskite: 20 grams
Mass of EDTA: 56.28 grams
Mass of ammonia for EDTA: 56.28 grams
Mass of water for EDTA: 112.56 g/mol
Mass of citric acid: 55.50 grams
Water solubility factor: 1.2
Mass of water for nitrates: 72.83 grams
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Table A.2. Carbon Aspen PLUS™ simulation block types and parameters.

Name Aspen block type Parameters
DAC
CNTCTRI1 Sep CO2 separation: 73.5%
: Pressure: 1 bar
CNTCTR2 RGibbs Temperature: 25°C
: Pressure: 1 bar
CAUST RGibbs Heat duty: 0 MW
CYCPUMP Pump Discharge pressure: 2.5 bar
Model: solids separator
Liquid load of solid outlet: 0.95
SOLIDSEP HyCyc Pressure: 1.1 bar
Heat duty: 0 MW
Pressure: 1.1 bar
SLAKER RStoic Heat duty: 0 MW
Reaction:
CaO(s) + H,0(1) — Ca(OH)x(s)
Pressure: 1 bar
CALCINER-BURNER  RStoic Temperature: 2300°C
Reaction:
CHa(g) + 202(g) — CO2(g) + 2H20(g)
Pressure: 1 bar
CALCINER-KILN RStoic Temperature: 900°C
Reaction:
CaCOs(s) — CO2(g) + CaO(s)
SOEC
SPLIT1 FSplit Split fraction: 0.36
SPLIT2 FSplit Split fraction: 0.18
PREHEAT1 HeatX Hot stream outlet temperature: 200°C
PREHEAT?2 HeatX Hot stream outlet temperature: 400°C
PREHEAT3 HeatX Cold stream outlet temperature: 900°C
COMP Compr Isentropic, Discharge pressure: 1.1 bar
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Pressure: 1 bar
Heat duty: 0 MW

. Reactions:
BURNER RStoic CH4(g) + 202(g) — CO2(g) + 2H20(g)
Ha(g) + 0.502(g) — H20(g)
CO(g) +0.502(g) — COA(g)
: Pressure: 1 bar
CATHODE RGibbs Temperature: 800°C
Pressure: 1 bar
RWGS RStoic Tempgrature: 800°C
Reaction:
2H>0(g) — Oa(g) + 2Ha(g)
ANODE MIXER Pressure: 1 bar
ELECSEP Sep 02 separation: 100%
. Pressure: 1 bar
EQUIBOUT RGibbs Temperature: 800°C
Methanol
Pressure: 1 bar
FLASHI Flash2 Temperature: 40°C
Pressure: 1 bar
FLASH2 Flash2 Temperature: 40°C
Pressure: 1 bar
FLASH3 Flash2 Temperature: 40°C
Number of stages: 4
COMP MCompr Last stage pressure: 70 bar
Mid-stage cooling: 40°C
REACTOR RPlug Details in Section 2.4
COOLER HeatX Hot stream outlet temperature: 40°C
PREHEATI HeatX If(;)oté:old outlet temperature approach:
PREHEAT? HeatX If(;)oté:old outlet temperature approach:

Fischer-Tropsch

Pressure: 1 bar

FLASHI Flash2 Temperature: 40°C

Pressure: 1 bar

FLASH2 Flash2 Temperature: 40°C
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COMP

REACTOR

COOLER

MCompr

RStoic

Heater

Number of stages: 3

Last stage pressure: 25 bar
Mid-stage cooling: 40°C
Pressure: 25 bar

Temperature: 220°C

Reactions: Details in Section 2.5

Pressure: 1 bar
Temperature: 40°C
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