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Abstract

The use of fossil fuels is related to several environmental hazards, including global warming, which is caused
by an excess of €0, in the atmosphere. The reduction of CO, emissions from industrial waste gases is crucial
for reducing the atmospheric greenhouse effect and, hence, combating climate change. There are several tech-
nologies for CO, utilisation, powered by electricity derived from solar energy, which can be used to transform
fundamental chemical feedstocks like CO, and water into clean alternative fuels that improve grid stability,
energy security, and environmental advantages. Furthermore, Electrochemical C0, Reduction (CO,R) is one
of the most promising strategies to achieve this goal.

A two-dimensional model for porous electrodes developed by C. Ma et al. (2018) to design electrodes for a
flow-through, quinone-based battery was adapted in this Thesis to allow the design and optimization of a
porous zinc cathode for an electrolizer to perform the co-electrolysis of €0, and water. COMSOL® software
was used to run the simulations, while model validation was conducted using the experimental data provided
by Luo et al. (2019).

The impacts of porosity, pore length, fiber shape geometry, pressure and temperature were explored, and after
analyzing the performance of the electrode in each condition, it was possible to optimize each of the previously
mentioned parameters and achieve considerably higher current density values (up to 190.06 mA/cm?) than
those reported in the literature.

Keywords: Environmental hazards, Renewable Fuels, Electrochemical €0, Reduction, COMSOL® software,
Porous Electrodes.






Resumo

A utilizacdo de combustiveis fdsseis esta relacionada com varios perigos ambientais, incluindo o aquecimento
global, que é causado por um excesso de CO, na atmosfera. A reducdo das emissdes de CO, dos gases de
residuos industriais é crucial para reduzir o efeito de estufa atmosférico e, consequentemente, para combater
as alteracGes climéticas. Existem varias tecnologias para a utilizacdo de C02, alimentadas por eletricidade
obtida a partir da energia solar, que podem ser utilizadas para transformar matérias-primas quimicas funda-
mentais como 0 CO2 e a 4gua em combustiveis alternativos limpos que melhoram a estabilidade da rede, a
seguranca energética, e as vantagens ambientais. Além disso, a Redugdo Eletroquimica do CO, (CO,R) é uma
das estratégias mais promissoras para atingir este objectivo.

Um modelo bidimensional para elétrodos porosos desenvolvido por C. Ma et al. (2018) para a concegao de
elétrodos para uma bateria & base de quinona foi adaptado nesta Tese para permitir a concegdo e otimizagdo
de um céatodo de zinco poroso para um eletrolisador a fim de realizar a co-electrdlise de C 0, e gua. O software
COMSOL® foi utilizado para executar as simulagdes, enquanto a valida¢do do modelo foi realizada utilizando
os dados experimentais fornecidos por Luo et al. (2019).

Foram explorados os impactos da porosidade, comprimento dos poros, geometria da forma da fibra, presséo e
temperatura, e apés analise do desempenho do elétrodo em cada condicéo, foi possivel otimizar cada um dos
pardmetros anteriormente mencionados e alcancar valores de densidade de corrente consideravelmente mais
elevados (até 190.06 mA/cm?) do que os reportados na literatura.

Palavras-chave: Perigos ambientais, Combustiveis renovaveis, Reducdo Eletroquimica de C0,, Software
COMSOL®, Elétrodos porosos.
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Symbols

Symbol

ne
Ni
Di
Zj

QV,out/ Qout
EY

Eeq,i

Ec

pH

Description

Chemical species index
Concentration of species i

Initial concentration of species i
Coefficients for the reduced species i
Coefficients for the oxidized species i
Chemical activity of species i
Channel length

Fiber diameter of the solid fibers
Pore length

Lateral length of the porous electrode
Thickness of the porous electrode
Surface length

Electrolyte volume

Specific or volumetric area

Number of fibers/pores of the porous electrode

Number of electrons exchanged in the CO, reduction reaction

Number of solid fibers per row/column
Diffusion coefficient of species i
Electric charge number of the species i

Faraday’s constant
Molar gas constant

Molar mass

Net current density

Current density at the electrode

Current density in the electrolyte

Negative exchange current density

Local current density of species
Temperature

Reference, or ambient, temperature (25°C)
Pressure

Reference, or ambient, pressure (1 atm)
Volumetric flow rate

Inlet pressure

Outlet volume flow rate

Equilibrium standard potential of species i
Equilibrium potential of the reduction reaction of species i
Applied potential (vs. RHE)

Electrolyte pH

XiX

m?/s

C/mol
J/mol.K
m?3.Pa/mol.K
Kg/mol
A/m?
A/m?
A/m?
A/m?
A/m?

K

K

Pa

Pa

m3/s

Pa

m®/s



Symbol

O/Ds

RHE

SHE

Description

Kinetic constant of the CO, reduction reaction
Fluid surface velocity vector
Output unit normal vector

Dynamic fluid viscosity

Volumetric porosity

Electrode electrical conductivity
Electrolyte electrical conductivity
Cathodic transfer coefficient of CO,
Anodic transfer coefficient of CO,
Applied electric potential (vs. RHE)
Overvoltage (vs. RHE)

Electrolyte density

Electrolyte kinematic viscosity
Reversible hydrogen electrode:

E%+ = E%: (V vs. SHE) — 0.059 x pH
Standard hydrogen electrode:

E%- = 0V (at any temperature)
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Motivation

There is a large amount of energy in the sunlight that reaches earth, but it changes over time, dispersing, which
makes it difficult to use it, however, it has been possible to successfully use solar energy to generate electricity,
but it has not yet been possible to efficiently store it. The solar fuels approach investigated here can offer a
cost-effective solution to this problem.

Solar fuels could diversify our fuel supply and increase the sustainability of our global energy system. They
can be sent anywhere, making them valuable and versatile resources for a more reliable energy network. One
possible approach to solar fuel production is the "artificial photosynthesis".

Artificial photosynthesis is a field of research that aims to mimic the natural photosynthesis of plants, using
sunlight to convert carbon dioxide and water into carbohydrates and oxygen (see Figure 1).

This makes it an attractive technology not only from a practical and economic point of view, but also from an
ecological point of view, as it could potentially help to mitigate or reverse some of the adverse effects produced
by the consumption of fossil fuels, such as, for example, global warming.

\’ fio
' X

Figure 1: Schematic of the Solar Fuels concept. Image adapted from [1].
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1 Introduction

Despite the benefits, the use of fossil fuels is associated with several environmental issues, namely problems
such as global warming (which is, as we know, caused by the excess of CO, in the atmosphere), acid rain
(originated from the reaction between pollutants and water vapor), as well as water contamination. [2]

The dependence of the world energy matrix on non-renewable energy sources means that the reservoir is con-
stantly shrinking due to the intensive and unrestricted exploitation of natural resources. [3]

Due to the harmful consequences of the massive use of fossil fuels, human beings began to think of alternatives
to replace those fuels, such as solar energy, which is obtained when the sun's natural energy is converted into
electrical or thermal energy. The energy in question is generated in two ways: by converting sunlight into
electricity or by converting the heat of sunlight into electricity. [4]

More recently, there has been a lot of talking and numerous studies made about the solar-powered processes
with H,O and CO; as basic power sources, which can produce "solar fuels"”, that can replace the non-renewable
fuels already mentioned. [5]

However, because sunlight is unequally dispersed worldwide and is intermittent, intensive use of solar energy
for human needs will require energy storage in high energy density fuels, like liquid hydrocarbons.

There is currently no practical and cost-effective technology to convert sunlight directly into useful fuels,
which requires innovative technologies and novel studies.

Thinking of photosynthesis as the process by which the conversion of solar energy into chemical energy by
the synthesis of organic compounds, provides a model for the storage of solar energy into fuels. Fossil energy
consumed today comes from sunlight collected by photosynthetic organisms. [6][7]

In this way, artificial photosynthesis becomes a field of research that aims to mimic the natural photosynthesis
of plants, which uses sunlight to convert carbon dioxide and water into carbohydrates and oxygen. [8]

Natural photosynthesis has dozens of enzymes that catalyze many individual reactions. However, the full pro-
cess is conceptually divided into two major steps that interact via energy-carrying molecules, these being:
photoreaction, which depends on sunlight, and the reaction in the dark, which can occur without light. These
reactions are of foremost importance from a scientific and economic point of view, due to their potential ap-
plication in the development of solar energy. However, the process is very complex and difficult to understand
even in the laboratory. [8][9]

Photosynthesis Artificial =
% Photosynthesis ({

g ; 4 : 7
(Water splitting) \§
Plant /‘ }% Sugar + O, - H, + 0,

gt . ;
Chemical energ\
H,O / L"E’&% G°=237kJ/mol

Figure 1.1: Artificial and Natural Photosynthesis. Image adapted from [10].
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Artificial photosynthesis research applies the basic scientific principles of natural processes to the design of
solar energy conversion systems. These technologies use varied materials, that scientists fine-tune, to produce
energy efficiently and beneficially for human needs.



Three main components are required to produce fuels through natural or artificial photosynthesis. First, an-
tenna/reaction center complexes absorb sunlight and convert the excitation energy into electrochemical (redox)
energy. Second, a water oxidation complex uses this redox potential to catalyze the conversion of water into
hydrogen ions, electrons stored as reductants, and oxygen. A second catalytic system uses the reductants to
produce fuels, such as carbohydrates (e.g., methane), carbon monoxide (used to produce syngas), lipids, or
hydrogen gas. [6]

These "solar renewable fuels™ can potentially play a key role in future energy systems, both as a means of
energy transport and as raw materials in the energy sector itself. In addition, they can become competitive
alternatives to fossil fuels.

In an optimistic scenario, it is predicted that competitivity between the use of fossil fuels and renewable fuels
for energy production can be achieved between 2025 and 2048, for all power generation channels. Two tech-
nologies have balanced costs for 2050, even in an extremely conservative baseline scenario: these are H, pro-
duction by water electrolysis and diesel production by Fischer-Tropsch synthesis. Both technologies use solid
oxide electrolysis, which benefits from rapid cost reduction and has shown to be highly efficient. [11]

Consequently, we have the production of hydrogen through electrolysis of water, as an endothermic energy
process, which takes place by consumption of electrical energy. The core of where the electrolysis occurs is
an electrochemical cell, which is filled with pure water and has two electrodes connected to an external power
supply. At a certain voltage, which is called the critical voltage, between both electrodes, they start producing
hydrogen gas at the negatively polarized electrode and oxygen gas at the positively polarized electrode. The
amount of gas produced per unit of time is directly related to the current passing through the electrochemical
cell. [12]

Electricity in excess supplied from renewable energy resources, such as wind and solar energy, can also be
used for electrolysis, which produces green H,. In addition, fluctuations in renewable energy systems can be
minimized by storage.

The most common and developed techniques used in hydrogen electrolysis are alkaline, proton exchange mem-
brane (PEM), and solid oxide electrolysis cells (SOEC). [13]

The alkaline electrolyzers work by transferring hydroxide ions (O H ™) through the electrolyte from the cathode
to the anode, meanwhile producing hydrogen gas on the cathode side. An electrolyte that uses a liquid alkaline
solution of sodium hydroxide, or potassium hydroxide, as the electrolyte has been on the market for many
years. These commercialized electrolyzers (efficiency of approximately 73%) can achieve 380.000 kg of H,
per year, with a system energy consumption of 53.4 kwWh per kg H,, costing EUR 3.15 per kg. [13]

In the second technology discussed, PEM, the electrolyte is a solid polymeric material where water reacts at
the anode to form oxygen and positively charged hydrogen ions (protons). The electrons flow through an
external circuit and the hydrogen ions moves selectively through the PEM to the cathode. In terms of hydrogen
produced per unit of electricity utilized to drive the reaction, PEM electrolysis has an electrical efficiency of
around 80% in functioning use. PEM electrolysis efficiency is predicted to reach 82-86% by 2030.
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Figure 1.2: Representation of an electrolyzer. Image adapted from [14].
Anode Reaction: 2H,0 & 0, + 4H*(aq) + 4e~ (Eq. 1)

Cathode Reaction: 2H*(aq) + 2e~ & H,(g) (Eq. 2)

In the case of the solid oxide electrolyzers (SOEC), the hydrogen is produced in a slightly different way, as
they use a solid ceramic material as an electrolyte, which selectively conducts the negatively charged oxygen
ions (03) at elevated temperatures.

Next, this work will focus on explaining the Fischer-Tropsch Synthesis (FTS) in more detail, and what this
second technique (already mentioned above) consists of.

Fischer-Tropsch Synthesis (FTS) is strongly considered an option to the production of clean fuels and chemi-
cals. FTS is a process that uses a catalyst to convert syngas into a variety of hydrocarbons. The C-O bond is
broken, allowing the carbon and the hydrogen to react with the molecular hydrogen to form hydrocarbons,
water, and, to a lesser extent, carbon dioxide. All these characteristics attract the interest of people (mainly
industries) all over the world. [5][15]

Franz Fischer himself was aware of the importance of his discovery, which supplied a path to industrial or-
ganic chemistry based on simple inorganic molecules. His finding might be of utmost relevance now, when
fossil fuel use must be discontinued to avoid irreversible climate changes.

The performance of the FTS depends strongly on the reaction temperature. The increase in temperature will
favor the selective formation of methane, and will favor also the deposition of carbon and, therefore, the deac-
tivation of the catalyst. [15]

After this, and now talking more in-depth about the carbon dioxide gas, and some of the methodologies around
C 0, capture and/or utilization, it is common knowledge that one of the most serious environmental problems
today is related to the impact of CO, emissions, a gas that is responsible for about 60% of the greenhouse
effect that plagues our planet, and which remains in the atmosphere for hundreds of years.

Nowadays, harnessing C 0, from industrial emissions is seen as a way to complement other strategies to reduce
€0, emissions, such as the use of renewable energy sources.

Carbon capture and storage (CCS) is a process in which C0,, before entering the atmosphere, is transported,
and stored (carbon sequestration) for centuries or millennia in natural underground geological structures, such



as caves or depleted water reservoirs. In addition to this technology, there are other low-carbon technologies
[16].

Key opportunities for C0, use include recycling €0, without conversion (e.g., enhanced oil recovery, super-
critical C0,) or converting €O, into valuable fuels, energy storage media, or chemicals.

Among the €0, conversion technologies, such as biochemical, photosynthetic, thermocatalytic and photocata-
Iytic processes, electrochemical CO, reduction (CO,R) is a suitable process for electrolyzers with mild oper-
ating conditions. It has great potential as a C0,-based technology because it can be operated at moderate op-
erating conditions (ambient temperature and near-atmospheric pressure) in electrolyzers; because of the ability
to control the selectivity of reaction products simply by controlling the applied potential/current density; be-
cause of the potential use as an electrolyte for industrial or municipal wastewater; and because of the modular
reactor design. Also, the CO, R can be combined with carbon-intensive industries, integrating renewable solar
and wind power and carbon recycling processes. [7][17][18]

The first major challenge of CO,R is its excessive cost, as quite the amount of energy needed to break the
bonds of the €0, molecule. The next challenge is to achieve high selectivity of C 0, among the desired prod-
ucts, to minimize the cost and complexity of the products separation processes. [17]

Achieving high selectivity is difficult because of the several CO,R reactions competing with the hydrogen
evolution reaction (HER), all of which have equilibrium potentials (EO) in a narrow range (0.25V to 0.17 V,
compared to the Standard Hydrogen Electrode (SHE)). [17]

The third task, in this CO, R chapter, is to ensure that the overall reaction rate is not limited by the mass transfer
rate of CO, from the gas phase to the electrolyte, and by the trapped areas of the cathode catalyst. [17]

A fourth practical challenge is maintaining the electrocatalyst's stable performance over a long period of op-
eration, because the catalyst can be poisoned by impurities in the electrolytes or in the 0, feed gas (e.g., sulphur
compounds). [17]

Another major problem in the electrochemistry of C0O, reduction is related to the interaction between C 0, and
water. A complex series of reversible reactions occur when €0, is introduced into an aqueous environment.
The relative proportions of these compounds can be adjusted by pH, as an increase in pH will lead to an
increase in the number of dissolved carbonates in the solution. Although this appears to be a quick and easy
way to obtain high concentrations of aqueous €0, solutions, it is generally accepted that dissolved C0, is the
only species that can be electrochemically reduced at metal electrodes, not the carbonate species. [17]

The electrochemical reduction of CO, in solid-state catalysts involves the interaction between the adsorbed
€0, molecule, the electron, and the proton. For this reduction to occur, the €0, molecules obtain protons or
electrons on the electrode surface. The whole reaction process contains three steps [19]:

i. The adsorption of CO5;

ii. The surface diffusion of C0O, and the transformation of the electron and proton into CO,;
iii. The desorption of the products.

The adsorption of CO, on the surface of the solid catalyst is a key step in the whole reaction. During the
adsorption process, the C=0 bond is highly disrupted by the substrate, and electrons are shared between CO0,
and the catalyst. [19]
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Figure 1.3: CO; Reduction. Image adapted from [20].

The CO; reduction reaction process could be a 2, 4, 6, or 8 electrons process, which will produce CO, HCOOH,
HCHO, CH3;0H or CH,, respectively: [19]

CO, +2H" +2e~ - CO + H,0 E°=0.52V (Eq. 3)
CO, + 2H* + 2e~ —» HCOOH E°=061V (Eq. 4)
CO, +4H* + 4e~ » HCHO + H,0 E°=051V (Eq. 5)
CO, + 6H* + 6e~ — CH30H + H,0 E® =038V (Eq. 6)
CO, + 8H* + 8e~ - CH, + 2H,0 E°=0.24V (Eq. 7)
CO, + 12H* + 12e™ - C,H, + 4H,0 E®=034V (Eq. 8)

The rate-limiting step of the reaction is strongly influenced by the properties of the catalyst, such as the metal
surface, the oxidation state of the surface and its crystalline structure. [19]

This study is one more significant step ahead in developing a consistent technology for CO; electroreduction
since it will allow us to reduce CO; emissions to the atmosphere while also providing a viable source of re-
newable fuels powered by electricity derived from solar energy. It also allows the conversion of CO; into
compounds that can be utilized as raw materials in the creation of diverse products such as plastics, solvents,
fuels, and medications, CO; electroreduction on a zinc cathode has been suggested as a possible solution for
reducing greenhouse gas emissions. However, many obstacles must be solved before this technology can be
widely used as a viable solution for lowering greenhouse gas emissions. The key obstacles include expanding
the process's efficiency and scale, as well as lowering the expenses connected with its implementation.

In this work, a 2D model of porous electrodes developed by C. Ma et al. (2018), for the design of quinone-
based electrodes for continuous-flow batteries is suitable for designing and optimizing porous electrodes for
the joint carbon dioxide-hydrogen and water electrolysis using zinc cathodes. That said, we used the previously
mentioned model as a basis, by making some necessary modifications, to adapt it to the simulation of the
desired operation conditions, chemical reactions, and electrode morphology. [21]

To replicate this, we used COMSOL Multiphysics® software to simulate the model developed and analyzed
in this Master Thesis. This is the same program used by C. Ma et al. (2018). [21]

The biggest advantage of using a porous electrode is the ability to obtain a large surface area, thus increasing
the efficiency of the catalyst electrode.






2 Materials and Methods

In this thesis, a two-dimensional porous electrode model developed by C. Ma et al. (2018) on the design of
electrodes for quinone-based flow batteries was adapted to allow the design and optimization of porous elec-
trodes in their electrolyte for the co-electrolysis of CO. and water using a porous zinc cathode. [21]

To do this, the COMSOL Multiphysics® program was used on a computer where a 2D reference electrode
structure was built on, where the electrochemical reactions, which occur in the interface electrode/electrolyte
as the electrolyte travels through the electrode pores, were simulated.

Since 1998, COMSOL has marketed technical modelling and simulation software that enables the design and
analysis of electrical, mechanical, fluid, and chemical applications. [22]

This company fundamental part on this field is COMSOL Multiphysics®, which models and simulates physi-
cal phenomena using advanced numerical methods. In terms of compatibility with other tools, the software is
adaptable and can be used in conjunction with CAD and MATLAB, for example. This ensures that aspects
such as geometry, mesh, settings and boundary conditions can be easily managed. [22]
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Figure 2.1: Adapted from C. Ma et al. (2018), a 2D schematic representation of the porous quinone electrode consid-
ered in the computer model. Image adapted from [21].

Figure 2.1 depicts the model's shape, where d, denotes the pore diameter (“pore channel”) and d denotes the
fibre diameter of the solid electrode. To facilitate the reader's perception, the circles indicate the circular fibers
that comprise the solid electrode (solid phase); the space between the circles symbolizes the "porous channel”
through which the electrolyte flows (liquid phase). [21]

In the figure directly below (Figure 2.2) you can get a sense of how the COMSOL Multiphysics’s working
environment is. On the left side, we have displayed everything that is being varied and studied. You can access
the basic parameters (“Parameters 17’), the components of what is being studied, for example, the geometry of
the electrode, the materials and settings needed for the program to "run" correctly (to “compute”, in the soft-
ware’s terminology). A little further down, you can also see the implementation modules: Secondary Current
distribution, Transport of Diluted Species and Creeping Flow.
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Figure 2.2: Presentation of the COMSOL Multiphysics working environment.

To further describe each of these implementation modules, the Secondary Current Distribution (cd) considers
the effect of electrode kinetics, as well as the resistance of the solution. The electrolyte composition and be-
havioral assumptions are the same as for the primary current distribution, resulting in Ohm's law for the elec-
trolytic current. The primary and secondary current distributions differ according to the description of the
electrochemical process at the interface of an electrolyte and an electrode. [23]

The Creeping Flow (spf) interface is used to simulate fluid flows at extremely low Reynolds numbers, allowing
the inertial term in the Navier-Stokes equations to be ignored. Creeping flow, also known as Stokes flow,
occurs in high viscosity or small geometrical length scale systems (for example, in microfluidics and MEMS
devices). The fluid might be compressible or incompressible, Newtonian, or non-Newtonian. [24]

The Chemical Species Transport Branch’s Transport of Diluted Species (tds) interface is used to compute the
concentration field of a dilute solute in a solvent. This interface can oversee the transport and interactions of
species dissolved in a gas, liquid or solid. Diffusion by Fick's law, convection when coupled to a flow field
and migration when coupled to an electric field can all be driving forces for transport.[25]

The interface allows for the simulation of convection and diffusion transport in 1D, 2D, and 3D, as well as
axisymmetric components in 1D and 2D. The molar concentration, c, is the dependent variable. Multiple spe-
cies transit can be modelled, with the physics interface solving for the molar concentration, c;, of each species
i. [25]



3 Results and Discussion

3.1 Model Description and Geometry

Some mathematical expressions were defined initially for the characterization and implementation of this
model, which was needed for the further computations of this modelling process in COMSOL Multiphysics®
Software.

The lateral dimension of the porous electrode (porous cathode, in this case) is denoted as L(m), and the overall
electrode area is L2 (L x L, m?). [21]

We also define L,, (m) as the distance between the solid particles (fibers), i.e., between the two maximum
limits of d¢ (m). As a result, according to the expression [21]:

d, = L, — d; (Eq. 9)

The value of d,, (m) may be calculated using the values of L, (m) and df (m), and by using n;, the latter
reflecting the number of lateral fibers (side solid particles of the electrode). As seen in the following formula,
the greater the value of n;, the lower the value of d, (m) [21]:

L
dy =——dy (Eg. 10)
n;

Another calculation of the lateral dimension of the porous cathode L (m) is shown below. Remembering that
L, (m) is the distance between electrode’s solid fibers [21]:

L = Tlin = ni(dp + df) =n X dp + n; X df (Eq 11)

The value of n stands for the total number of solid particles (fibers) of the electrode present in our porous
cathode. Therefore, you must multiply the number of fibers (n;) you have on each side (as an example, consider
Figure 2.1) [21]:

n=n’on=52on=25 (Eq. 12)
The solid fibers of the electrode’s surface length is calculated by multiplying the number of fibers by their
diameter and the Pi number [21]:

S=dfXnXxXm (Eq. 13)

The electrode porosity (¢) is defined by the following expression [21]:

T 2 n
szl—zxdfx (Eq. 14)
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V (m?) is the definition of pore volume per unit of height as following [21]:

V=exIL? (Eq. 15)

The specific or volumetric area, Ay (m™1), is the quotient of the surface length of the solid fibers of the elec-
trode, S (m), and the volume of the electrolyte contained in the porous cathode, V (m?), as shown in the next
expression [21]:

S dixmXm dfXniXm T X df
Ay == 7 © > o — >
4 eXL niz X Ly X e ni(dy +d,)*e

(Eg. 16)

3.1.1 Model Purposes

As previously said, the electrochemical reduction of CO- will occur in the porous cathode according to the
equation:

C0,(9) + 2H*(aq) + 2e~ « CO(g) + H,O0(1) (Eq. 17)

And the reduction of the proton (in an acidic electrolyte) is given by the equation:

2H*(aq) + 2e~ o H,(g) (Eq. 18)

This porous electrode system is particularly complex since it is composed of highly non-linear variables and
intricate partial differential equations that combine fluid dynamics with electrochemical processes in the po-
rous electrode model (such as diffusion, migration, and convection of the electrically charged species that
generate the electrode electric current and control its performance).

Some simplifying assumptions about species transport had to be created to simulate such a complex electro-
chemical system:

VI.

Isotropic and homogenous electrode materials are used. [21]

The electrolyte is seen as an incompressible fluid with isothermal flow and is treated as a Stokes fluid
("creeping flow," with the Reynolds Number substantially lesser than 1, Re > 1). [21]

The effects of gravity are not considered. [21]

It is assumed that the process is in a stationary state. Because the modelling solution modes in COM-
SOL® are classified into two categories: time-dependent and stationary state, there is no relationship
between time and the reaction kinetic process in this model. [21]

All pores have maximum efficiency. Because all pore channels are connected in this model and there
is no fluid stagnation zone, the electrode availability is 100%. [21]

This 2D geometry model will never be able to fully reflect the porous zinc cathode's 2D geometrical
structure, which has a 3D structure with irregular straight-section pores. For modelling purposes, the
geometric approximation employed in this 2D reference model will be circles, which represent cylin-
drical zinc solid fibers of the electrode. [21]
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3.1.2 Mathematical Model Development

3.1.2.1 Fluid Flow Model

The flow distribution across the porous cathode's channels is captured using a 2D laminar flow model, and the
pressure drop across the electrode is calculated using the well-known Navier-Stokes equations [21]:

Vxu =0 (Eq. 19)

1
(uXV)Xu+;Vp—V><\72u=0 (Eq. 20)

Where u is the superficial fluid velocity vector (m/s), p is the pressure in the liquid, p is the electrolyte density
(Kg/m?), and v is the dynamic viscosity (m?/s).

3.1.2.2 Mass Transport and Electrochemical Model

The governing equations for species conservation and charge conservation in the electrolyte in this model are
as follows [21]:
D;zc;

Di X VZCi -V X (W) V¢) + u * VCi (Eq 21)

The balances and equations supplied below will be used to model the electrochemical processes occurring in
the porous cathode.

Because the electrolyte is electrically neutral, it is governed by the condition [21]:

ZZiCi =0 (Eq. 22)

i

The Conservative Balance of Electrical Current Density occurs when the charge entering the electrolyte i,
(A/m?) is balanced by the charge exiting the solid phase i (A/m?), which equals the net current density i
(A/m?), as can be seen in the following equation [21]:

VX i;j=-VX ig=VXIi (Eq. 23)

The following equations (Equations 24 and 25) represent the electrolyte current density i, (A/m?) and conduc-
tivity o) (S/m) where D; (m?s) is the diffusion coefficient in solution for species i. The z; stands for the species
charge number, F represents Faraday's constant (F = 96485 C/mol), T represents temperature (K), and R rep-
resents the molar gas constant (R = 8.3145 J/mol.K). Meanwhile, the electrolyte potential ¢; (V) and the elec-
trode potential ¢, (V) submit to Ohm's Law (Equations 26 and 27, being o5 (S/m) the electrode conductivity:

n
i =F ) (=D~ V) (Eq. 24)
i=1
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F2
O'l = — Zl-2 DiCi
RTZ y (Eg. 25)
i=

| = -0V, (Eq. 26)

is = =0V (Eq. 27)

The Nernst Equation is utilized on the porous electrode surface to calculate the equilibrium potential of the
governing electrochemical processes, where E,, (V) is the negative electrolyte's equilibrium potential. R is the
molar gas constant (J/mol.K), T is the temperature (K), F is Faraday's constant (C/mol), and ne is the number
of electrons exchanged in the reaction (ne = 2 in this case [26]). This equation can be seen below [21]:

RT Aco
Eeqco, = Edo, + - In ( ac02> (Eq. 28)

The Linearized Butler-Volmer Equation describes the electrochemical reactions that occur on the surface of
the porous electrode and calculates the transfer current densities for the reactions that happen there. Where i,
is the exchange current density (A/m?) for the electrode, n is the over-voltages (V) for the electrode,
a, (anodic) and a, (cathodic) are the transfer coefficients. F stands for the Faraday’s constant (C/mol) and
R for the molar gas constant (J/mol.K), as always. This expression is the following [21]:

ag + ac)F
foe = o (5T, (Eq. 29)

The Coefficients for the Reduced Species Cg, which is CO in the CO, reduction reaction (Equation 30), and
for the Oxidized Species C,, which is CO; for the present case (Equation 31), are presented below, being aco
(mol/m?3) the chemical activity of the CO species, and aco. (mol/m?) the chemical activity of the CO.:

Cr = aco (Eq. 30)

Co = aco, (Eq. 31)

For the application of the Equations previously stated, the values of the Species Transport and Electrochemical
Constants, needed for the modelling of the porous zinc cathode in the COMSOL® Software, are available in
the following table:

Table 3.1: CO2R species transport and electrochemistry parameters.

Designation Symbol Value Units | Bibliographic Sources
Electrode Conductivity 0 16.6 x 10° | S/m [27]
0, Diffusion Coefficient Dco, |1.92x10° | m%s [28]
CO Diffusion Coefficient Do | 203x10° | m?s [28]
H* Diffusion Coefficient Dy+ |931x10°| m%s [21]
OH~ Diffusion Coefficient Doy~ |527x10° | mls [26]
Standard Potential of CO, vs. RHE | EQp, 0.73037 \Y [26][29]
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Designation Symbol Value Units | Bibliographic Sources
CO; Exchange Current Density io 68.1 A/m? Optimized
€0, Kinetics Constant Ky Variable m/s [26]
CO, Transfer Coefficient (Cathodic) | «a, 0.5 [30]
€0, Transfer Coefficient (Anodic) a, 15 [30]
Electrolyte Density p 1x10° | Kg/m® [30]
Electrolyte Kinematic Viscosity u 1x10% Pa.s [30]

3.1.3 Model Boundary Conditions

Equation 32 is useful for discussing the boundary conditions. In this study, we analyse stationary-state simu-
lation; the concentration along the y-direction is symmetric at the top and bottom borders and the species fluxes
are zero [21]:

0<x<Ly=0

0<x<Ly=L (Eq. 32)

Nxﬁzo{

The pressure equation follows (save at the inlets and outlets), in which a Neumann condition is applied at every
domain of the boundaries of integration [21]:

Vpxn=0 (Eq.33)

At the inlet, the boundary condition states that each species enters with a specified bulk concentration and a
velocity determined by the pump rate [21]:

Ci = Cio (ci 0 Is the initial concentration of i species at the inlet) (Eq. 34)
p =Py (Pin is the pressure at the inlet) (Eq. 35)

At the outlet, the boundary condition is defined as [21]:

—n*D;Ve; =0 (where 71 expresses the outward unit normal vector) (Eq. 36)
q = Qout (Qout is the volumetric flow at the outlet) (Eq. 37)

Electric current flows in and out of the electrolizer via the two current collectors at the upper end of the zinc
porous cathode and the anode. The voltage at the negative current collector is swept for half-cell modelling
[21]:

(Applied at the interfaces between

s = Ec solid fibers and electrolyte) (Eq. 38)
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3.2 Model Validation

Another of the main goals of this thesis is to translate the experimental results of Luo et al. (2019) into a
COMSOL® Software’s model, to obtain the corresponding simulation results in terms of Electrochemistry,
i.e., Polarization Curves, allowing the direct comparison with the results of the article previously mentioned
in this paragraph.

To validate this model, Luo et al.’s geometric parameters, as well as their operational conditions, must be input
into the COMSOL Multiphysics® Software.

The research by Luo et al. (2019) is an experimental work so, with the goal of creating a simulation like that
created by C. Ma et al. (2018), it was next essential to geometrically approximate the two models: define pore
length (dp), electrode side length (or portion thereof, L) and number of solid fibers visible on the electrode (or
portion thereof) per row or column (n;). These data are presented in the following tables (Table 3.2 and Table
3.3):

Table 3.2: C. Ma et al. (2018) geometric parameters applied to the cathode employed by Luo et al. (2019).

Designation Symbol | Value | Units | Bibliographic Source
Pore length dy 80 um [26]
Fiber diameter of the solid fibers ds 245 | um Estimated from [26]
Number of solid fibers per row/column n; 3 [26]
Lateral length of the porous electrode L 975 | um Estimated from [26]
Thickness of the porous electrode YA 2 mm [26]

Table 3.3: Operational parameters used in the validation of the zinc porous cathode’s model.

Description Symbol Value Units | Bibliographic Source
Operating Temperature T 295.00 K [26]
Inlet Pressure P; 1 atm [26]
Outlet Volumetric Flow | Q¢ 21 mL/min [26]
Initial CO, Concentration | Cco,,0 34 mol/m’ [26]
Initial CO Concentration | Cco,0 0 mol/m’ [26]

Initial H* Concentration | cy+o | 1.6x10* | mol/m® | Estimated from [26]
Initial OH~ Concentration | con-0 | 6.3x 105 | mol/m® | Estimated from [26]

Electrolyte pH pH 6.8 --- [26]
Applied Potential vs. RHE | E, -1.5t0-0.5 \Y [26]
Reference Temperature Tres 298.15 K PTN
Reference Pressure Pres 1 atm PTN

In the ANNEX A.1.1 we show the Polarization Curve plots of the present Thesis’ Model using the Butler-
Volmer Equation, instead of the Linearized Butler-Volmer Equation, which was used for the rest of the simu-
lations previously shown in this work, for corroboration purposes. The process was the same: optimization of
porosities as shown in Figure A.1, in Annex and optimization of the lateral number of pores (from 2 to 8), as
shown in Figure A.2. [31]
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After that, the best porosity and lateral number of pores was taken, and the best fiber shape geometry of the
cathode was found to apply to this model. As with the Linearized Butler-VVolmer Equation, the best fiber shape
was the equilateral triangle and the square, with their current density values remarkably close (see Figure A.3).
[31]

As it was done in the present Thesis, after the Polarization Curves study, the Contour Plots were studied and
one can observe similarities between the previously studied ones, and the ones presented in the figures below,
not only graphically but also in terms of the current density values obtained in both models. [31]

With these parallel studies, there is a general corroboration of the Thesis Model's results and a verification that
the differences in the current density values between one model and the other, using the Linearized Butler-
Volmer Equation, or the Non-Linearized Equation, do not differ much in magnitude (from Figure A.4 to Figure
A.7). [31]

In the ANNEX A.1.2, what was done was to use the model created in this Thesis and to replicate the main
results of the model of Ma et al. (2018).

When it comes to porosities, it did not vary substantially (the best porosity is 0.4973, just like in the authors’
report). The best geometry in the model of Ma et al. (2018) was also the equilateral triangular fiber shape
(which also aligns with the Ma et al.’s finds), but in this case the square fiber shape no longer shares such close
values to the first geometry mentioned (as occurs with the present Thesis model). The most significant differ-
ence was in the number of lateral pores, being the present work’s best “n;” 3 or 4, and the article’s 9, but that
can be explained by the multitude of differences between the geometric characteristics and the operational
conditions of each model. [25]

After this, it can be stated that there is further corroboration between the model studied in this Thesis and that
one of Ma et al. (2018), because the results of the previous report can be simulated by the Thesis model with
a remarkable accuracy (Figure A.8, Figure A.9 and Figure A.10).
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3.3 Results Presentation

This Master Thesis has several optimization steps, each of which is dependent on the earlier one. Figure 3.1,

shown below, provides a detailed summary of the steps taken during the project.

Optimization of
porosities (eps_l) in a
range from 0.3 to 0.9

Validation of the model . )
based on [21] with data Step2 Setting the Potential value
from [26] (VvsRHE) to "-1.1V".

Finding the best value
for the number of
fibers per side (ni)

Finding out from
polarization curves of
each number of fibers

Step 1

Finding the best
model geometry (for
the given conditions)

Run the program for the
different geometries

Step3.1 Varying the initial system

pressure (Pin)

Step 3

Step3.2

Varying the initial

Repeatthe same
—>
temperature of the system processas step1
0

Figure 3.1: Flowchart of the optimization steps of the simulated porous zinc cathode’s model.

3.3.1 Porosity Variation

il

The current subsection investigates the variation of porosity of the geometrical structures in the model simu-
lations of the porous zinc cathode, using the Linearized Butler-Volmer Equation. The figures below show the
differences in cathode geometry when the porosity is 0.30 (Figure 3.2) and when it is 0.80 (Figure 3.3). Where
it can also be seen that with the variation of porosity, there is variation of pore length (dp), fibre diameter (d)

and surface length (S).

Table 3.4: Geometric parameters of different porosities of the porous zinc cathode.[21][26]

Porosity, | Fiber diameter, | Pore length, | Surface length, | Lateral pore
g ds (M) dp (M) S (m) number (n;)
0.30829 | 3.05x10°* [2.00x1075| 826x 1073 3
0.39603 | 2.85x10™* |4.00x107°| 8.05x1073
0.47783 | 2.65x107* |6.00x1075| 7.49x 1073
0.55367 | 245x10™* |8.00x107°| 6.92x1073
0.62357 | 2.25x10~* 1.00x107* | 6.36x1073
0.68751 | 2.05x10~* 1.20x107* | 579x1073

WwWwwiw|lw
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Porosity, | Fiber diameter, | Pore length, | Surface length, | Lateral pore
£ dr (m) dp (M) S (m) number (n;)
0.69500 | 2.03x10~* 1.22x107%* | 5.72x 1073 3
0.74551 1.85 x 10~* 1.40x 107%* | 523 x 1073
0.79756 1.65 x 10~ 1.60 x 107* | 4.67 x 1073
0.84366 1.45 x 10~ 1.80x 107* | 4.10x 1073
0.88382 1.25 x 10~* 2.00x 107* | 3.53x 1073

WWwWwlw

The figures below show the difference in pore size between the lowest investigated porosity and the highest
studied porosity.

@ & @
® & @
¢ & ¢

Figure 3.2: Geometry of the porous zinc cathode, with Figure 3.3: Geometry of the porous zinc cathode, with
porosity 0.30829. porosity 0.88382.
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For the study of the porosities, it was used a function of the COMSOL® Software that is the "Optimization
(opt)" Module. For such, it was chosen an analytical method named Nelder-Mead, which requires an initial
value of porosity, and a final value of porosity, with a step of 0.0001, which demonstrates how thorough will
be our study, to find the maximum value of current density for the cathode’s geometry of n; = 3. It was also
necessary to choose an applied potential to conduct this analytical method study. So, the applied potential set
was -1.10 V vs. RHE, because it is the maximum applied potential studied by Luo et al. (2019), the one at
which the current density in that paper reaches its limit value, and therefore the current density associated with
that potential (45 mA/cm?), from the reference and model validation paper in this thesis, is the one considered
as the reference value for comparison in the studies of cathode geometry, temperature and pressure.

Besides the Optimization (the best value for porosity was eps = 0.69500), we studied the "behavior" of more
10 porosities (eps = 0.30829, eps = 0.39603, eps = 0.47783, eps = 0.55367, eps = 0.62357, eps = 0.68751, eps
=0.74551, eps = 0.79756, eps = 0.84366 and eps = 0.88382), as a mean of comparison to effectively understand
if the Optimization process was correct.

As a way of carrying out this study, the following Polarization Curves were made, which are the graphs of the
current densities (i;,., mA/cm?) as functions of the respective applied potentials (E, V vs. RHE), in the range
of -1.50 to -0.50 V (vs. RHE), arising from the reduction reaction of C0O,-to-CO, for each of the cathode’s
geometric structures built, with the porosities previously mentioned. In the figure below, we can observe the
“behavior” of the different porosities in this model and the respective current density associated with each of
the porosities.
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Figure 3.4: Polarization curves for different porosities.

3.3.2 Lateral Pore Number Variation

In this subsection, the number of pores per side was optimized. Under the same conditions as for the porosity,
that is, with the applied potential from -1.50 to -0.50 V (vs. RHE), and in this case, already with the optimized
porosity (0.69500). In the figure below we can see how the arrangement of the studied cathodes look with n;
=4andn; =8.

OOQOOOO0OO0O
Q Q Q O OO OO OO
OO O OO0
O O O O OO OO OO0
01000100 00
O O Q O QOO0 000O0
010,000,000
Q Q Q Q OOQOO0O0O0OQ0Q
Figure 3.5: Model of the porous zinc cathode, eps = Figure 3.6: Model of the porous zinc cathode, eps =
0.69500 and n; = 4. 0.69500 and n; = 8.

Repeating the process already used in the porosity variation, we create again the Polarization Curves, where
we have the current density (i;,., mA/cm?) in function of the applied potential (-1.50 to -0.50 V vs. RHE),
and from these 8 curves, we realize that for this porosity the best n;is 4, as we can see in the figure presented
next.
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Figure 3.7: Polarization curves of different number of lateral pores "n;", with porosity 0.69500.

To validate both polarization curves, a Contour Plot is utilized (of the porosities and of the number of lateral
pores). This type of map is created by using the "Parametric Sweep", which isa COMSOL® Software function,
in which we automatically change both the porosity (eps with a range from 0.3 to 0.9, with a step of 0.01) and
the number of lateral pores (n; with a range from 2 to 8, with a step of 1 unit). In this case, the applied potential
set was -1.10 V vs. RHE, for the reasons already discussed before.

. Current density at -1.1 V vs RHE
Circle (mA/cm?)

66.60
60.75
54.90
49.05
43.20
37.35
31.50
25.65

19.80

Lateral Pore Number (ni)

Figure 3.8: Contour Plot of the porous zinc cathode considering circular shaped fibers.

As can be seen above, the highest value of current density obtained in absolute terms is 66.60 mA/cm?, and in
this map we can also see that the highest values of current density are obtained between the porosity values of
0.6 and 0.7, and with more intensity between the values of n;from 3 to 5. From there, the results disperse a
little and are not as concentrated, as shown in Figure 3.8.
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3.3.3 Electrode Morphology Variation

In the present section, the aim is to optimize the cathode’s geometry to understand which geometrical fiber
shape (among regular hexagonal, circular, equilateral triangular and square) is the best, i.e., which corresponds
to the highest current density in absolute value. From Figure 3.9 to Figure 3.12are represented the different
geometric fiber shapes that were studied. All 4 models have the same pore length, dp, surface length, S, fiber
diameter, dr, and the same porosity, eps = 0.69500 (the optimized porosity for n; = 3, as seen before).

(N ) A A A
() C ) () A A A
e ee A A A

Figure 3.9: Model of the porous zinc cathode, with circu- Figure 3.10: Model of the porous zinc cathode, with
lar fiber shape geometry, porosity 0.69500. equilateral triangular fiber shape geometry, porosity
0.69500.

i oap
L
LN

Figure 3.11: Model of the porous zinc cathode, with reg- Figure 3.12: Model of the porous zinc cathode, with
ular hexagonal fiber shape geometry, porosity 0.69500. square fiber shape geometry, porosity 0.69500.

To do this study, the same methods were used to optimize the porosity and the lateral pore number (n;). In this
case, with fixed porosity (eps = 0.69500). In the case of the "n;", it was varied between 3 and 4, to understand
if there were any differences between the best geometric fiber shape and the worst, to realize if those differ-
ences were caused by changing the "ni", in these simulations of the model of the porous zinc cathode.

The figures below show the behavior of each fiber geometry and the differences that exist between them. When
ni = 3, the equilateral triangle is the geometric fiber shape with the best performance, and the circle is the
geometric shape with the worst behavior. On the other hand, when you have n; = 4, the circle performs slightly
better than the regular hexagon, and the square is the geometric fiber shape with the best performance in this
situation. It should also be observed that the first example has a significantly higher current density than the
second, particularly in the cases of square and equilateral triangle fiber shapes, as shown in Figure 3.13 and
Figure 3.14.
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Figure 3.13: Polarization curves of different geometric ~ Figure 3.14: Polarization curves of different geometric fi-
fiber shapes with a lateral pore number of 3. ber shapes with a lateral pore number of 4.

Following the previous Polarization Curves study for the various fiber shape geometries and the two "n;'s"
studied (3 and 4), we return to the same procedure used in the cathode’s circular fiber shape geometry study,
the use of Contour Plots. This study had the same constraints as the one with the circular shape geometry, with
porosity range from 0.3 to 0.9 (except for the hexagon, which had a range of 0.4 to 0.9), and a step of 0.01.
The number of lateral pores varied from 2 to 8, with a step of 1 unit, for the next three geometries. These three
graphs are depicted in the figures below (Figure 3.15, Figure 3.16 and Figure 3.17).

Current density at -1.1 V vs RHE Current density at -1.1 V vs RHE
(mA/cm?) Hexagon (mA/cm?)

119.2 0.9 87.80
1103 8153
0.8
101.4 75.25
92.50
0.7 68.98
83.60 62.70
74.70 06 56.43
65.80 50.15
0.5
56.90 43.88
48.00
0.4 37.60
2 3 4 5 6 7 8

Triangle

Porosity

0.3 F/—
2 3 4 5 6 7 8

Lateral Pore Number (ni)

Lateral Pore Number (ni)
Figure 3.15: Equilateral triangular shape fiber’s Contour Figure 3.16: Regular hexagonal shape fiber’s Contour
Plot of the porous zinc cathode. Plot of the porous zinc cathode.
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Figure 3.17: Square shape fiber’s Contour Plot of the porous zinc cathode.
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The examination of each figure shows that the best "n;" for the three different fiber shape geometries is 2 or 3
number of lateral pores. The changes appear only when the porosity value is considered. In the equilateral
triangular shape fiber, the red area, which corresponds to a higher current density, has a greater "diversity" of
values. In this situation, the ideal porosity is around 0.3, but it can potentially range between 0.5 and 0.7.

The regular hexagonal fiber shape scenario differs from the preceding one in the way that the values are visibly
more concentrated and not as spread, in comparison to the equilateral triangular fiber shape. The ideal porosity
for this scenario is between 0.75 and 0.8.

Finally, we have the square fiber shape geometry, which behaves similarly to the hexagon, in the way that the
values are more concentrated, but the optimum porosity is comprehended between 0.7 and 0.85.

If one looks at the maximum current density values in general, one finds the same order as in Figure 3.13, with
the porous zinc cathode’s square fiber shape geometry having an absolute maximum current density value of
121.4 mA/cm? and the equilateral triangular fiber shape having 119.0 mA/cm?2.

3.3.4 Pressure Variation

In this subsection, the study done is based on changing the Inlet Pressure (Pin). Keeping all the initial opera-
tional conditions of the previous studies the same, the initial pressure (Pin = 1 atm) was changed to 4 different
values (5, 10, 15 and 20 bar).

For this study, it was necessary to find the diffusion coefficient (DC;, m?/s) values suitable for each pressure.
Using the following equations, we calculated the density of each of the dissolved gases in the electrolyte for
each inlet pressure [32]:

PxM

= Eqg. 39
P=RxT (Eq. 39)
DC p

p1l p2

b _TPe Eqg. 40
e (Eq. 40)

To find the value of each one of these densities (p, Kg/m?) for each desired pressure (R = 0.0082 L.atm/mol.K),
we know that M corresponds to the molar mass (Kg/mol), P to the pressure (atm) and T to the temperature (K),
then we simply go to the Diffusion Coefficients formula (Equation 40) and find the coefficient for the desired
pressure. After all these calculations completed, the following values were achieved, which can be consulted
in the following table (Table 3.5):

Table 3.5: Different Diffusion Coefficients for each chemical species, depending on the inlet pressure. [32]

Pressure | Pressure €0, Diffusion H* Diffusion €O Diffusion OH~ Diffusion
(bar) (atm) Coefficient Coefficient Coefficient Coefficient
(m?/s) (m?/s) (m?/s) (m?/s)
1 0.98692 1.92 x 107° 9.31x107° 2.03x107° 5.27 x 107°
5 4.9346 3.84 % 10710 1.86 x 10~° 4.06 x 10710 1.05x 10~°
10 9.8692 1.92 x 10710 9.31 x 10710 2.03 x 10710 5.27 x 10710
15 14.804 1.28 x 10710 6.21 x 10710 1.35 x 10~10 3.51 x 10710
20 19.739 9.60 x 10711 4.66 x 10710 1.02 x 10710 2.63 x 10710
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The common process that has been followed until now is completed after tabulating the updated values of
Diffusion Coefficients in COMSOL® Software. To begin the studies, we must create the Polarization Curves
of the different cathode geometries, both to discover the best porosities and to find the best "n;’s" (you must
first know the best porosity to fix it and then get the best "n;"). In this case, the 11 porosities, previously used
in the initial study, were not used, but 5 of those 11 were chosen to perform the present study.

The 8 figures provided bellow (4 for porosity and 4 for the relevant "ni's™) show that there is a consistent
tendency in all pressures. The reader may easily deduce that the optimal porosity for the 4 pressures is 0.79756,
which corresponds to the green line with inverted triangles. At the same time, it is easy to understand that even
when the pressure is highly increased, there is no significant increase in the current density value, which re-
mains at approximately 90 mA/cm?, in absolute value.
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Figure 3.18: Polarization curves of different porositiesat ~ Figure 3.19: Polarization curves for the different "n;'s",
5 bar. with porosity 0.79756 at 5 bar.
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Figure 3.20: Polarization curves of different porosities at ~ Figure 3.21: Polarization curves for the different "n;s",
10 bar. with porosity 0.79756 at 10 bar.
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Figure 3.22: Polarization curves of different porosities at
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Figure 3.24: Polarization curves of different porosities at

20 bar.
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Figure 3.23: Polarization curves for the different "n;'s ",
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Figure 3.25: Polarization curves for the different "n;'s ",

with porosity 0.79756 at 20 bar.

In terms of lateral pore number (n;), as with porosity, the best n; for these conditions is 8, apart from the first
figure (Figure 3.26), where the pressure is of 5 bar and the best nj is 7. However, the variation in current density
is not substantial when n; is 7 or 8, which have almost similar values, as illustrated in the next four graphics.
Furthermore, as observed with the porosity studies, there was no significant increase in the current density
with the increasing of pressure: in the four pressures analyzed, it was found to be around 140 mA/cm? (in
absolute value) in all of them, for their circular geometries with the best performances.
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Figure 3.26: Circular shape fiber’s Contour Plot of the Figure 3.27: Circular shape fiber’s Contour Plot of the
porous zinc cathode at 5 bar. porous zinc cathode at 10 bar.
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Figure 3.28: Circular shape fiber’s Contour Plot of the Figure 3.29: Circular shape fiber’s Contour Plot of the
porous zinc cathode at 15 bar. porous zinc cathode at 20 bar.

After performing the study of the Polarization Curves, we must proceed to the Contour Plots analysis, as we
have done previously. Using the exact same conditions as before (a “Parametric Sweep” of a porosity range of
0.3 t0 0.9, with a step of 0.01 and, in the case of the "n;", a range of 2 to 8, with a step of 1 unit). The results
for the various pressures are homogeneous in these 4 figures. As seen in the study of the Polarization Curves,
the best porosity is comprehended between the values of 0.7 and 0.8, and the best values for "n;" are 7 or 8
pores per side.

Looking more closely at the current density values, we can see from the figures that the current density is better
around 5 and 10 bar. Despite their proximity, the readings at 5 and 10 bars approach 96.47 mA/cm? and 96.34
mA/cm?, respectively (in absolute value). The values at 15 and 20 bar are slightly lower, 91.20 mA/cm? and
88.00 mA/cm?, respectively (in absolute value). As a conclusion, there is no need for a significant increase in
pressure, or in the consequential energy consumption of the process, to optimize this porous zinc cathode’s
circular shape fiber geometry.
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3.3.5 Temperature Variation

It was important to determine the new CO; solubility values for the corresponding Temperature and Inlet
Pressures for this investigation of temperature variation. The figure below was essential for the following
determinations of CO- solubilities in aqueous solutions (like the used electrolyte, which runs across the mod-
eled porous zinc cathode):

(MPa) -

SR NN Pressure

CO2 Solubility (kg CO2/100 kg of H20)
E

O 20 4 6 8 100 120
Temperature (°C)

Figure 3.30: Variation of CO; solubility in aqueous solutions with temperature. Extracted from [33].

After having taken the necessary values of the CO- solubility in aqueous solutions at different inlet pressures
and temperatures, the following table was formulated and inserted in the COMSOL® Software in an “Inter-
polation” Table, to define the CO; initial concentration at the inlet boundary (cco, o, mol.m™), to allow further
studies on the temperature:

Table 3.6: CO2 Solubilities in agueous solutions according to the inlet pressure and the temperature. [33]

Temperature | Temperature | Inlet Pressure Solubility
(K) (°C) (atm) (g €0,/100g H,0)
295.00 22 1.0000 0.13990
293.15 20 1.0000 0.15026
298.15 25 1.0000 0.12953
318.15 45 1.0000 0.09845
343.15 70 1.0000 0.04145
343.15 70 19.739 5.0881
318.15 45 19.739 5.6536

Then, as on prior occasions, the identical optimization research was performed. First, there was the usual study
of the Polarization Curves, which show us which are the best porosity and the best ""n;". The porosities for this
study were the same as those used for the pressure variation study (0.39603, 0.55367, 0.68745, 0.79756 and
0.88382) and the "n;" values were also the same used until now (from 2 to 8, with a step of 1 unit).

At 45°C, it can be observed that having the inlet pressure at 1 bar or at 20 bar, the best porosity is always eps
=(0.79756, and the best “n;” is 7; however, in this last case Figure 3.34, the value of the current density for n;
= 8 is very close to the same value for n; = 7.
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Figure 3.31: Polarization curves of different porosities at
1 bar and 45°C.
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Figure 3.33: Polarization curves of different porosities at

20 bar and 45°C.
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Figure 3.32: Polarization curves for the different "n;'s",

with porosity 0.79756 at 1 bar and 45°C.
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Figure 3.34: Polarization curves for the different "n;'s",

with porosity 0.79756 at 20 bar and 45°C.
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In the case of increasing the temperature to 70°C, the results are like those seen previously for 45°C, with the
best porosity for both cases (1 bar and 20 bar) being eps = 0.79756, and the best "n;" being 7, resembling the
situation seen previously for 45°C, where n; = 7 and n; = 8 have nearly identical behavior and differ little in

terms of the current density value.

Looking at the current density findings in the study of the Polarization Curves for both the porosity and the
"ni" in general, one can observe that at 20 bar, whether it corresponds to 45°C or to 70°C, there is a significant
increase in the current density. With the "n;" optimization for these temperatures, with the inlet pressure of 20
bar, the current density is of approximately 280 mA/cm? (in absolute value), whereas with the inlet pressure
of 1 bar is around 130 mA/cm?, at most (both at 45°C and 70°C).
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Figure 3.37: Polarization curves %f different porositiesat  Figure 3.38: Polarization curves for the different "ni's",
20 bar and 70°C. with porosity 0.79756 at 20 bar and 70°C.

In the Contour Plots investigation, we set the applied potential to -1.10 V vs. RHE, considering a porosity’s
range of 0.3 to 0.9, and a number of pores on the cathode side’s range of 2 to 8.

According to the study of the Polarization Curves, there was a uniformity of results, which is also confirmed
by the four Contour Plots shown below. The red "spot", i.e., where there is higher current density, is in the
same place in all the figures, under all the conditions studied.

This zone is characterized by porosity values ranging from 0.7 to 0.8 and "n;" values ranging from 7 to 8. When
the pressure climbs from 1 bar to 20 bar, the value of the current density increases significantly (something
which had already been noticed in the previous study and which is now corroborated). However, the change
in the current density values when temperature is varied is not considerable, thus the energy expenditure of
this process is not justified, given that at 45°C it reaches around 188.5 mA/cm?, and at 70°C it reaches about
190.5 mA/cm? (in absolute values of current density).
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Current density at -1.1 V vs RHE
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Figure 3.39: Circular shape fiber’s Contour Plot of the

porous zinc cathode at 1 bar and 45°C.
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Figure 3.41: Circular shape fiber’s Contour Plot of the

porous zinc cathode at 1 bar and 70°C.
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Figure 3.40: Circular shape fiber’s Contour Plot of the
porous zinc cathode at 20 bar and 45°C.
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4 Conclusions and Future Perspectives

A two-dimensional computational model for porous electrodes was successfully created, validated and corrob-
orated in this Master's Thesis, allowing the design and optimization of a porous zinc cathode for an electrolizer
to perform the co-electrolysis of CO, and water.

The effect of the cathode's morphological features, such as porosity, pore length and fiber shape geometry, as
well as pressure and temperature parameters, might be studied using this model. This analysis will serve as a
guide for and an aid in the experimental production of porous electrodes.

After all the simulations have been completed, it is feasible to draw extremely specific conclusions regarding
the model's optimization.

As seen in Figure 4.1, the current density increased as the model was developed, and certain modifications
were made. In comparison to Luo et al. (2019), which was the experimental reference article of this work, an
increase of roughly 48% was obtained, which can be seen on the second bar (orange), representative of the
first optimization process made.

Following that, more research was conducted on the alteration of the geometry of the model, and it was dis-
covered that there was possible an increase of nearly 100% in comparison to the first optimization procedure.

A pressure and temperature variation investigation was conducted, where was achieved a considerable increase
in the current density, close to 320%, comparing with the reference article, when temperature and pressure
were increased. However, this does not justify the energy expenditure from 45°C to 70°C. Changing only the
inlet pressure resulted in an increase compared to our initial investigation, although notably smaller than that
of the cathode’s geometries study. Again, the energy expense to boost that pressure from 5 to 10 bar is not
justified by the enhancement obtained in the system performance.
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Figure 4.1: The different types of optimizations of the porous zinc cathode’s model.
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4.1 Future Perspectives

As time goes by, CO, emissions must be reduced, and if they do not, alternatives must be used. The CO,
electroreduction is one of these options, and it is theoretically conceivable.

After finishing this work, | believe it is important to implement the various geometric designs that considerably
improved the current density under the optimal operational conditions | achieved (20 bar and 45°C). The cur-
rent density result will almost certainly be higher than what has already been achieved with this work.

The porous zinc cathode's 2D geometries modeled in this work have few solid electrode fibers and their total
plain electrode surface areas are in the one mm? range. However, the results achieved in this work do not
prevent the extension of these simulations behaviour to all areas of a larger porous electrode with the same
geometric characteristics and subjected to similar operational conditions.

3D printing technology is already a reality, with a low cost and plenty of versatility, and it can make electrodes
on a commercial scale for a reasonable price. It is a potential possibility for the construction of porous elec-
trodes that are exactly fitted to the simplified geometric specifications of the simulated models. [34]

This will enable the creation of porous electrode modeling techniques with improved experimental validation
reliability, using computer software such as the one utilized in this Master’s Thesis, COMSOL Multiphysics®.

Furthermore, after all these optimizations done in this Thesis' Models, to do a more in-depth analysis of the
modeling processes, and other possible experimental, or theoretical, validations/corroborations, will always be
important to solidify the possible future use of the created models in real life scenarios.

The investigation of the behavior of the simulated porous zinc cathodes in 3D dimensions models using the
COMSOL Multiphysics® software, and their incorporation in an electrolyzer model with the same electro-
chemical reaction (CO; reduction) and the water co-electrolysis, will also be a major improvement in the con-
tinuation of this project, in terms of approaching the modeling of a electrolyzer prototype device, which can
be latter experimentally validated, or even actually built in laboratory scale (perhaps even industrially produced
sometime in the future), to generate green syngas from CO- and water, powered by electricity derived from
solar energy, creating a completely green process of producing renewable fuel capable of closing the carbon-
dioxide exponential emissions cycle.
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A. Annex

A.1 Thesis Model Corroboration

A.1.1 Thesis Model’s Results using Butler-VVolmer Equation
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Figure A.1: Polarization curves for different porosities. Figure A.2: Polarization curves for the different "n;'s"

with porosity 0.68745.
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Figure A.3: Polarization curves of different geometric fiber shapes with a lateral pore number of 3.
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Figure A.4: Circular shape fiber’s Contour Plot of the po-

rous zinc cathode.
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Figure A.6: Square shape fiber’s Contour Plot of the po-

rous zinc cathode.
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Figure A.5: Regular hexagonal shape fiber’s Contour

Plot of the porous zinc cathode.
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A.1.2 Ma et al. (2018) Replicated Model’s Results (Adapted from the Thesis

Model)
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