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Abstract

As global warming proceeds with increasing consequences, new and improved solutions that can miti-
gate the increasing CO, emissions are becoming ever more important. Renewable energy technologies
are advancing and along with carbon capture technologies, they promise to lower global emissions and
help combat climate change. Renewable energy sources can be used to form value-added chemicals
from captured CO, through a method known as CO; electrolysis. A novel approach to CO, electrolysis
is bicarbonate electrolysis, which uses carbon capture solutions directly to make products. By integrat-
ing the capture and conversion process this way, effectively bypassing the energy intensive steps of
CO,, recovery required for conventional gas fed operation, CO, conversion to products can become
even more sustainable.

The objective of this thesis is to explore ways to improve the selectivity of carbon monoxide (CO) in a
bicarbonate electrolyser. In this experimental study, focus is also placed on the stability of the process,
characterising the selectivity over time. Causes of selectivity decline are examined as well as methods
of improvement. Furthermore, the effect of pH on CO selectivity and stability is given special consider-
ation. Literature in the field of (bi)carbonate electrolysis was reviewed to gather understanding on the
process, to clarify recent advances made and to find areas for improvement. Based on the findings
from the literature review the experimental study was designed.

Experiments were conducted in a membrane electrode assembly (MEA) flow-cell in constant current
fashion, applying a current of 100 mA/cm?. The membrane chosen was a bipolar membrane (BPM) as
it offers the possibility of operating with distinct electrolyte environments, separating the 3M bicarbon-
ate catholyte from the 1M potassium hydroxide anolyte. Gas diffusion electrodes (GDE) were prepared
by spray-coating silver nanoparticles on the surface, using Nafion ionomer as binding material. An in-
terdigitated catholyte flow plate was used which ensured the bicarbonate would pass through the GDE
due to its discontinuous channels forcing the flow through.

By introducing a catalyst-membrane gap through inserting a hydrophilic porous spacer between the
GDE and the BPM, CO selectivity was improved from 50% to 78% in peak production, recording 55%
averaged over 3 hour operation. This enhancement in selectivity can be explained by the defined pH
gradient resulting from the gap, permitting a low pH at the BPM for protons to react with the bicar-
bonate, liberating i-CO,; and a higher pH at the catalyst for CO, conversion to CO while suppressing
the hydrogen evolution reaction (HER). An optimum gap was found to be 135 - 270 um. These re-
sults compare with the previously highest reported CO selectivity values from the literature at ambient
conditions and 100 mA/cm?. While improving the selectivity, the stability of CO was not improved by
the catalyst-membrane gap. The pH was found to affect both the selectivity and stability of CO, with
higher bicarbonate pH leading to reduced selectivity but improved stability. This behaviour is explained
by the reduced i-CO, liberation and increased carbonation reactions taking place at higher pH levels.
Moreover, it was shown that constant bicarbonate pH does not lead to improved CO stability. This
drop in stability at a constant pH along with the observed rising CO, availability led to the hypothesis
that a likely cause of reduced CO stability is unwanted changes taking place in the electrode during
electrolysis.

By investigation into the optimum catalyst-membrane gap along with in operando pH measurements
in the gap microenvironment, it is anticipated that CO selectivity can be improved further and valuable
insight acquired into CO stability. Research into electrode modifications during operation can likely
advance understanding of the stability of the process even more, bringing the sustainable process of
integrated carbon capture and bicarbonate electrolysis closer to industrial application.
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Introduction

1.1. Climate Change

Climate change can be defined as long-term changes in weather patterns and temperatures [1]. These
changes can occur naturally, usually over long time periods, however the rapid changes we are experi-
encing in modern times are driven by anthropogenic activities [2]. Since the industrial revolution began
in the 1800s, humanity has been releasing large amounts of greenhouse gases (GHG) into the environ-
ment through the combustion of fossil fuels. GHGs are mainly carbon-dioxide (CO,), methane (CHy),
nitrous-oxide (NO;) and fluorinated gases. These gases cause global warming by trapping the sun’s
heat in the atmosphere, causing temperatures to rise and resulting in more extreme weather patterns
with adverse effects on ecosystems. Rising ocean acidity, extreme heat and diminishing fresh water
supplies are just some of the problems associated. The Paris Agreement from 2015 states the goal to
limit the global temperature rise to 2°C by 2100, while striving for no more than 1.5°C, when compared
to preindustrial temperatures. However, for the year 2023 a temperature rise of 1.4°C has already been
recorded, and the 1.5 mark is expected to be passed for at least one of the next 5 years, although it's
hard to state when the limit has been surpassed officially as the agreement does not clearly state how
that should be determined [3]. Despite the agreement, emissions are increasing and are expected to
continue that trend in the near future [4], as current industries continue emitting and industrialization
takes place in many developing countries. According to a study that analysed national contributions
and policies resulting from the Paris Agreement, when comparing to emissions from the period 2005-
2015 it is stated that a best-case scenario would be a roughly 20% increase in emissions by the year
2030, with a 3°C temperature rise, noting a 4°C rise if no measures are taken [5]. It is therefore clear
that more is required to combat climate change.

Phasing out fossil fuels has already begun, with renewable energy sources like hydroelectric power,
wind and solar energy comprising an ever larger part of energy production. Technological advance-
ments along with government policies and research grants, pressured by public opinion, have helped
to bring about this recent surge in clean energy. Although clean energy is one important way to protect
the environment and combat climate change, it is not enough. A substantial part of the global power
sector is fossil-fuel run, and the average age of power plants is quite young. A drastic reduction in
their use would mean a dramatic financial loss. For example, according to a 2020 report by the IEA
(International Energy Agency), about a third of the world’s coal-fired plants is less than 10 years old
[6]. With a normal lifespan of about 50 years, they will most likely operate for quite some time into the
future. These power plants are also mainly based in developing countries, largely in Asia, which are
less able or willing to prioritize environmental goals over economically driven energy production due to
their developing status. In addition, there are still industries that rely on the combustion of fossil fuels,
for example to reach sufficiently high temperatures for the desired reactions to take place. Natural CO,
sinks also cannot keep up with emissions, or rather by doing so cause catastrophic effects on ecosys-
tems, such as rising temperatures and ocean acidification [7]. In order to achieve net-zero emissions
it is therefore also necessary to remove CO, from industrial waste streams as well as directly from
the environment through a process know as Carbon Capture (CC). Negative emissions can even be
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achieved via CC if industries remove more CO, from the environment than they emit, or purely function
in CC.

1.2. Carbon Capture, Utilization and Storage

Carbon capture, utilization ad storage (CCUS) is an important tool in the combat against climate change.
It is an integral part of meeting long-term climate goals, according to the IEA [6]. Carbon capture (CC)
refers to the removal of CO, from either flue gas (exhaust gas from industrial hydrocarbon combus-
tion) or the environment. The most developed and applied methods for removing CO, from flue gas
is chemical absorption [8]. Carbon capture directly from atmospheric air is most commonly done via
direct air capture (DAC). This method is already being applied worldwide, with 27 DAC plants currently
in operation and 130 in various stages of development [9]. The main problem with DAC is the high
energy consumption, owing to the fact that CO, is quite dilute in atmospheric air. Another promising
approach is removing CO, from seawater. The oceans work as a CO, buffer as CO, can dissolve in
water. The CO, reacts with water to form carbonic acid, which then dissociates to form (bi)carbonate
and protons, causing ocean acidification and adversely affecting crustaceans [10]. Recently developed
methods focus on reversing that reaction. They operate by acidifying seawater under applied voltage,
causing bicarbonate in the water to convert to CO,, which is then removed under vacuum and stored or
transported [11]. CO, capture from seawater has not passed the pilot scale yet, but there are a number
of companies currently working on it.

Captured CO, can either be stored or utilized. Storing CO, can be done by making use of emptied
oil and gas fields, or by pumping it into basalt rock layers where it mineralizes into stable carbonates
[12]. The most common method for storing carbon is however in saline aquifers [13]. Carbon capture
and storage (CCS) can be used in industry to reduce emissions, such as the cement and steel indus-
try, and in power plants [14]. Carbon capture and utilization (CCU) is another way of reducing carbon
emissions and fighting climate change. Most of CO, use today is direct use where the CO5 is bought
and used as is, for example in fertilizer production, enhanced oil recovery and the food and beverage
industry [15]. But CCU also brings the prospect of circularity as CO, can be chemically converted to
useful compounds such as fuels, chemicals, polymers and building materials. Not only does chemical
conversion of CO, offer up the prospect of a circular carbon life-cycle, but it can also create revenue
where value-added chemicals and products are produced. However, in order for CO, utilization to fulfil
its potential in supporting climate goals, detailed life-cycle assessments on the benefits and challenges
of CO, applications must be carried out [15]. Importantly, CC from the environment combined with stor-
age or utilization also brings the possibility of negative emissions, meaning that in theory more carbon
can be removed from the environment than is released, which is an important step in mitigating climate
change. One method of achieving net negative emissions is with a BECCS process (Bio-Energy with
Carbon Capture and Storage) [13]. Sustainably grown biomass is then burned instead of fossil fuels
for energy, applying CCS on the produced CO,.

There are many methods of utilizing captured carbon such as carbon mineralization, producing carbon-
ates for the construction industry; producing biofuel from microalgae which feed on CO,; and chem-
ical synthesis, whereby the captured carbon is used as feedstock for the production of other carbon
containing compounds such as plastics or urea [16]. CO, can also be converted into other carbon
compounds electrochemically. Electrochemical CO, reduction into value-added chemicals has been
receiving much attention recently. It introduces a solution to intermittency problems with many renew-
able energy sources, such as solar and wind energy, as excess energy in times of high output and low
demand can be utilized and stored as liquid fuels and various commodity chemicals. Common CO,
reduction reaction CO, products include carbon monoxide (CO), formic acid (HCO2H), methane (CHy),
methanol (CH3OH), ethylene (C,H4) and ethanol (Co,HsOH). Figure 1.1 shows an overview of these
CO,, reduction reaction CO,RR products, and compares the current fossil-based methods used to man-
ufacture each one [17]. Most of these currently applied processes require high temperatures and/or
pressures, as well as fossil fuels. CO,RR can be operated at ambient temperatures and pressures,
which brings higher process simplicity and safety. Electrochemical reduction of CO, can in theory be
a sustainable replacement for these current production methods when renewable electricity is used.
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Electroreduction of carbon dioxide

Formic acid Carbon monoxide Methanol Methane Ethylene Ethanol
HCOOH Cco CH,OH CH, C,H, C,H,OH
Methyl formate Coal gasification Syngas conversion Steam cracking Ethylene hydration
hydrolysis = 29%200272385 H, C.H, + H,0 = C,H.OH
CH,OH + CO - ' CO + 2H, — GH.OH ) C.H. = C.H. + (523-573 K, 6-8 MPa,
3 - 2 &) Major 2.0 Loy phosphoric acid-silica gel
HCOOCH, Steam reforming (473-573 K, component of other cracking talyst)
(353 K, 4.5 MPa, 2.5 wi% 5-10 MPa, products catalys'
sodium methoxide catalyst) | | CH, + H,O — CO + 3H, copper-zinc natural gas (reaction in a tubular Fermentation
(1,000-1,100 K, 1.5-4.0 oxide—alumina reactor with 773— -
HCOOCH, + H,0 — MPa, nickel-potassium catalyst) 953 K inlet, 1,048 CEH"O'SUEfC”S;sOIS +2C0,
HCOOH + GH,OH oxide catalys!) 1,148 K outlet) elng yeasts)

Current industrial production methods

Figure 1.1: Comparison of commonly produced CO,RR chemicals and their current production methods [17].

1.3. CO, Reduction Reaction

CO;, can be electrolytically reduced to form various compounds. Electrolytic reduction (electrolysis) is
a process wherein a current is applied over an electrolytic cell to drive a reaction. Such a reaction is
a reduction-oxidation (redox) reaction, where electrons are freed during oxidation and subsequently
used during reduction. Oxidation and reduction are so-called half-reactions, since they can be thought
of as parts of one reaction, as one cannot take place without the other. In CO, electrolysis, the anodic
reaction is usually the oxygen evolution reaction (OER). It uses water or hydroxide, depending on
application, to form oxygen and release electrons, as per reaction 1.1. In CO production from COo,
the corresponding reduction half-reaction is as per reaction 1.2. Together they make up the balanced
redox reaction (reaction 1.3).

AOH™ — Oq + de™ (1.1)
2H,0 + 2C04 + 4e™ — 200 + 40H~ (1.2)
2005 — 2C0 + O, (1.3)

A redox reaction requires at least two electrodes: a working electrode (WE) and a counter electrode
(CE). A third electrode, a reference electrode (RE) can be used but often the CE is used as a reference.
Whether or not a reference electrode is used depends on the focus of the experiment. The WE is
where the reaction of interest takes place, which can be the anode or the cathode depending on the
application. The reduction half-reaction takes place at the cathode, and the oxidation half-reaction at
the anode. In CO, electrolysis a potential is applied across the cell, making the cathode negative and
the anode positive. Electrons flow through an external circuit from the positively charged anode to the
negatively charged cathode under an applied current (or voltage), which is controlled with respect to
the cathode (the WE). The electrolytic cell is divided into two compartments by a separator, usually a
membrane, and each half-reaction takes place in its perspective half-cell. The separator prevents the
cell from short-circuiting and, as applicable, allows for controlled ion-crossover. The electrolyte’s main
purpose is to carry charges as well as transport reactants to and products from the electrodes.

1.4. Bicarbonate Electrolysis

The maijority of CO, electrolysers studied have been based on gaseous CO, feedstock, either as sat-
urated aqueous mediums or by directly feeding the CO, gas to the cathode without a liquid. Some
impressive advancements have been made, however there are inherent limitations on electrolysers
that depend on gaseous CO,. Namely, the saturation concentration of CO, in an aqueous electrolyte
is just 33mM at ambient temperature and pressure [18]. This results in CO, at the catalyst surface to
quickly become depleted, leading to limitations on maximum achievable current densities caused by
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mass-transfer related restrictions. The dissolved CO, also lowers the pH of the electrolyte, favoring
the competing hydrogen evolution reaction (HER). The CO, utilization (the ratio of CO, converted to
desired products to total CO, fed/released) of gas-fed electrolysers, especially those alkaline based,
has also usually been quite low [19, 20]. In addition, the separation and compression steps required to
produce purified CO, gas for utilization in gas-fed CO,, electrolysers is energy intensive and expensive.
Separation of unreacted CO, downstream also adds complexity and cost to the process [21].

CO2RR through bicarbonate electrolysis is a method that has surfaced in recent years as an alter-
native to gas-fed CO, electrolysers. Bicarbonate electrolysis also has the potential to be integrated
with CC (see section 1.6). In bicarbonate electrolysis, CO, and water are formed in the electrolyser
when HCOj reacts with protons (reaction 1.4). The protons can be supplied by a bipolar membrane
(BPM), which splits water to protons and hydroxide ions (reaction 1.5).

HCO; + HY — COs + Hy0 (1.4)

HO < HY +OH™ (1.5)

Bicarbonate electrolysis has the potential to overcome many of the difficulties of gas-fed electrolysers
by bypassing the need for gaseous CO,. Most importantly, by using liquid feed instead of gaseous,
the energy intensive and expensive steps of desorption and compression during traditional CC can
be avoided altogether. Bicarbonate electrolysers also have the possibility of reaching higher current
densities than the often diffusion-limited gas-fed electrolysers. This is because the carbon donor is
aqueous bicarbonate (HCO;'), which has a solubility limit of about 3.3M [18], 100 times higher than
gaseous CO,. In addition, CO, utilization via bicarbonate electrolysis has been shown to reach more
than 40%, which is double that of commonly reported utilization from gas-fed CO, electrolysers, which
is in the range of 1-20% [22, 23, 24].

When CO, reduction in alkaline electrolytes began to receive more attention, roughly 10 years ago,
it was believed that the bicarbonate was directly reduced to carbon products [25, 26]. A few years later
it was shown that the bicarbonate acts as carbon donor by converting to in-situ dissolved CO, (i — CO»,
locally released CO5) [27], via an acid/base equilibrium reaction (reaction 1.4). The CO, is then the pri-
mary electrochemically active substrate that is reduced on the catalyst to form carbon products. There
is general agreement in current literature regarding this reaction pathway, of HCO; to CO, to carbon
products, although the reaction mechanism is still not fully understood.

A problem faced in CO,RR are the unwanted side reactions of CO, and OH—, which lower the CO,
utilization and electrolyser efficiency. Dissolved CO, can react with hydroxide and form bicarbonate,
which can then further react with hydroxide again to form carbonate in so-called carbonation reactions
(reactions 1.6, 1.7):

CO;+0OH™ « HCO; (1.6)

HCO3; +OH™ + CO;™ + H50 (1.7)

At a high pH, carbonation will happen at a faster rate due to the higher concentration of OH~. CO,RR
loss will therefore be a problem in processes that require a high pH, such as multicarbon production
[13]. Controlling the pH of the electrolyser is therefore paramount for electrolyser efficiency, optimizing
the local pH levels and i — CO, concentration. Indeed, this area of research is acknowledged as highly
important in the literature. Another limiting factor is the competing HER, as previously mentioned. Due
to its simple reaction pathway, low adsorption/desorption energy and ever-present hydrogen atoms,
the HER proceeds favourably compared to CO,RR. In acidic conditions, the HER follows one reaction
pathway (reaction 1.8), while in neutral or alkaline conditions, it follows another (reaction 1.9.

2HT +2e~ — Hy (1.8)

AH,0 + 4e™ — 2Hy + 40H ™ (1.9)

Minimizing the HER is therefore also a focus in improving the efficiency of i — CO, electrolysers. One
method is to improve the hydrophobicity of the electrode, however the benefits of hydrophobicity is a
contested topic in the literature on (bi)carbonate electrolysis.
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1.5. Zero-gap Flow Electrolysers

For CO, electrolysis, the most commonly used reaction system is a flow-cell. The H-cell is a more
basic electrochemical cell which consists of two compartments divided by a membrane. It is often used
for initial experiments in screening suitable electrocatalysts [28] or for low current density experiments.
Flow-cells are preferred over the simple H-cell mainly because of improved carbon selectivity [29, 30,
31, 32], higher partial current densities [33, 34], and less distance between the electrodes. The most
frequent approach today to perform bicarbonate electrolysis is to use a zero-gap flow electrolyser, opt-
ing for a BPM for the membrane separator [35]. In a zero-gap design, the electrodes are separated
only by the polymer membrane. Figure 1.2 shows the components of such a set-up, which was used in
this study. The BPM lies between the anode and the cathode, delivering protons to the cathode and hy-
droxide ions to the anode by splitting water. The membrane and electrodes combined is often referred
to as the membrane electrode assembly (MEA). The MEA is sandwiched between the flow plates. The
flow plates deliver the electrolytes to the electrodes as well as collect the current, closing the electrical
circuit. Next to the flow plates are gaskets which serve to provide electric insulation, preventing loss
of charge. Thereafter come the cell housings, which provide structural integrity as well as deliver the
electrolytes to the cell and remove the products.

Gasket

(a)

Ni foam
gasket

GDE
gasket

Gasket

End plate

Ni foam

Ni current

collector
Ag GDE

Bipolar

Interdigitated flow ~ Membrane

plate and current

End plate

Figure 1.2: a) The components of a zero-gap flow-cell. b) An assembled (stacked) flow-cell.

1.6. Integrated Carbon Capture and Bicarbonate Electrolysis

Carbon capture and utilization (CCU) have typically been studied as seperate processes [35]. As pre-
viously mentioned, most CO, utilization requires purified CO, gas as feedstock. This involves the
energy intensive steps of desorption and compression of the CO, during carbon capture (CC), as well
as transportation, with associated costs and emissions. Desorption is an energy intensive and expen-
sive process, requiring high temperatures and a large amount of steam [13]. Integrating carbon capture
and utilization as a single process therefore has the potential to reduce the cost and improve the energy
efficiency of the overall CCU process significantly.

CO, can be captured in KOH solution, forming bicarbonate, which then acts as the carbon donor
forming CO; in-situ in the flow-cell for reduction. CO,;RR produce hydroxide ions as side products
(reactions 1.2,?2?,?7?), which can then replenish the KOH used to capture CO,. The alkaline offstream
from the electrolyser can be passed to an absorption column, where CO, from DAC or flue gas is bub-
bled through, and bicarbonate thus produced for further reduction via the same reaction pathway in
the backward direction of equilibrium (reaction 1.6). This way the carbonation reactions that reduce
CO; electrolysis efficiency are in fact taken advantage of in the CC step in an integrated CC and bicar-
bonate electrolysis process. Bicarbonate feed for electrolysis and hydroxide ions for carbon capture
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can then be circulated in the integrated system, forming a continous process. Figure 1.3 shows the
steps involved in an integrated CCU process based on bicarbonate electrolysis, as well as the energy
intensive steps that can be avoided. Here CO is the intended product. Importantly, in such a system
the hydroxide solution does not need to be replenished as long as production of CO matches the rate of
carbon capture [19]. In industrial applications, even when syngas (mixture of CO and H,) is practically
the only product [18, 23, 36], other products are also always formed to some degree. A separation step
would therefore have to be added for the circulating KOH to the absorber, to remove liquid products
such as alcohols and carboxylates (e.g. formate and acetate) and prevent buildup in the system.

CO, Capture CO, Recovery Pressurization Utilization
CO,-rich
CO Electricity —>
Waste @@ sorbent 2(0) I y
CO: -
L
sorbent
Absorber Desorber Compressor Gas-fed CO,

electrolyser

Bicarbonate electrolyser

KHCO, .,

KOH(aq) e co
SEeifeiy; ———
HO e >

CO, Recovery & Utilization This work

Figure 1.3: The diagram shows how the energy intensive steps of desorption (1) and compression (2) can be avoided by
deploying a coupled CCU bicarbonate electrolysis system, circulating KOH and KHCO3. The CO, feed to the absorber can be
from flue gas or DAC. Figure taken from [37].

1.7. CO Production and Market Outlook

COis an odorless, colorless and tasteless gas that is toxic to animals and humans. Typical manufacture
of CO is based on syngas production, for instance through steam reforming, followed by purification of
the syngas and finally extraction of the CO from the syngas [38]. Some advantages of producing CO
electrolytically is being able to operate at much lower temperatures as well as more sustainably, with
the possibility of using purely renewable energy and CO, sourced through CC as feedstock. Electro-
chemical product selectivity in CO,RR depends primarily on the catalyst. CO is often produced using
silver (Ag) [39], while copper (Cu) is used for C,, production [40].

CO has many industrial uses. It is mainly used as a feedstock for the production of polymers such
as polyurethane and polycarbonates, acids like formic acid and acetic acid, and phosgene gas which is
used to produce plastics and pesticides. CO also has applications in the pharmaceutical industry, the
automotive industry as well as the food and beverage industry as a preservative [41]. The CO market
was valued at 5.6 billion USD in 2022 and is expected to grow in the coming years due to an increase
in demand for organic and inorganic chemicals, projected to rise to 8.2 billion USD by 2032 [42]. CO
production is among the most economically efficient CO,RR products due to its high molecular weight
to electrons transferred ratio [43].

Most CO2RR research has focused on producing C4 products, since these reaction pathways are kinet-
ically more favourable than C, pathways, owing to the relative simplicity of the 2e~ transfer reactions
[30, 44]. However, C,.. production is also receiving a lot of attention today, as C,,. products have some
attractive qualities compared to C4 products. These qualities along with C,, production and market
perspectives are examined in section C.5 in appendix C.
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1.8. Research Topic

Bicarbonate electrolysis is a novel technology that presents a new method for CO, conversion, which
when integrated with carbon capture has the potential to produce value-added compounds sustainably.
This thesis focuses on the bicarbonate electrolysis aspect of the process. As CO, to CO is a relatively
simple reaction pathway, and CO is a valuable feedstock in many chemical processes, CO was cho-
sen as the intended product for the purpose of this study. (Bi)carbonate literature is reviewed along
with selected gas-fed CO,, electrolysis studies to gather information on cell and operation parameters’
influence on product selectivity and stability (change in selectivity over time). By selecting, combining
and modifying the most promising results from the literature, the objective of this thesis is to improve
a bicarbonate electrolysis system with respect to CO selectivity and stability. Special consideration is
given to the role of pH as it is considered a key factor in electrolyser efficiency.

The proposed main research question for this thesis is:
How can CO selectivity and stability be improved in bicarbonate electrolysis?

In order to assist in answering the main research question the following sub-research questions were
posed:

1. What are the parameters that influence CO selectivity in bicarbonate electrolysis?
2. What is the long-term stability of CO in bicarbonate electrolysis?
3. What is the effect of pH on CO selectivity and stability over time?

The goal of this research is to further the understanding of how CO production efficiency can be im-
proved in bicarbonate electrolysis. The hope is to provide insight that can also be used for different
CO, product processes, for instance C, products, which present more complex reaction processes.
Indeed, for future outlook references, this study includes an initial investigation into the effects of the
CO production system improvements uncovered in this work on C,, production using a bimetallic CuAg
catalyst.

This thesis is part of a larger project which aims to integrate carbon capture (DAC or purified CO,
from flue gas) with the production of value-added carbon products through bicarbonate reduction.

1.9. Chapter Overview

Following this first chapter, which provides context on the topic and states the research goals, comes
chapter 2 in which an overview of the literature reviewed for this project is provided. The most im-
portant advances in the field of (bi)carbonate electrolysis are clarified and the results as well as their
implications analysed. Chapter 3 explains the methodology of this work, outlining the experimental pro-
cess including the equipment, setup, reactor and operational parameters. Also outlined in this section
are the calculations associated with the project. In chapter 4 the results of the experimental work are
presented alongside discussion. Finally, chapter 5 provides the conclusions of this work as well as
recommendations for future research, based on the findings of this thesis.



Literature review

2.1. Preface

In this review, the most important recent developments in the field of bicarbonate electrolysis will be
examined. Most of bicarbonate electrolysis literature is directed towards C4 production, mainly CO, CH,4
and formate. Only one study was found that studies bicarbonate electrolysis to multicarbon products on
Cu [45]. Carbonate electrolysis is much like bicarbonate electrolysis, both technologies have recently
been developed to integrate a coupled CO, capture and conversion system [46]. In the literature,
these systems are sometimes discussed as (bi)carbonate systems, due to their similarities. In this work,
carbonate systems will also be examined, as they are quite similar to bicarbonate systems and because
of a low number of publications in bicarbonate electrolysis, especially using Cu catalyst. Selected non-
(bi)carbonate studies (gaseous-CO. electrolysers) are also included as their results might have an
impact in a bicarbonate system.

Products and Selectivity

Product selectivity in CO2RR has been shown to be highly dependent on the metal catalyst used as
cathode [40, 47]. Tin (Sn) and led (Pb) are selective towards formate [47], whereas gold (Au) and
Ag have been shown to be selective towards CO [39]. Back et al. have shown that Ag nanoparticles
are superior to Au nanoparticles for CO,/CO reduction, as they exhibit less HER as well as being in-
expensive compared to Au [48]. Indeed, a vast majority of CO,/CO research uses Ag as the chosen
catalyst.Copper (Cu) is the only known metal to be selective towards multicarbon hydrogen compounds
[40]. However, the selectivity of C, products varies significantly depending on the local environment
as well as catalyst modifications such as oxidation and the inclusion of other metals orionomers, among
other factors. In order to tweak the selectivity of Cu various modifications have been studied. Among
those is the addition of silver (Ag), for the intermediary production of CO, and so (bi)carbonate to CO re-
duction on Ag will also be discussed. The type of electrode is also important. The most frequently used
is a gas diffusion electrode (GDE), an electrode designed for gaseous electrolysers but also utilized in
purely liquid-fed operation. Other electrodes such as foams and meshes can also be used. lonomers
(ion containing polymers) have been shown to greatly affect carbon selectivity, particularly through HER
reduction and influencing local CO,:H,0 levels, and as such will be discussed. The effect of hydropho-
bicity on efficiency is an interesting topic, as it has the capacity to reduce HER thereby improving C,,
selectivity. Polytetrafluoroethylene (PTFE) is often used to this end, it can be added to the electrode or
the catalyst material itself. The role of the electrolyte cation in carbon selectivity is a topic that has been
receiving attention recently, with research suggesting methods to increase efficiency based on cation
identity and concentration in the electric double-layer. Most bicarbonate electrolysers are based on a
BPM MEA, and so the function and application of a BPM will be presented in this review. Furthermore,
operating parameters show a strong correlation with product selectivity. Applied current density, tem-
perature, pressure have been shown to impact efficiency and selectivity. In particular, a method known
as pulsed electrolysis has been shown to be beneficial by allowing the catalyst microenvironment to
revert to its original state, overcoming limitations caused by reactant deficiencies and changes in oxida-
tion states. Finally, a critical parameter for electrolyser efficiency is the pH. Maintaining local pH levels,
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namely low pH at the BPM and high pH at the catalyst, is paramount for CO, release and conversion
efficiency. As such, the addition of an interposer material has shown great promise to help control local
pH levels. An overview of the discussed factors on product selectivity in bicarbonate electrolysis on Cu
can be seen in table 2.1.

Table 2.1: Important factors on CO,RR selectivity and efficiency in bicarbonate electrolysis on Cu based on literature. The
parameters are specific subcategories of the factors that have been studied.

Factor Parameters

Catalyst Composition, loading, coverage, surface structure, oxidation state
CuAg tandem systems Catalyst ratio, positioning and layering, CO intermediate, lattice strain
Interposer CL-BPM spacing, pH and species behavior

Electrode Type (GDE, foam), thickness, porosity, stability

lonomer Type, loading, layering, effects on microenvironment

Hydrophobicity Location (in GDL or CL), loading

Cation Catholyte cation type, size, behavior in the Helmholtz double layer
pH Local pH levels

BPM Overpotential

Current density Catalyst morphology changes, selectivity at higher current densities
Electrolyte Type, concentration, flowrate

Temperature and Pressure | Reactant and intermediate kinetics, CO, solubility

Pulsed electrolysis Catalyst surface reconstruction, catalyst oxidation, microenvironment

2.2. Catalysts

2.2.1. CO production on Ag catalyst

As previously mentioned, most of (bi)carbonate reduction research has been focused on C4 production.
CO has received quite some attention, mainly due to its simple reaction mechanism and its many uses.
The Berlinguette group has been the most prolific in the field of bicarbonate electrolysis, publishing at
least 13 papers over the past few years on the subject. Their main focus is on C4 production, with
bicarbonate reduction to CO being one of the group’s main interests. In 2019, the group conducted
experiments in a BPM-based bicarbonate electrolyser [18]. They achieved 81% CO FE at 25 mA/cm?,
dropping to 37% at 100 mA/cm? at STP (standard temperature and pressure). Their study provided
a benchmark for bicarbonate electrolysis. In particular, they demonstrated that other carbon products
than formate can be produced from bicarbonate, and that electrolytes with and without a saturation
from a gas-CO, stream give comparable results. Lees et al. from the Berlinguette group improved
upon these results in 2020, reaching CO FE of 82% at a total current density of 100mA/cm? at STP
[23]. These formation rates - comparable to those of gas-fed CO, electrolysers - the group achieved
by eliminating hydrophobic constituents from the GDE and by optimizing for catalyst coverage and
loading. In the same study they tested the effect of pH on CO stability, finding that by reducing the pH
periodically (adding H,SO,), and replenishing the electrolyte, they were able to improve CO selectivity
which usually drops over time (see figure A.4 in appendix A). These two studies used GDEs coated
with catalyst nanoparticles. In 2022, Zhang et al. from the Berlinguette group performed bicarbonate
electrolysis using a free standing porous Ag electrode (Ag foam) instead of a GDE [37]. They attained
59% CO FE at 100mA /cm? using the Ag foam electrode, compared to 33% using a GDE control, which
included hydrophobic microporous layer. When they raised the pressure from the previous STP condi-
tions of 1 atm to 4 atm they saw 95% CO FE at 100mA/cm?, associated with a higher CO, solubility
at higher pressures. They also tested the effect of temperature, seeing the CO FE rise to 78% at 70°C
inlet temperature of the HCO; feed, which the group attributed to faster HCO; to CO, kintetics and
shifted equilibrium towards CO,. At higher current densities, a drop in CO production was observed.

In all 3 of the studies discussed above by the Berlinguette group a 3M KHCOj3 catholyte and 1M KOH
anolyte were used, and a BPM based flow-electrolyzer. The Berlinguette group has published papers
in recent years on various topics related to bicarbonate electrolysis, such as cation identity implications
on CO2RR rate [36] and permeability and its trade-off relationship with catalyst active site density [49],
among others.
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The Sargent group is another research group that has been very active in recent years, publishing
a number of papers on carbonate electrolysis as well as gaseous-fed CO, electrolysers. In 2019, Li et
al. from the group produced syn-gas in a 3:1 ratio of H, to CO from carbonate electrolyte, using a BPM
flow-cell and Ag GDE catalyst [50]. They achieved 28% CO FE at 100 mA/cm?. Their study also set
a benchmark in the field of (bi)carbonate electrolysis, demonstrating the possibility of producing CO
without gaseous CO, feed, with benefits such as improved energy efficiency and high CO, conversion
efficiency - something that many modern gas-fed CO;, electrolysers struggle with. A main focus of the
Sargent group’s research is C,, production on Cu catalysts as well as improving carbon and energy
efficiency of CO, electrolysers, producing at least 9 papers in recent years. An overview of the main
results of the discussed literature on (bi)carbonate reduction on Ag catalyst to CO can be seen in table
2.2.

Table 2.2: Main results of the literature discussed on Ag catalyst electroreduction to CO. B and S in the source column indicate
the Berlinguette and Sargent research groups, respectively.

Source | FEco[%] | Jiota[mAcm—2] | Catholyte Separator | Electrode | lonomer | Other
PVD film before

[50] S 28 100 1M K,CO3; | BPM GDE Nafion spray-coating,
carbon black in ink

[18]1B 81 25 3M KHCO3; | BPM GDE Nafion

[18]1B 37 100 3M KHCO3; | BPM GDE Nafion

[23]B | 62 200 3M KHCO; | BPM GDE Nafion | - VD film before
spray-coating

[23]B | 82 100 3M KHCO; | BPM GDE Nafion | VD film before
spray-coating

[37]1B 59 100 3M KHCO; | BPM Foam NA

[37]B | 95 100 3M KHCO; | BPM Foam NA Inlet electrolyte
pressure of 4 atm
Inlet electrolyte

[37]1B 78 100 3M KHCO; | BPM Foam NA temperature of 70°C

2.2.2. Cu catalyst systems

Cu’s ability as an electrocatalyst in the production of carbon products was discovered by Hori et al.
about 40 years ago [51]. Ever since, advancements have been made in efficiency and selectivity.
However, it is mainly in recent years that interest in Cu as an electrocatalyst has spiked along growing
interest in sustainability. A main issue faced is that Cu is not selective in and of itself, but can produce
a variety of carbon products. In the last few years, many have focused their efforts on steering the
selectivity of Cu towards certain desired products. It is clear that the selectivity depends on numerous
factors. Catalyst surface structure [52, 53], local pH levels and CO,:H, O ratio [54], cation concentration
[55], metal compositions and hydrophobicity [56, 45] and ionomer coatings [54] are but to name a few.
The underlying result is that by fine-tuning reactor and operational parameters, the product selectivity
of Cu can be manipulated in many ways.

A benchmark for (bi)carbonate electrolysis into multicarbon products was set by Li et al. from the
Sargent group in 2019, when in addition to studying syngas production on Ag catalyst they performed
reduction on Cu GDE catalyst [50]. At 250mA/cm? they recorded the highest hydrocarbon partial cur-
rent densities, producing about 14% multicarbon products (ethylene and ethanol).

Kim et al. performed multicarbon production in an electrochemical flow-cell using a Cu catalyst coated
on a PTFE microporous GDL support, using an anion exchange membrane (AEM) and a CO, saturated
CsHCO3 feed [54]. They studied how the Cu catalyst selectivity and activity can be tuned by tailor-
ing the catalyst layer microenvironment through ionomer layer addition. lonomers, or ion-conducting
polymers, are used as binder material for catalyst nanoparticles and for their ion selective conductive
abilities. Particularly Nafion, a cation exchange ionomer and Sustanion, an anion exchange ionomer
have been used to this effect (refer to 2.4 for a more detailed account on ionomers in CO,RR). The
group compared Nafion deposited layers with Sustanion and bare Cu catalyst. The Nafion layered
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catalyst produced lower HER and higher C,, FE, compared to bare Cu, while for the Sustanion layer
the product distribution remained the same but total current density was higher. They also tested water
concentration in the layers, and calculated the expected effect on local CO,:H, 0 ratio. As can be seen
in figure 2.1, hydration in the layers reduces in the order of Cu > CuSus > CuNaf, which agrees with the
product distribution results. Furthermore, the highest catalytic activity of the CuSus layer agrees with
the highest expected CO,:H,0 ratio. Sustanion’s high CO solubility can be explained by the presence
of high CO;, affinity imidazolium groups [57]. The effect of ionomers is discussed further in a separate
section, see section 2.4. The group further improved Cu’s C,_. selectivity and activity by incorporating
pulsed electrolysis. Pulsed electrolysis is a technique that has surfaced as a means to improve elec-
trolyser efficiency via resetting original catalyst microenvironment conditions such as high pH and high
CO, concentration [58] (see section 2.7.4 on pulsed electrolysis). Along with pulsed electrolysis, they
also tested the joint effect of Sustanion and Nafion layers on Cu. On a CuSusNaf catalyst coupled with
pulsing, they achieved the best selectivity, reaching 90% C,, FE and just 4% H,, caused by the high
CO,:H,0 in the Sustanion layer, and high pH caused by OH~ trapping via the anionic Nafion being
the outermost layer, as hypothesized. Kim et al. also studied the effect of electrolyte cation identity
on product selectivity by comparing LiHCOj electrolyte with the CsHCO3 electrolyte. The Li electrolyte
produced lower total current density across all tested catalysts, but the authors state that the qualitative
impact of the ionomers on Cu remains true regardless of electrolyte cation [54]. These observations
are reviewed further in a seperate section on the effect of the electrolyte cation in section 2.5. In this
study the researchers only ran experiments at low current densities (CD) of 10 and 20 mA/cm? (-0.8
to -1.15 V vs RHE (reversible hydrogen electrode)), citing mass transfer related difficulties that occur
at higher CDs. These CDs are too low for any industrial implications, and it is known that in addition to
mass-transfer effects CD impacts the morphology and surface structure of the catalysts, as well as the
oxidation state, which all impact the selectivity. The authors do note that whether the ionomers limit
electrolysis via ionic and/or mass transfer is an important issue, and mention only that it does not ap-
pear to do so at 10 mA/cm?. It is important to understand to what extent the catalyst surface changes
intrinsically during electrolysis at higher CDs, including the effect of ionomers. However, the study
serves well in furthering understanding of the system, particularly different compositions and layering
of ionomers on Cu catalyst and the effects on CO4:H,O ratio and local pH - key parameters in CO;RR.
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Figure 2.1: Water concentration (left) and CO,:H,O ratio (right) in different catalyst/ionomer/electrolyte configurations [54].

Lee et al. from the Sargent group performed a modeling and experimental study in 2023 [21], where
they improved upon the benchmark Cu carbonate electrolysis study from 2019 [50]. They studied local
pH and i-CO, concentration, achieving 47% C,., FE at 300mA /cm?, with roughly 30% C,H, FE. Impor-
tantly, total C4 compound concentration in the output gas stream was less than 1%, with no detectable
COs in the output, showing the minimal need for reactant separation and the resulting improved energy
efficiency that can be achieved with (bi)carbonate electrolysis. Such high CO, utilization is rare in the
field and raises some questions to the validity of the measurements. With that being said, as the pH
of carbonate electrolyte is quite higher than that of bicarbonate, usually over 11 compared to around
8.5 for bicarbonate, it is possible that any unreacted CO, reverts back to carbonates at a fast rate due
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to the high pH, which might explain the extremely low CO, in the output. The researchers conducted
modeling of BPM-based carbonate electrolysis system, looking to explain the behaviour of chemical
species in the reactor and to find reasons for low C,, selectivity. The modeling results showed that
local pH and species concentration is dependent on the spacing between the cation exchange layer
(CEL) of the BPM and the catalyst layer (CL), with the concentration of i-CO, mainly affected by the
distance of the spacing. According to the results, when the spacing is too small the pH at the CEL
only goes as low as 10 and so protons are inhibited by carbonate and hydroxide ions, preventing CO,
generation. When the spacing is too great, the long diffusion distances of the i-CO, increases chances
of CO, reconverting to HCO;" via carbonation reactions as the CO; reacts with OH~, lowering CO,
conversion. The optimal spacing according to the modeling results is between 130 and 270 um, where
the concentration of i-CO, surpassed 4 vol% at the catalyst, an important marker to reach meaningful
conversion rates at partial current densities of 100mA/cm? and above. In figure 2.2 the modeling re-
sults can be seen. The controlled local pH levels, low at the membrane and high at the catalyst can
be seen in the frame marked H, representing a spacing of 135 um. Across all tested applied current
densities, at this spacing the local pH levels can be separated. Experimentally, they found that at a
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Figure 2.2: Modeling results of species behaviour in BPM based carbonate electrolyser [21]. The effect of CL-BPM spacing
can clearly be seen, with the optimum spacing being 135 um (frames H and ).

spacing of 60 um, C,, FE was just 14% at 250 mA/cm? [21]. At a spacing of 130-270 um, they saw
40% C,, FE. If the spacing was too small or too large, the C,, selectivity was diminished as a result
of lower concentration of i-CO, [21]. The spacing was constructed by inserting an interposer material,
which was made of hydrophilic and porous mixed cellulose ester (MCE). The further improvement to
47% C, FE was achieved by adding a layer of cobalt phthalocyanines on carbon nanotubes (CoPCs-
CNTs) on top of the Cu layer, in order to improve CO to CO,, reaction kinetics. Furthermore, the group
performed integrated direct air capture and electrolysis, maintaining stable C,, FE of about 40% for
over 20h. The group switched to a CEM from a BPM for their experiments, citing a reduced full cell
voltage as the reason. The product distribution remained roughly equal for CDs ranging from 200-400
mA/cm? in the CEM and BPM systems without interposer and catalyst modifications, but it is uncer-
tain what the effect would be in a BPM based system that included the modifications. However, the
improvements in the system are impressive, and it is a promising avenue of research to see if a BPM
based (bi)carbonate electrolyser would benefit similarly. Main results from the literature on Cu C,
electroreduction discussed here can be found in table 2.3.

2.2.3. Catalyst loading and coverage on GDEs
Lees et al. also tested the effect of Ag nanoparticle catalyst loading on CO FE [23]. They varied the
catalyst loading from 0.5 mg/cm? to 5.0 mg/cm? and ran experiments using 100 and 200 mA/cm?
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current densities. They reached a maximum CO FE of 82% with an optimum loading of 1.3 mg/cm?
with the efficiency dropping at higher loadings. A possible explanation for this is that thinner catalyst
layers (i.e. lower catalyst loadings) have higher concentrations of CO, at the catalyst due to shorter
diffusion distances and thereby less interactions with the alkaline electrolyte, as was shown by Tan et
al. [59]. That group however used gas-fed electrolysis in their study. It is unclear if thinner catalyst
layers are also beneficial in bicarbonate electrolysis, where the CO,, is only released from the aque-
ous bicarbonate upon reaction with protons supplied by the BPM. Therefore the electrolyte must pass
through the GDE in order for CO, to be released. There have been limited studies done on the effect
of catalyst loading and CL thickness on electrolyser efficiency in bicarbonate electrolysis.

It should be noted that before spray-coating the GDE, the Lees et al. group deposited a thin Ag film
on the carbon substrate, by physical vapor deposition (PVD) [23]. The reason reported for doing so
by the Lees et al. group is that the researchers observed they were to achieve complete coverage
of the carbon paper with only spray-coating, citing a lack of hydrophobic microporous layer (MPL) on
the carbon paper as the reason. They do not however mention how well they managed to cover the
surface of a carbon paper that does include an MPL, which they did study as well. Catalyst coverage
of GDL is a topic that has not received much attention, and the author of this work was unable to find
other studies that examined it.

Other studies have also utilized this same method of first applying a thin catalyst film onto a carbon
substrate and then spray-coating nanoparticles of the same catalyst on top [50]. However, they usually
do not mention the reason for doing so. This presents an opportunity to examine if and to what extent
catalyst surface coverage is limited without a catalyst PVD film, as it would be time and cost effective
to skip that step if it is not necessary. Another variability is the application of catalyst layers via spray-
coating. As it is usually a manual procedure, the catalyst coverage will be imperfect and nonuniform,
and so difficult to replicate. Some researchers use a mechanical arm to perform the coating, but they
do not share the settings or specific setup. Most studies do not mention how the spray-coating is per-
formed. It is unclear to what extent the electrode preparation affects electrolyser efficiency. It would
be recommendable for researchers however to clearly explain the steps taken in the preparation, for
ease of replication.

2.2.4. Coupled CuAg catalyst systems

One of the reaction pathways of C,, product formation is the dimerization of CO-CO on Cu active
sites. An interesting approach in increasing C,, product efficiency is then to selectively increase CO
production in the system, which can then be further reduced to C,, products. This is the idea behind
bimetallic Cu catalyst systems, where Cu is combined with a second catalyst which exhibits good CO
selectivity, such as Ag. For example, in a 2019 study, Du et al. more than doubled the ethylene (C,H,4)
FE by utilizing a CuAg catalyst, when compared with bare Cu catalyst [60]. CuAg tandem catalysts
also have many desirable qualities over pure Cu. For example, CuAg is the most electrically conducive
of all Cu-based alloys, it has higher mechanical hardness as well as oxidative resistance [61].

Chen et al. performed experiments in a gas-fed CO, flow-cell, comparing CO and C, production
over Ag, Cu and tandem CuAg catalyst setups [56]. The electrolyte used was 1M KOH, paired with
an AEM, and the catalysts were nanoparticles coated on carbon paper, with Nafion binder. The group
found that CO production is the highest using pure Ag catalyst, but C,, production is the highest when
using a bimetallic CuAg catalyst system. Different Cu:Ag ratios were tested, with the optimum for C,,
selectivity being 2:1. At 400 mA/cm?, they saw 40% C,_. FE, with about 20% C,H, FE. They postulate
that CO produced on the Ag is a key intermediate for subsequent C,, production on Cu through C-C
coupling. Importantly, the group found that the normalized intrinsic activity of the CuAg catalyst was
higher than for pure Cu for both CO,RR as well as CORR. Furthermore, they hypothesize that the ac-
tive sites on each catalyst operate independently, i.e., the addition of Ag to Cu does not impact the Cu
structure or function. The group also mentions that one of the main issues is the reaction of hydroxide
with CO,, i.e. carbonation reactions, which limits the CO,RR. This obstacle can be at least partially
mitigated by using bicarbonate electrolysis, as CO; is in much less contact with the alkaline electrolyte
in such a system. HER suppression is typically also seen in Ag doped or alloyed Cu catalysts [62, 63],
attributed to faster H, kinetics on Cu than Ag. Such was not the case in this study, which the authors
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believe could be explained by the catalytic activity of Cu not being influenced by Ag atomic interactions.

Wang et al. performed CO, electrolysis in an H-cell using gaseous CO, feed and a Cu/CuO-Ag cata-
lyst foam [64]. They compared the Cu/CuO-Ag foam with a copper foam without Ag addition (Cu/CuO)
as well as with a copper foil electrode. At constant applied potentials, they saw increasingly higher
total current density going from Cu foil to Cu/CuO foam and finally Cu/CuO-Ag foam, indicating higher
catalytic activity of the silver doped copper foam. The C,, FE increased by two thirds by the silver
addition, with the C,H4 FE reaching about 40% and ethanol (C,HsOH) FE roughly 12%. They attribute
this success to the lowering of C-C coupling activation energy on Cu due to the high surface coverage
of *CO (adsorbed CO), as well as to the porous structure of the catalyst foam which induces temporary
CO trapping and subsequent binding on Cu active sites. Importantly, the researchers saw improved
C, selectivity with oxigenation derived Cu foam along with Ag when compared to Cu foam with Ag
without oxygen, indicating synergistic effects of the Cu oxide and the Ag. Although the total current
density was only about 20 mA /cm?, as the experiments were performed in a small H-cell, they do give
good insights into catalyst design for ethylene/ethanol selectivity. The silver doping was performed by
submerging the copper-oxide foam into silver nitrate, prompting the Ag atoms to galvanically replace
Cut ions in the foam. The group also spray-coated the catalyst with Ag NP. It is not clear why they did
so, but they do report that the longer the catalyst was submerged in acid during preparation, the larger
the average size of the Ag NP. Despite the good results it is likely that the Cu oxide will reduce back
to pure Cu during electrolysis at higher voltages, in which case the selectivity improvements should
subside. The fact that the group did experiments at such low potentials means that it is unclear if these
results would be beneficial for any industrially relevant cases, which require far greater current densities.

Lee et al. studied bicarbonate electroreduction on CuAg bimetallic catalyst systems [45]. Theirs is the
only bicarbonate electrolysis study found in the literature that performs electrolysis on Cu towards C,
products. They achieved about 42% C,, FE at 100 mA/cmZ, with 20% C,H4 FE and 15% (C,H50H)
FE. The group experimented with different Cu:Ag ratios and found that the optimal catalyst ratio was
1:1. Lee et al. reached the same conclusion as Chen et al. and Wang et al., i.e. that the inclusion of Ag
in the catalyst improved overall C+2 production through intermediate CO production on Ag sites which
in turn reduced to C,, on Cu sites. Figure 2.3 shows the setup of the flow-electrolyser, along with the
overall i-CO; to C,, product reactions. The group managed to improve the C,. selectivity through
step-wise modifications in the microenvironment around the catalyst layer, highlighting the importance
of the local conditions of the catalyst environment for product selectivity. Namely, they optimized their
system based on ionomers, local hydrophobicity and bilayer configurations. The best results were
achieved when the two catalysts were in separate layers, with Ag nanoparticles (NP) spray-coated on
top of a Cu NP layer, on a carbon paper substrate (GDE). The binder material was then Sustanion for
the Cu (anion exchange layer, AEL), and Nafion for the Ag (cation exchange layer, CEL). Positively
charged protons could then penetrate the AgNaf layer for conversion into i-CO, upon reaction with
HCO;', which was reduced to CO on the Ag. The CO could then further penetrate from the AgNaf to
the CuSus layer to be reduced to C, products, via C-C coupling on Cu active sites. The beneficial
high local pH in the CuSus layer caused by OH™ ion trapping in the AEL was also achieved via this
configuration. A diagram of the layered catalyst/ionomer system with the intermediary CO formation
can be seen in figure 2.4, along with the catalyst/ionomer layer configuration results. The inclusion
of hydrophobic polytetrafluoroethylene (PTFE) in the AgNaf layer, as well as opting for hydrophobic
carbon paper over hydrophilic, produced the best results. lonomers and hydrophobicity will be dis-
cussed in more detail later in this work (see section 2.4). The work of Lee et al. reports the highest
bicarbonate to C, conversion to date, as well as the highest bicarbonate to C4 products. As such, it
sets the benchmark for further research in the field. The study was mainly experimental, systematically
improving C,, selectivity through improvements. More thorough analysis of the reaction mechanisms
at play would however be beneficial, the lack of which reflects the need in current literature for deeper
understanding of the reaction pathways involved, as has been mentioned by many [56, 64]. As men-
tioned, the three studies on CuAg tandem catalysts discussed above agree on the role of adsorbed CO
as a critical intermediary in the reduction of CO, to multicarbon products. Peterson et al. discussed the
reaction mechanism of copper electroreduction catalysis to products such as CO and hydrocarbons
[65]. The proposed reaction mechanism of CO, to CO involves two main steps. First, both an electron
and a proton are transferred to a CO, molecule on the Cu surface, via reaction 2.1. Second, the CO,
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Figure 2.3: The BPM bicarbonate flow-electrolyser used in the Lee et al. study and the C,. product reactions [45].

intermediate is reduced to *CO by reacting again with a proton and an electron, as per reaction 2.2.
The * refers to an active binding site on the catalyst.

COy+ %+ H' + e~ — xCOOH (2.1)

«COOH + H' + e~ — xCO + HyO 2.2)

CO binds more weakly to Ag than to Cu [66, 67, 68], so the desorption energy barrier is lower leading
to higher CO production. In a CuAg system, the CO molecules can then either be transported through
a bilayer or be temporarily trapped in a porous foam, leading to a high *CO surface coverage on the Cu.
The further *CO reduction to a C,, product, such as ethylene, then takes place through the aforemen-
tioned C-C dimerization on Cu, which is hypothesized to be the rate determining step (RDS) [69]. The
presence of Ag catalyst in a Cu catalyst system has also been found to reduce the competing HER,
which has been attributed to the larger hydrogen adsorption energy of Ag compared to Cu [70].

In a study from 2017, the CO spillover theory (CO, to CO on Ag, followed by CO reduction on Cu)
is not believed to be the reason behind the synergistic effect of Cu and Ag in CO,RR [71]. Instead the
authors attribute C, selectivity improvements of CuAg systems to compressive strain in Cu surface
atoms, caused by the formation of surface CuAg alloys. Along with better C,, selectivity, a drastic
reduction in HER was seen in the study, which was also seen as a result of the lattice strain in the Cu
surface atoms. This surface lattice strain is noted as the cause of lowered HER through less favourable
hydrogen binding on the Cu atoms, which also leads to lowered oxophilicity and thereby lowered C-O
bond breaking, consequentially leading to a higher degree of carbonyl products (containing -C=0) at
the cost of hydrocarbons. A 2023 study also looked at the effects of lattice dynamics and strain on se-
lectivity in CO, electrolysis [72]. They found that the selectivity is correlated with lattice strain, caused
by applied voltage. Ag and Cu NP are found to agglomerate to distinct immiscible domains, the segre-
gated structure and lack of Cu/Ag interfaces suppressing CO spillover and C-C coupling and therefore
C,H4 formation, while promoting CH4. However, in these two studies ([71, 72]) the CuAg catalyst was
formed by melting and mixing the metals, forming the alloys with distinct crystal lattice structures. In the
studies discussed above which cited the CO spillover from Ag to Cu theory, nanoparticles are mixed
in ink and spray-coated onto carbon paper, either in layers [45] or mixed [56]. Lee et al. revealed with
cross-sectional EDS (Energy Dispersive X-Ray Spectroscopy) mapping that the Ag and Cu remained
in distinct layers [45], and Chen et al. showed with TEM (Transmission Electron Microscopy) measure-
ments that the CuAg NP was very agglomerated with no distinct morphology [56], which should prevent
any strain effects from occuring as the particles can move around under strain from the applied voltage.
Indeed, Chen et al. note that the typically suppressed HER seen in Ag doped Cu alloys, not being the
case in their study, might be because of Cu and Ag sites operating independently in their system. In
the study by Wang et al., Ag and O was incorporated into the catalyst respectively via acid treatment
and thermal annealing [64]. Although the researchers studied the atom distribution, which showed an
even distribution of Ag, O and Cu atoms before reduction, they don’t discuss possible changes in the
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lattice during electroreduction. It would be an interesting area of research to look at changes in mor-
phology - and possibly lattice - that tandem CuAg systems undergo during electrolysis, and to relate
those changes to product selectivity.

An overview of the main results of the discussed literature on bimetallic CuAg systems can be seen in
table 2.3, along with Cu catalyst system results.

Table 2.3: Main results of the literature discussed on Cu catalyst electroreduction to multicarbon products.

Source | Catalyst Cy4+ FE | CoHs FE | CoHsOH FE | Jiotal [mA/cmZ] Catholyte | Separator | Other
PVD film
[50] Cu GDE 14.4 10.1 4.3 250 K2,CO3 BPM before coating,
carbon black in ink
[54] Naf/Sus/Cu GDE ) 25 50 13 COz satd | ey Pulsed
CsHCOs3
[21] Cu/CoPc-CNT GDE 50 30 NA 300 K2CO3 CEM
[45] CuSus/AgNaf-P GDE | 41.6 20 15 100 KHCO; BPM
[56] CuAgNaf GDE 40 20 NA 400 KOH AEM
[64] Cu/CuO-Ag foam 52.5 40 12 20 NA NA H-cell

2.3. Electrode Types in Bicarbonate Electrolysis

2.3.1. Gas Diffusion Electrodes

Gas Diffusion Electrodes (GDEs) are porous electrodes with high surface area that are composed of
a gas diffusion layer (GDL) and a catalyst layer (CL). The GDL has several purposes. Firstly, it serves
as a structural support onto which the catalyst layer is deposited; secondly, it transports electrolyte to
the CL as well as gaseous and liquid products away from the CL; thirdly, it conducts electrons from
the current collector to the CL to drive the CO,RR [73, 74]. GDEs are developed for gas-fed operation,
wherein a 3-phase layer between the catalyst, liquid electrolyte and gaseous CO, exists and must be
stable during operation. If the CO,:H,O ratio becomes too low and water covers the CL excessively,
HER overpowers CO,RR. This is called flooding of the CL. Most GDLs are composed of a highly
porous carbon fibre layer. They often also include a microporous layer (MPL), which has been treated
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with hydrophobic polymers, such as PTFE. Figure 2.5 shows the components of a GDE.

QROrQUs layer

conductive

microporous layer (MPL)
hydrophobic & conductive

catalyst layer

Figure 2.5: The components of a gas diffusion electrode (GDE) that is utilized for the reduction of CO; into CO using Ag
catalyst [23].

Utilization of GDEs in (non gas-fed) bicarbonate electrolysis, where the carbon donor is the aqueous
electrolyte, is a quite different application. Despite the name, diffusion of gases through the GDL is now
not the focus, nor is maintaining a separate liquid and gas phase at the catalyst layer. Rather, the GDE
must transport the aqueous electrolyte through it so that HCO; can react with protons and form CO,
for reduction. The GDL must therefore be conducive to aqueous transport and not hinder it such as in
traditional gas-fed application of GDEs. Flooding is therefore not relevant in bicarbonate electrolysis,
however the interplay of H,O and CO,(aq) and CO,(g) at the CL is critical for efficiency. GDEs are by
far the most commonly used electrodes in both gas-fed CO, electrolysis and (bi)carbonate electrolysis
with the electrolyte as the carbon donor. Although GDEs are effective in gas-fed CO, electrolysis, it
is not clear if that is the case when aqueous feed is the carbon source. For instance, hydrophobic
constituents inhibit the transport of aqueous bicarbonate, reducing i-CO, formation, as was shown by
Lees et al. from the Berlinguette group [23]. However, as mentioned previously, Lee et al. showed
that including hydrophobic PTFE produced the best results in bicarbonate electrolysis on a GDE [45].
In that case, the PTFE can be assumed to act as both a promoter and a suppressor of CO,RR, as it
hinders aqueous transport but promotes CO,:H,0 ratio thus decreasing HER, and depending on the
application one or the other might prove to be more dominant. In addition, the carbon support has been
known to degrade during operation [75], and reproducible and uniform CL can be difficult to achieve
[76, 77], as previously mentioned. Other types of electrodes have been studied that might be better
suited for non gas-fed operation, these are mainly free-standing porous metal electrodes (foams and
meshes).

2.3.2. Porous Metal Electrodes

Free standing porous metal electrodes offer advantages over GDEs such as ease of fabrication and
durability [78, 79]. Such electrodes are indeed in current industrial operation in processes that use
aqueous liquid feedstocks similar to (bi)carbonate, for example in hydrogen production and the chlo-
ralkali process [79, 80]. Zhang et al. from the Berlinguette group compared bicarbonate electrolysis
using a GDE and a foam in CO production on Ag catalyst in 2022 [37] (see section 2.2.1 above). Ease
of fabrication, durability and resistance to impurities are some of the benefits the group mentioned for
using a foam catalyst. A slightly lower cell voltage was however noticed with the GDE system, despite
substantially higher conductivity of the metal foam electrode compared to the carbon based GDE. This
the group believed to be because of electrolyte resistance caused by higher volumes of electrolyte
being retained in the porous foam. Factors that can be tuned for lower voltage losses and product
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selectivity are thickness, pore size distribution, and surface roughness [37]. Importantly, thickness and
porosity are also parameters that can be modified in GDE for performance optimisation. Zhang et al.
saw higher CO FE between applied current densities of 100 and 300 mA/cm?, as can be seen in figure
2.6. The group also tested different inlet temperatures and pressures (section 2.7.3), and their overall
conclusion was that a silver foam electrode was more efficient in bicarbonate electrolysis than GDEs. It
should however be mentioned that the group had previously reached 82% CO FE at 100 mA /cm? using
a Ag GDE in their study from 2020 [23], in which they also found that CO production on Ag GDE from
bicarbonate benefitted from a GDL free of hydrophobic constituents, whereas in this electrode compar-
ison study they utilized a GDE that included a hydrophobic MPL. It is therefore not conclusive from this
comparison alone which electrode type is superior under optimum conditions for each electrode at STP.
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Figure 2.6: Comparison of a silver foam electrode and a silver GDE in bicarbonate electrolysis into CO [37].

Wang et al. used copper foam electrodes in their multicarbon CO;RR study [64] (see section 2.2.4).
They did not however compare foam electrodes with GDEs, but instead compared Cu foil electrode with
CuO foam and CuO-Ag foam. Unsurprisingly, the foam catalysts had higher roughness factors than
the foil, which has been linked with higher C,. selectivity on Cu. Both foam catalysts also displayed
higher current densities than the foil, indicating higher catalytic activity.

2.4. ITonomers

2.4.1. Nafion and Sustanion

lon exchange polymers (lonomers) are used in electrolysis with a GDE, both for their catalyst NP bind-
ing ability as well as for their ion selectivity and operating effects. High pH and high concentration of
i-CO, are critical in achieving high C,, FE, but these properties also increase the unwanted carbon-
ation reactions, i.e. formation of HCO; and CO; from CO,. Coating Cu catalysts with ionomers can
overcome this trade-off, as water content and ion transport can be tailored [81]. The two most predom-
inantly used ionomers are Nafion (a perfluorosulfonic acid, cation-conducting ionomer) and Sustanion
(a polystyrene vinylbenzyl methylimidazolium, anion-conducting ionomer). Table 2.7 shows thermody-
namic and CO, transport properties of Nafion and Sustanion, compared with an aqueous electrolyte
(0.1M CsHCO3). Water concentration is higher in Sustanion than Nafion, but CO, solubility in Sustan-
ion is much higher, due to imidazolium groups which have a high CO, affinity [57]. It is then expected
that the CO,:H,0 is higher in Sustanion than in Nafion, which was shown by Kim et al. [54] (section
2.2.2). The ionic conductivity for a 3M KHCOj solution is about 128 mScm-1 at 20°C [82], more than
double that of the aqueous electrolyte in the table, because of the higher molarity.

In addition to their other experiments, Lees et al. looked at the effect of Nafion loading on CO FE
and CL morphology [23]. At constant Ag NP loadings, they varied the Nafion loading from 2.5 wt% to
11.5 wt%. At 100 and 200 mA/cm?, they found that the optimum Nafion loading was 4 wt%. Nafion
less than 2 wt% caused Ag particles to detach from the GDE, and too high loading caused some of the



2.4. lonomers 19

Table 1] Thermodynamic and transport properties of aqueous electrolyte, Nafion and Sustainion

Aqueous solution Nafion Sustainion
Water concentration (M) Reported for bulk ionomer 55.6 221 (H*+ exchanged)® 48.9 (OH- exchanged)*
membrane 4.8 (Cs* exchanged)*
Measured for thin film on Cu 18.7 (H* exchanged) 24.9 (OH- exchanged)
4.4 (Cs* exchanged) 19.7 (HCO5 exchanged)
Reported CO, solubility for bulk ionomer membrane (mi) 34 36.1 (ref. +%) <703 (ref. )2
Moaole CO,/H,0 (a.u., x10-%) 61 82.0 (Cs*exchanged) <356.9 (HCO; exchanged)
CO, permeability (10" molcnm' s Pa™") 64.94 (ref. %) 8.70 (ref. %) <2.51 (ref. %)
lonic conductivity (mS crm™) 56.54" 70.1-200 (H* exchanged)®* 64 (OH- exchanged)*
11-20 (Cs* exchanged)*3+ 24 (HCO; exchanged)*

*Walues taken from the literature for imidazolium-based anion-axchanga membrane. "alue is for 0.1 M CsHCO, electrolyte.

Figure 2.7: CO, transport properties of Nafion and Sustanion, compared with an aqueous electrolyte. The table is taken from
[54], primary sources used in the table can be found in the paper.

catalyst to be completely covered by the ionomer, decreasing catalytic activity. It is not clear from this
study if this ionomer loading is optimal under different conditions, as the group only varied the Nafion
loading and no other parameters. It would have been interesting to see the effect of Nafion loading
paired with another parameter changed, such as the GDL or PVD film.

In the bicarbonate electrolysis study using CuAg GDE catalyst by Lee et al. (section 2.2.4), it was
found that the optimum ionomer loading was 20 wt% [45]. This is almost double the highest loading
that was previously explored by Lees et al. from the Berlinguette group. It is not clear which param-
eters are correlated here, since along with different catalysts many factors were different in the two
studies, but it appears that the optimal ionomer loading strongly depends on system parameters. Lee
et al. tested different compositions of the CuAg, Nafion and Sustanion, incorporating the catalysts
and ionomers differently into layers on the GDL. They found that the optimum composition was CuSus
on the GDL, with AgNaf there on top closest to the protons being released from the BPM. The group
principally attributes the success of their bi-ionomer bi-metallic catalyst to the favorable CO production
kinetics on Ag as well as to high local pH enabled by OH™ trapping in the Sustanion layer. Kim et al.
also looked at the effect of different layering of Nafion and Sustanion with Cu catalyst [54]. In figure
2.8, the product distribution variability depending on ionomer stacking is clear, as is the effect on H, FE
and C4:C,, production ratio. The OH~ affinity of the ionomers is also shown in the figure, explained
by the background charge. It is therefore evident from the results of Lees et al. and Kim et al. that the
catalyst microenvironment can be manipulated to favor CO,RR by varying the order of the ionomers
and their composition and loading in the GDE. The optimum conditions depend on the desired product
and system properties.

2.4.2. PTFE - Effect of hydrophobicity

GDEs utilized in gas-fed electrolysers are hydrophobic in nature. This is so that the 3-phase boundary
can be maintained and flooding prevented, as flooding of the pores of the GDE inhibit CO,, diffusion and
support HER [83], [73]. In bicarbonate electrolysers however the feed is aqueous, so the GDE must
be hydrophilic in this application to ensure reactant supply at the catalyst layer. Lees et al. concluded
that the addition of the hydrophobic constituents PTFE and an MPL were not beneficial to bicarbonate
reduction [23]. They maintain that is because there is less in-situ CO, released when the GDL is hy-
drophobic, as there is less contact between bicarbonate ions from the electrolyte and protons released
at the BPM. They confirmed this with experiments with catalyst free GDLs, measuring less CO; in the
outlet stream from a hydrophobic GDL system than systems without PTFE and MPL. Many others that
have studied bicarbonate reduction on Ag have opted for GDEs free of hydrophobic constituents, citing
the work of Lees et al. [84, 49, 83].

However, there is some indication that hydrophobicity might be beneficial in bicarbonate electrolysis.
That is based on the fact that suppressing the main competing reaction of HER is a key factor in im-
proving product selectivity. By adding hydrophobic constituents to the GDE, the CO,:H,O ratio can be
increased as well as CO,, transport in the CL, improving efficiency. Lee et al. found that by substituting
a simple carbon paper GDL with a hydrophobic one that had a MPL with 5wt% PTFE, they saw an
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Figure 2.8: The product distribution is dependent on the catalyst/ionomer configuration, with the highest C,_ production in

Naf/Sus/Cu (a), while HER is favored on pure Cu and the most suppressed on Naf/Sus/Cu (b). These results are correlated

with the CO,:H,O0 ratio in the layers and the ionomers background charge (c and d), with the optimum Naf/Sus/Cu giving the
highest ratio closest to the catalyst (c) [54].

increase in C, production along with a slight decrease in HER [45]. When they incorporated PTFE
into the catalyst layer as well, specifically the Ag layer, they saw a further suppression in HER as well
as an increase in C,, selectivity, with an optimum PTFE addition of 50wt%. The group saw the most
HER suppression when incorporating the PTFE only in the Ag layer, when compared to in the Cu layer
or both layers, as can be seen in figure 2.9. They attribute this to a likely HER domination on the
Ag layer, resulting from favourable H™ trapping through the negatively charged Nafion polymer in the
Ag layer, and the closer proximity to the BPM as they deposited the Ag layer on top of the Cu layer.
However, the group only varied the PTFE loading in the Ag layer. In addition to increased efficiency
due to suppressed HER, the authors mention that the hydrophobic microenvironment can increase the
transport of i-CO, and CO through the GDE, thus increasing CO,RR.

It is clear that an obstacle in CO,RR is the competing HER. In theory, including hydrophobic com-
ponents in the MEA should help combat the HER. However, the downside in aqueous electrolysis
is the reduction in aqueous transport through the GDE. Ultimately, it seems to be the case that the
inclusion of hydrophobic constituents will be a trade-off between the positive effect on CO,RR by lim-
iting water and proton contact with the catalyst and thus suppressing HER, and the negative effect of
reducing the flow of the aqueous electrolyte through the GDE. The extent to which one or the other
dominates and whether hydrophobic components can be beneficial in bicarbonate electrolysers most
likely depends on the application, configuration of components and the intended products. No studies
on hydrophobic constituents in other types of electrodes than GDEs was found in the literature. It is
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Figure 2.9: (a): The inclusion of hydrophobic PTFE in different layers, PTFE only in the AgNaf layer produced the best results
(a).(b): Different PTFE loading wt% in the AgNaf layer, 50wt% giving the best results [45].

clear hydrophobicity in bicarbonate electrolysers is somewhat of a contested topic, and thus presents
an opportunity for further research.

2.5. The Role of the Catholyte Cation

Electrolyte cation identity affects product selectivity [54]. As such, its effect in CO, electrolysis has been
the subject of research in recent literature, both in gas-fed and liquid bicarbonate electrolysis. The most
used electrolyte cation in bicarbonate electrolysis is K*. In 2021, Fink et al. from the Berlinguette re-
search group studied the effect of electrolyte cation in bicarbonate electrolysis to CO [36]. They found
that the cation identity does not impact the formation of i-CO,, but that CO, reduction to CO increases
as the cation ionic radius increases, with increasing CO selectivity in the order of Lit < Nat < K+ <
Cs™. This indicates that catalyst activity is affected by the cation identity. The group tested different
concentrations, the highest CO FE always being with the CsHCO3. These results are in line with sim-
ilar experiments in gas-fed CO, electrolysers [85, 86, 87, 88, 89, 90]. Importantly, at 3M electrolyte
concentration, the CO FE of Cs™ and K+ electrolytes was nearly the same (see figure A.2 in appendix
A). Additionally, the CO, utilization from Cs* and K* was nearly identical (see figure A.3 in appendix
A). Potassium might be a better option in that case, as it is inexpensive compared to cesium, and more
data exists in the literature on the use of K* in bicarbonate electrolysis. As there was no change in the
i-CO, formation, which is highly pH dependent, most likely the pH is not affected by the cation identity
[36].

Kim et al. tested the effect of cation identity on ionomer coated Cu catalysts, comparing LIHCO3 with
their catholyte of choice CsHCOj3; [54]. They found lower total current density and carbon product se-
lectivity in Lit exchanged ionomer layers, in agreement with previous studies [85]. Yang et al. studied
cation effects in a gas-fed CO;, electrolyser [55]. lon crossover in BPM electrolysers is usually an un-
wanted side-effect, but in this study the authors showed the benefits of K* crossover from the anolyte
to the cathode. They varied the concentrations of the anolyte KOH from 0.2 to 3M, and saw increasing
CO FE as a result, at the cost of reduced HER. At 200 mA/cm?, the CO FE and H, FE are similar, but
at a lower current density of 50 mA/cm?, the CO selectivity reached 68%. To decouple the effects of
K+ and OH~ (pH), the researchers tested an anolyte mixture of 0.2M KOH and 0.4M K,COj3, which
had the same pH as 0.2M KOH solution but a higher K* concentration (1M). The saw similar CO FE at
lower current densities, but at 200 mA /cm?, the CO selectivity was the highest with the anolyte mixture,
which the group hypothesized to be because of higher Kt crossover in the mixture than in 1M KOH.

Bui et al. have also studied the effect of alkali metal cations in bicarbonate electrolytes on product
selectivities on Cu [91]. They found that the selectivity of formate, ethylene and ethanol increased
with increasing alkali metal cation ionic radius, from Li* to Cs™. It is not clear from the literature what
mechanisms lie behind the observed increases in catalytic activity with larger cation ionic radii [92].
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However, one theory explains them through the Donnan exclusion principle. The hydration radius is in-
versely proportional to ionic radius for alkali cations [93, 94]. The C,,. selectivity increases can then be
attributed to the stabilized adsorption of reaction intermediates that have large dipole moments (*CO,
and *OC-CO) to the catalyst surface, caused by a stronger electrostatic field in the Helmholtz double
layer, which is a result of the smaller hydration radii of larger alkali metal cations [85, 94].

2.6. Bipolar Membranes (BPMs)

Bipolar membranes (BPM) are the most widely used in bicarbonate electrolysis [35], although cation
exchange membranes (CEM) and anion exchange membranes (AEM) are also used. CEMs and AEMs
facilitate the transport of either cations or anions, whereas BPMs are (ideally) non-permeable to ions
due to their composition of both positively and negatively charged layers. They consist of a negatively
charged cation-exchange layer (CEL), a positively charged anion-exchange layer (AEL), and between
them an interface layer (IL), which contains a catalyst [95]. The bipolar charge of the membrane that
occurs under applied voltage, along with the IL catalyst, drive the dissociation of water molecules into
protons and hydroxide ions. Dissociation of water BPM operation is called reverse-bias operation. The
CEL is then facing the negatively charged cathode, toward which the flux or protons is directed, while
the AEL is facing the positively charged anode, attracting the OH™ ions [96]. Conversely, if either the
BPM is reversed or the electric field is reversed by changing the flow of the current, the protons and
anions flow towards the BPM where they recombine to form water. This mechanism is called forward-
bias. BPM utilization in bicarbonate electrolysis can be seen in figure 2.10, which includes the flow-cell
components. The HCO3 reacts with H* released from the BPM to form i-CO,, which is then reduced
at the cathode to form carbon products. The OH~ produced on the anode side drives the OER.

flow plate bipolar
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Figure 2.10: The components of a bicarbonate flow-cell operated by a BPM in reverse-bias [23]. Water disassociates at the
BPM to form protons and hydroxide ions, which in turn drive the release of i-CO, for CO,RR on the cathode side, and the OER
on the anode side.

The benefit of using a BPM instead of a CEM or AEM is that it offers the possibility of creating sep-
arate, distinct environments on either side of the membrane [97]. This is beneficial in various scenarios
where the optimal conditions differ for the reduction and the oxidation reactions. BPMs make it possible
to use different electrolytes (catholyte and anolyte), and they make it possible to maintain a pH gradient
across the membrane. Another advantage of BPMs is that the release of protons is proportional to the
applied current density. This is a direct result of the fact that it is the voltage across the BPM, from
the positively charged CEL to the negatively charged AEL, that causes the dissociation of water and
proton production. Although this is beneficial in combating excessive HER, there is a certain energy
loss involved due to this water dissociation overpotential. This overpotential is quite significant at high
current densities, but an effective water dissociation catalyst can lower it, improving energy efficiency
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[98]. The overpotential of BPM use remains a downside in their application, it is a reason many cite in
opting for other membrane types. Research is being dedicated to combating the overpotential, and as
such remains an active area of interest. BPMs have in addition been shown to block CO, cross-over
and thereby reduce CO, losses [50, 99, 55].

Since BPM’s conception in the 1950s they have mainly been used in acid/base reactions [100, 101].
In 2016 they were first used in CO,RR [99, 102]. Since then there have been many advances made in
their application. However, no energy conversion technology that utilizes a BPM has reached industrial
scale yet [103]. To aid that development, BPMs with specifically tuned characteristics for each applica-
tion must become commercially available. Understanding BPM function, effects on product selectivity
and pH dependency is important because of CO,RR high sensitivity to pH and contaminations [99].

2.7. Operating Conditions

2.7.1. Current density

Applied current density affects selectivity in CO, electrolysis, generally the higher the applied current,
the lower the carbon product selectivity at the cost of increased HER, most likely because of faster
H, kinetics including diffusion and mass-transport, adsorption and desorption. It is also known that
the morphology of catalysts can undergo changes during electrolysis, changing the surface structure
and oxidation state of the metal, thereby changing the selectivity. This is in part due to the applied
voltage/current density, and becomes more apparent at high currents due to the increased strain on
the catalyst as well as catalytic activity. At higher current densities in bicarbonate electrolysis, the
selectivity of carbon products decreases and HER increases, dropping from about 40% at 100mA /cm?
to about 15% at 300 mA/c:m2 due to the faster H, kinetics, as for example Lee et al. saw in their
bimetallic CuAg study [45].

2.7.2. Electrolyte conditions

The effect of electrolyte flow rate on productivity was studied by Zhang et al. in their study using porous
silver electrodes [37]. They conclude that by increasing the catholyte flow rate paired with an interdigi-
tated flow pattern, CO selectivity improved. They attribute this to the higher convective mass transport
resulting from the increased flow through the discontinuous channels of the flow plate. No study has
been done on the effect of electrolyte flow rate and mass transport in (bi)carbonate electrolysis when
using a GDE, to the author of this work’s best knowledge. Most studies note their experimental setup,
including the catholyte and anolyte flowrates, but usually do not specify why the values were chosen.
Electrolyte volumes also vary depending on study, and are sometimes not mentioned. It is possible
that volume also affects product selectivity, and that remains an open area of research.

2.7.3. Temperature and Pressure

Changing the operating temperature or pressure also affects selectivity in bicarbonate electrolysis.
Zhang et al. showed that by increasing the inlet pressure of the 3M bicarbonate feed solution from
1 to 4 atm increased the CO FE from 55% to 95%, at 100 mA/cm? [37]. At higher pressures the sol-
ubility of CO,, in the electrolyte increases [104], decreasing the unwanted carbonation back reactions
between i-CO, as well as CO, breaking from the solution in gas form. They also saw that by raising the
inlet temperature of the feed solution from 20°C to 70°C increased the CO FE from 59 to 78% at 100
mA/cm?. The group expects the higher temperatures to increase the kinetics of HCO; reaction to CO>
and OH™, increasing reactant availability for CO,RR while simultaneously raising the pH, suppressing
HER. Garcia et al. from the Sargent group also tested the effect of temperature on CO, electrolysis
[105]. Using a Cu catalyst and gas-fed CO,, they saw over 50% increase in C, selectivity at 60°C,
compared with 20°C. They do however mention that despite higher temperatures increasing CO,RR ki-
netics, they also cause lower CO, availability and thus productivity in alkaline electrolysers. The group
does not cite a source for this, and it seems at odds with their own results, which clearly show higher
CO, conversion rates at higher temperatures in their highly alkaline conditions of pH =~ 15 (7M KOH
electrolyte). Operating at higher pressures and temperatures involve more process complexity and
higher energy cost, but the ulitmate effect on energy efficiency will depend on the ratio of the benefit
of higher CO, conversion and product selectivity versus the higher energy cost. Indeed, Zhang et al.
reported a rough 10% increase in cathodic energy efficiency when they raised the pressure from 1 to
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4 atm. No other studies were found that studied the effect of temperature or pressure on selectivity in
(bi)carbonate electrolysis. It should be kept in mind that increasing the temperature is not always pos-
sible and will depend on other parameters. For example, the maximum operating temperature of the
hydrophilic porous membrane used by Lee et al. in their catalyst-membrane gap study [21], is 70°C.

2.7.4. Pulsed electrolysis

Pulsed electrolysis is a method that has surfaced as a way to improve product selectivity and electrol-
yser stability in CO, electrolysis. Pulsed electrolysis is generally carried out in rectangular potential
pulse sequences. The cathode is then held at a cathodic potential for a fixed time period, and then
the potential is switched to anodic for another fixed time period [106]. Several studies have been con-
ducted in recent years on pulsed electrolysis in bicarbonate electrolysers using a Cu cathode, many
of which reported increased C,, selectivities and reduced HER under pulsed operation compared to
static [106]. The reason for the increased efficiency during pulsed electrolysis is the transient access
to optimal conditions on the Cu catalyst for CO,RR [91]. These transient conditions and the positive
effect are attributed in the literature to the formation of oxidized Cu species and reconstruction of the
Cu surface, the removal of H, and carbon compounds from the Cu catalyst surface and the adsorption
of OH™, raising the local pH and CO, availability at the catalyst [107]. Often the cathode potentials
have been chosen above and below the standard reduction potential of Cu (+0.42 vs RHE), in which
case the catalyst morphology is under constant reconstruction due to its oxidation and reduction [91].
Importantly, higher carbon product selectivity and reduced HER has also been seen when the poten-
tials chosen were both more negative than the standard reduction potential of the Cu catalyst. In these
cases at least, it is not the catalyst’s structure or oxidation state that is the cause of the improvements,
rather changes in the catalyst’s microenvironment.

Kim et al. from the Bell research group have published 3 papers in recent years where they study
among other things the benefits of pulsed electrolysis in CO2RR on Cu. In 2020, they showed how the
H, FE can be decreased from 22% to 11% and the C,, product FE can be increased from 68% to 81%,
which they attribute to the increased ratio of CO to H, adsorption on Cu during pulsed electrolysis [106].
In addition, they found that the ratio of oxygenated to hydrocarbon products increased, from 0.62 to
0.86. The group alternated between -1.15 V (vs RHE) and -0.8 V (vs RHE) at the cathode, holding
the -1.15 V for 25s and varying the -0.8 V pulses. The optimum time for the -0.8 V pulses was found
to be 10s. According to the authors, four variables need to be defined for pulsed electrolysis investi-
gation, namely the potential and time duration of each potential [106]. In 2021, the group investigated
ionomer coated Cu catalysts, optimizing the catalyst microenvironment (section 2.2.2). After optimizing
the ionomer composition and layering, when coupled with pulsed electrolysis the group achieved 90%
C, FE, with just 4% H, [54]. They alternated between the same potentials as in their previous study,
but this time alternated every 10s. The success of the pulsed electrolysis the group attributes to the
same mechanism that saw the optimum catalyst-ionomer layering being CuSusNaf, i.e. high pH in the
CL caused by OH~ ion trapping (due to the anion conductive Sustanion and the anion repellive Nafion)
and high CO,:H,0 ratio, caused by Sustanion’s high CO; solubility. These conditions were magnified
under pulsed electrolysis, leading to the high C,, production and low HER, according to the results. In
2022, the Bell group published another paper, where they detail their results from the 2021 study as
well as developing a model to further explain the differences in the catalyst microenvironment between
pulsed and static electrolysis [91].

Timoshenko et al. conducted pulsed electrolysis on a Cu,O nanocube catalyst [107]. They alternated
between oxidizing and reducing potentials of -1.0V (vs RHE) and +0.6V (vs RHE), with the duration
of the restoring anodic pulse of +0.6V just 0.5s, producing Cu oxide species. Their main result was a
twofold increase in ethanol production, when compared with static electrolysis. It is clear that pulsed
electrolysis can be beneficial in improving C,, product selectivity. However, the downtime during an-
odic potential pulses and the associated loss of production must be weighed against the selectivity
benefits. This trade-off of higher selectivity and production downtime does not receive much attention
in the literature on pulsed electrolysis, and so should be scrutinized thoroughly, especially for scale-up
considerations.

Most of the pulsed electrolysis literature feeds gaseous CO; into the electrolyte, and uses Cu catalysts.



2.7. Operating Conditions 25

One study was found that performed pulsed electrolysis using purely (bi)carbonate as the carbon donor
and Ag catalyst. Azumi et al. demonstrated similar improvements on selectivity and stability using Ag
catalyst as have been observed with Cu catalysts [108]. Using a Ag plate electrode and carbonate elec-
trolyte, they found up to 14% improved CO FE when periodically setting the potential at 0. Importantly
however, they only did experiments at very low current densities, recording at most about 3 mA/cm?
partial current density of CO. Such low current densities provide little insight into operation at mean-
ingful production rates. The impact of pulsed electrolysis using Ag catalysts paired with (bi)carbonate
electrolytes at meaningful current densities is thus as of yet unknown.



Methodology

3.1. Design of Experiments

The Design of Experiments (DoE) of this study refers to the planning, executing, results analysis and
subsequent reevaluation during the experimental phase. Specifically, itincorporated the following parts:

Identification of key parameters for the process of CO production from bicarbonate
Planning experiments to test identified key parameters
Execution of experiments

Analysis and interpretation of results, including parameter interactions that positively affect per-
formance and parameter interactions that negatively affect performance

5. Reevaluation of key parameters based on results, followed by repeating steps 2-5

HoObN -~

Due to the highly experimental nature of the project, hypotheses were constantly under reevaluation
based on findings. Experiments were performed in duplicates, occasionally triplicates, acquiring sta-
tistical data that granted information about the validity of the results. Due to time constraints towards
the end of the experimental phase, some of the last executed experiments were not performed in du-
plicates.

3.2. Materials, Consumables and Equipment

In tables 3.1 and 3.2 information about the materials, consumables and equipment used in this study
can be found, as well as the supplier for each item.

3.3. Methods

3.3.1. Electrode preparation

The electrodes used in this study were prepared by first cutting the carbon paper substrate (the GDL),
either Freudenberg H23 or Sigracet 39BB (Fuelcell Store), into pieces of 3x2.5 cm? using a box cutter
and ruler. The substrates were kept 3cm on one side to allow for extra space to keep them in place
during spray-coating. The edges were then cut off post spray-coating to get the final 2.5x2.5 cm? elec-
trodes. The 3x2.5 cm? carbon papers were sonicated in acetone for 10 minutes, and subsequently DIW
(deionized water, milliQ water) for 10 minutes, rinsing thoroughly in between with DIW. The electrodes
were then dried on an aluminum foil covered hot plate for about 15 minutes at 100°C, turned over once
about half-way through to ensure complete drying. The electrodes were then weighed to determine
their dry weight pre-spray-coating.

The catalyst-ionomer ink was prepared by pipetting 8 ml of IPA into an 8ml vial, 80 uL of ionomer
binder (Nafion 1100W 5%, Sigma Aldrich or Sustanion XA-9 5%, Dioxide Materials) and 84 +/-5 mg of
Ag catalyst NP (nanoparticles). The catalyst NP were weighed in a fume-hood using weighing paper,
subsequently poured into the vial by folding the weighing paper and creating a funnel-type opening in
the paper. For the PTFE containing ink, 10.9g of PTFE granules (>40um, Sigma Aldrich) were weighed
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originated from a past PhD student.

Item/Consumable Supplier

Peroxide cured EPDM sealing set, 0.5mm ElectroCell

Silicone rubber gasket, 0.2mm Unknown*
Polypropylene mesh for anolyte ElectroCell

PTFE tubing, naturel 3.96x6.35 mm (IDxOD) Polyfluor
LongerPump Platinum-cured Silicone Tubing Darwin Microfluidics
Ni flow plate, 2.0mm ElectroCell

Ti flow plates, 1.0mm ElectroCell
Stainless-steel flow plate, 1.5mm ElectroCell

BPM

Fumasep FBM-PK

Freudenberg H23 carbon paper

Fuelcell Store

Sigracet 39BB carbon paper, with 5%PTFE MPL

Fuelcell Store

Nickel foam, 2mm (approx 75 PPI) ElectroCell
MCE hydrophilic 8.0um membranes MF-Millipore
MilliQ water, 1.7 ppb TOC NA

Acetone, 99%

VWR Chemicals

Isopropanol (IPA), 98%

VWR Chemicals

Ag Nanoparticles, 20-40nm

Thermo Fisher Scientific

Cu Nanoparticles, 25nm Sigma Aldrich
Nafion 1100W 5wt% in water and propanol Sigma Aldrich
Sustanion XA-9 5wt% in EtOH Dioxide Materials
KHCO3, 99.95% Sigma Aldrich
K2CO3, 99.0% Sigma Aldrich
KOH, 85.0% Sigma Aldrich
NaCl, 99.5% Sigma Aldrich
PTFE powder, 40um Sigma Aldrich
Silica gel granulate 1-3mm (orange gel) Sigma Aldrich
Argon gas Linde
Nitrogen gas Linde

Aluminum foil

Thermo Fisher Scientific

Table 3.1: A list of the items and consumables used in the study. *The supplier for the silicone rubber gasket is unknown as it

Table 3.2: Information about the equipment used in the study.

Equipment Type/model Supplier

Flow-cell Micro Flow Cell 10 cm? MFC30010 ElectroCell

Potentiostat SP-200 Biologic Science Instruments
Pump BT100-3J Basic Peristaltic Pump Darwin Microfluidics
Pump heads LongerPump YZ1515X-B Darwin Microfluidics
MFC/MFM EL-FLOW Bronkhorst High-Tech
GC Compact GC 4.0 Interscience

HPLC 1260 Infinity I Agilent Technologies
ICP-OES Spectro Argos Sysmex

SEM/EDS JSM6500F JEOL

Ultrasonic bath | 2800 Ultrasonic cleaner 2.8L Branson

Spray-gun Custom Micron Absolute Precision Iwata

Stirrers/heaters | UC152D Stuart

Stirrers Topolino Ika

Scales ME204/MS204S/PR8002 Mettler Toledo

Vortex Vortex Genie 2 Scientific Industries
Pipettes Finnpipette F1, 10-100ul/100-1000ul/1-10ml | Thermo Fisher Scientific
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into 6 ml of IPA along with 44.9mg Ag NP and 30uL Nafion. For the bimetallic Ag-Cu experiments, 66
+/-5 mg of Ag or Cu NP were weighed into 6ml of IPA, and 360uL of ionomer (Nafion for the Ag ink,
Sustanion for the Cu ink) added. For the PTFE Ag-Cu experiments, 27.5mg of PTFE was weighed into
8ml of IPA along with 88 +/- 5mg Ag NP and 480uL Nafion. The ink was sonicated for 40 minutes in
an ultrasonic bath (2800 Ultrasonic cleaner 2.8L, Bransoln) and used within 30 minutes.

The carbon papers were spray-coated with the catalyst ink in a specially prepared fume-hood (pic-
ture ref.) using a spray-gun (Custom Micron Absolute Precision, lwata). For coating, 2 ml of ink was
pipetted into the aluminum ink cup at a time. Just prior to pipetting the ink was vortexed for 5 seconds
to ensure complete mixing. Catalyst loading was kept at 1.0 - 1.8mg/cm2. During spray-coating of the
catalyst ink the carbon papers were kept on an aluminum foil covered hot plate, which was set to 70°C
to ensure rapid evaporation of the IPA and settling of the Ag-Nafion layering. Nitrogen gas was used for
the spray-coating at a pressure of 0.6 barg. After applying the ink on the carbon papers, the electrodes
were kept to dry on the 70°C hotplate for about 10 minutes to ensure all IPA had evaporated. They
were then weighed and kept in petri dishes in a desiccator under vacuum.

For the catalyst surface coverage experiments, a thin layer of Ag catalyst was sputtered on top of
the GDL (H23 Freudenberg or Sigracet 39BB) using direct current magnetron sputter deposition tech-
nique - a form of physical vapor deposition (PVD). A layer of 500nm was sputtered at a pressure of 3
pbar in Ar at a rate of 3.125 A/s. Acknowledgement and appreciation go to Siddhartha Subramanian,
PhD candidate, who performed the PVD.

For the anode Ni foam (2mm thick, about 75PPI (pores per inch), ElectroCell) was used. It was cut into
2.9x3.3 cm? using a box cutter and ruler. The Ni foam anode was sonicated in DIW for 10 minutes for
cleaning, and kept in DIW until use. A picture of the Ni foam anode pre and post electrolysis can be
seen in figure B.1 in appendix B.

For experiments using interposers (spacers), hydrophilic mixed cellulose ester (MCE) membranes were
used (MF-Millipore). The membranes had a thickness of 135 um and pore size of 8.0 um, with a di-
ameter of 47 mm. They were cut into 2.5x2.5 cm? using scissors. Prior to experiments the interposers
were rinsed with DIW and wetted in 3M KHCO3 for 5 minutes.

The BPM used in this study was Fumasep FBM-PK. It was cut into 4.6x9.6 cm? using a box cutter,
matching the dimensions of the sealing gaskets. In order to always know which side was the cathodic,
the bottom right part was cut off with the cathodic side facing up. The BPM was stored in 1M NaCl.
BPMs were reused in this study multiple times but exchanged regularly.

3.3.2. Electrolyte preparation

The catholyte in this study was 3M KHCO3;. The 3M catholyte was prepared by first weighing 300.36 g
(+/- 0.5g) of KHCO3 (Sigma Aldrich, 99.95%) into a beaker. About 500 ml of DIW was then added to the
beaker and the solution transferred to a 1 L volumetric flask using a funnel while stirring. The flask was
then filled to the 1 L mark and the KHCOj3 dissolved by magnetic stirring for about 3-4 hours until com-
pletely dissolved. Low heat was applied while stirring to help with the dissolving, while still maintaining
the solution temperature below or at room temperature. The average pH of the 3M bicarbonate buffer
preparations was 8.07 (based on [H™], standard error of 0.06 based on pH measurements). For the
bicarbonate/carbonate buffers of pH 8.5 and 9.5, with the cation K+ molarity maintained at 3M, 500ml|
of each buffer was prepared. For the pH 8.5 buffer 137.0g of KHCOj3 and 8.9g of K,CO3 (Sigma-Aldrich
>/=99% purity) were weighed and dissolved in 500ml of water. For the pH 9.5 buffer 77.45g of KHCO3
and 50.24g of K,CO3; were weighed and dissolved in 500ml of water. For pH calculations refer to sec-
tion 3.5.4.

The anolyte used in this study was 1M KOH. The anolyte was prepared by weighing 56.11 g (+/-0.1g)
of KOH pellets (Sigma Aldrich, >85.0%) into a 1 L volumetric flask and filling to the mark with DIW. The
average pH of the 1M KOH preparations was 13.72 (based on [H™], standard error of 0.03 based on
pH measurements).
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3.3.3. Flow-cell set up and electrochemical experiments

The flow-cell was assembled in-house. It was a Micro Flow Cell 10 cm? MFC30010 from ElectroCell.
All the components of the flow-cell can be seen in figure 3.1, with numbers corresponding to each com-
ponent. The cell was assembled from the anode side up by first placing the anode cell housing (1) on a
small jar for ease of assembly. A 0.5mm EPDM sealing gasket (2) was placed on the anode cell hous-
ing followed by the anode current collector (3), which was made of Ni. Polypropylene meshes (5) were
placed where the flow enters and exits the anode part of the cell to break up the flow into the anode (6),
which was placed between the meshes in the middle of an EPDM sealing gasket (4). For the anode
2mm thick Ni foam was used (ElectroCell) The BPM (7) was placed on top of the anode. A thin silicone
gasket (8) of thickness 0.2mm was placed on the BPM, with 2.5x2.5 cm? space in the middle for the
cathode (9), which was placed there with the catalyst side face down. Next the cathode flow plate (10,
cathodic current collector) was placed on top of the cathode. The cathode flow plate was made of Ti
and had interdigitated flow pattern with channel dimensions of 1.0mm x 1.0 mm (depht x width). After
the cathode flow plate another EPDM sealing gasket (11) was placed in the assembly, followed by the
cathode cell housing (12). The flow-cell was then closed evenly with 6 bolts (13), tightening the bolts
oppositely for even pressure application. The bolts were tightened with a torque wrench to a pressure
of 3 Nm. Other flow plates used in this study had Serpentine flow pattern dimensions 1.0mm x 0.7mm
and 1.0mm x 1.5mm (depht x width), and interdigitated of dimensions 1.0mm x 1.5mm (deph t xwidth).
All cathode flow plates had thickness 1.0mm and were made of Ti, except for the 0.7mm channel dimen-
sion Serpentine flow plate, which was made of stainless steel. The anode Ni flow plate had thickness
of 2.0mm. The flow-cell assembled along with an interior view showing the cathode placement in the
silicone gasket can be seen in appendix B, figures B.2 and B.3.

Figure 3.1: The components of the electrochemical flow-cell used in the study. 1 and 2: Flow-cell housings; 2, 4 and 11:
EPDM sealing gaskets; 3: Ni anode flow plate; 5: PP flow meshes; 6: Ni anode; 7: BPM; 8: Silicone gasket; 9: Cathode; 10: Ti
cathode flow plate; 13: bolt, nut and washer.
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The 3M KHCOj3; catholyte volume was 70 ml, while the anolyte 1M KOH volume was 140 ml. For 14 hr
overnight experiments the electrolyte volumes were 1L and 0.5L, respectively. The electrolyte reser-
voirs were connected to the flow-cell via tubings (material, vendor), passing through the pump (BT100-
3J Basic Peristaltic Pump, Darwin Microfluidics). A secondary pump head (LongerPump YZ1515X-B,
Darwin Microfluidics) was added for the anolyte so the same pump could be used for both electrolytes.
The pump was set to 45.5 RPM which translates to 50 ml/min electrolyte flow.

The potentiostat used in this study was a SP-200 from Biologic Science. Leads equipped with alligator
clips were used to connect the potentiostat to the cathode and anode flow plates (current collectors).
The software to control the potentiostat was EC-lab. The experiments were operated in chronopoten-
tiometric fashion, i.e. where the current was controlled. The current was set at 500 mA corresponding
to 100 mA/cm? as the cathode active area was 5 cm? (Interdigitated 1.0mm flow plate).

The gas products formed on the cathode side of the flow-cell were analysed by a gas chromatograph
(Compact GC 4.0, Interscience). It was equipped with two thermal conductivity detectors and one flame
ionization detector. Samples were measured at 3 minute intervals during the experiments. Argon was
used as carrier gas in this study, at a flow of 100 ml/min. The gasflow was controlled via an EL-Flow
Bronkhorst mass-flow controller (MFC) through the software Flowsuite. The gas line was connected
to the inlet tube of the catholyte reservoir (the outlet tube from the cell) where it passed through the
tube and into the catholyte via a diptube. A second gas outlet line led from the catholyte reservoir to a
liquid trap filled with silica beads, which was to protect the succeeding mass-flow meter (MFM, EL-Flow,
Bronhorst) from moisture. The MFM preceded the GC and was used to determine the total gas output
flow from the system to the GC. Both the MFC and the MFM used in this study were calibrated for CO,.
In order to convert the CO, flow to Ar flow, as well as the gas output reading to include the Ar and
products, gas conversion factors were used (see calculations below, equations 3.8-3.10).

Experiments were run for between 30 minutes to 14 hours. The experiments were conducted in a
fume-hood. An example of the electrochemical setup during operation can be seen in figure 3.2. Elec-
trolyte samples were taken post experiments for pH measurement, liquid product detection and metal
detection. The electrodes were kept for SEM/EDX testing post electrolysis.

7

Figure 3.2: An example of the flow-cell in operation. Labeled in the picture are: 1: The flow-cell, 2: The 3M bicarbonate
catholyte buffer, 3: The 1M potassium hydroxide anolyte, 4: The electrolyte pump, 5: The potentiostat connection, 6: The
massflow-meter. In this picture the electrolyte volumes are 1L and 0.5L (catholyte and anolyte respectively), as this is from the
overnight 14 hour CO stability set of experiments.
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3.4. Chemical Reactions and Species

The carbonate equilibria system is an acid-base buffer system that involves the balance of carbonic
acid, bicarbonate, carbonate and carbon dioxide. The reactions in a neutral water system are as follows,
with the equilibrium constants noted for STP conditions:

COs + HyO — HyCOs K =347-1072 (3.1)
HyCO3 — HT + HCOy K=437-10""7 (3.2)
HCO3; — H' +CO35~ K =468 107" (3.3)
COs + HyO — HY + HCO3 K=151-10"8 (3.4)
COy + HyO — 2HY + CO;~ K=7.08-107" (3.5)

The dissociation of water equilibrium was used to determine the concentration of protons and hydroxide
ions based on the pH (reaction 3.6):

[HY]-[OH ] =1-10"" (3.6)

3.5. Calculations
3.5.1. FE and GCFs

The Faradaic Efficiency (FE) of product i was calculated by dividing the partial current (ic) of product i
with the overall applied current | 3.7:

le; CiMNe— -P-F-Q,
FE = I R-T- -1

Where c is the concentration of producti (ppm); n.- is the amount of electrons transferred in the overall
reduction reaction of product i, P is the pressure; T is the temperature; F is the Faraday constant (96485
s-A-mol~"), Ris the gas constant (Pa-m?®-mol~".K~') and Q is the total flow of gaseous species
(m®-s~—"). The concentration of the product was found by fitting the measured area (a.u., absorbance
units) of the product, as measured in the GC, on a calibration curve for said product. All experiments
in this study were performed at ambient pressure (101325 Pa), and room temperature (273 K). The
flow of gases, Q, includes the gaseous products, unreacted CO, as well as the carrier gas Ar. As
the GFC and MFM were calibrated for CO, flow, the measured output signal of the gas flow (Qn)
had to be corrected to represent the actual gas flow of Ar including products and CO, (Q,). To do so
the gas conversion factor of the mixture (GCF,x) was calculated for each GC measurement, using
the measured concentration and calculated gas conversion factor (GCF) of each component, then
correcting the signal for the actual flow, as per equations 3.8-3.10. The GCF and signal correction
calculations were based on the Bronkhorst manual, from the MFM supplier Bronkhorst [109].

(3.7)

GOF; = PNz "Nz (3.8)

Pi * Cpi

Where p is the gas density (g-L~") and ¢, (cal - g~" - K=") is the specific heat of the gas.

-1
o ¢ Cit1 Cn 108 — (¢; + cig1 + .. +¢p) 106
GCFniz = (GCE + GCFn + .t GCF. + GCFy 10 (3.9)
GCFmir
Qr - Qm . GCF002 (310)

3.5.2. CO, utilization
Amount of i-CO5, (in-situ CO,) generated was calculated via equation 3.11 and CO,, utilization to product
i via equation 3.12.

i = CO2 = CCOyprenerea + (0 Ci) (3.11)
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_ G
1— COsq
Where C; is the concentration of product i in mmol/L and n is the amount of carbons in product i. When

using Ag catalyst, the only products are C4, but for the experiments with CuAg catalyst, C, products
are also formed.

COs2 utili = (3.12)

3.5.3. Mass and charge balance
A carbon mass balance was set up to check the validity of the measurements and calculations. Total
carbon into the system equals total carbon that comes out:

Ci = Lout (313)

The starting molarity of the bicarbonate is 3M, which in solution will be distributed among the carbonate
species according to the equilibrium constants (see carbonate equilibria reactions 3.1-3.5):

Cin = [KHCO3)in, = 3M = [H2CO3)ip, + [HCOZ |in + [CO3 |in (3.14)

The concentration of carbon species coming out of the system will contain the carbonate species in
equilibrium along with carbon products and COs.

Cout = CCarbona,te species + Cproducts

N 9 (3.15)
= [HQOOZS]out + [Hcog ]out + [003 }out + Cproducts + COQ,unreacted

Where Ccarvonate species 1S the concentration of carbonate species and Cproqucts is the concentration of
carbon products. The concentrations of the carbon products were measured via GC and HPLC. To
convert from unit ppm to molarity, the following formula was used (equation 3.16):
PPMgas * T1htt air voture * Paas

M, as —
g MWgas

(3.16)

Where p [g - L—"]is the gas product density and MWgas [9 - mol~"]is the molar weight of the gas product.
The concentrations of the carbonate species depends on the pH of the solution as the carbonate buffer
system is an acid-base equilibrium. The relative concentrations of the carbonate species, pre and post
electrolysis, were calculated based on the measured pH values. That was done by solving a system
of equations in python, i.e. with 3 unknowns being the 3 carbonate species, and using 3 equations:
carbonate reactions 3.2 and 3.3 along with the charge balance of the bicarbonate buffer (reaction 3.17):

[HyCO3] + [HCO3™] +2[CO3 ] = [HT] + [KT] (3.17)

Where the concentration of potassium ions, [K*], is 3M, as per the initial concentration of KHCO3. In
these calculations the effect of CO, in the equilibria was neglected for simplicity.

3.5.4. pH calculations for buffers

The electrolyte pH was measured pre and post electrolysis. The theoretical pH of the 3M bicarbonate
buffer was compared with measured values. To calculate the theoretical pH the average of the pK,
values for reactions 3.2 and 3.3 was taken. This simple calculation can be done since bicarbonate in
water is amphiprotic, meaning it acts as both an acid and a base (equation 3.18):

pKa,l + pKa,2

H:
P 2

(3.18)
To prepare the bicarbonate-carbonate buffers of pH 8.5 and 9.5, the same 3 equations as above were
solved with the same unknowns, with the addition of the fourth equation being the carbon mass bal-
ance (equation 3.15) and a fourth unknown being the total concentration of carbon species, Cy, as the
concentration of potassium was kept constant at 3M for the preparation of these buffers. It should be
noted that for these calculations, the target pH of the buffers was 9.0 and 10.0 respectively, and the
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resulting species concentrations used in the calculations were based on that. However the measured
experimental pH values were lower, 8.5 and 9.5. This can be because of experimental variability com-
pared to theory, but also because CO, equilibria were disregarded.

Python code for the calculations can be found in appendix B, figure B.4.

3.6. Liquid Product Detection

Post experiments, catholyte samples were analyzed for liquid products using a high-pressure liquid
chromatograph (HPLC) (1290 Infinity I, Agilent). 5 ul of sample was injected into two Aminex HPX-87
H columns (Biorad) which were aligned in series. The columns were heated to 60 °C, the eluent was 1
mM H2S04 in milliQ water and a refractive index detector (RID) was used for the detection of products.

3.7. Electrode Characterization

SEM (Scanning Electron Microscopy) and EDS (Energy Dispersive Spectroscopy) were performed to
characterise the cathode surface areas pre and post electrolysis. The SEM/EDS was done using a
JSM6500F from JEOL. For SEM the working distance was set at 10cm, the voltage used was 15kV
and the resolution 1280x1024 pixels. For EDS the working distance was 25cm and the resolution
256x202 pixels.

3.8. Metal Detection

Post experiments, a sample of the catholyte was measured for metals using an ICP-OES (Inductively
Coupled Plasma - Optical Emission Spectrometry, Spectro Argos from Sysmex).



Results and Discussion

4.1. Overview

In this chapter the results of the study are presented. First, a brief overview of the different parts of the
experimental work is provided, outlining the goal of each segment, the variables studied and experi-
ments conducted. Second, each segment is discussed in more detail. Here perspective on the study
with regard to current literature is presented, explaining why the experiments were chosen. Next the
experiments and conditions are outlined, followed by the results and finally discussion. Intermediate
conclusions are provided at the end of each segment.

The experimental part of the study can be divided into five parts: Initial tests; Parameters for CO
selectivity; CO stability; Effect of bulk pH and finally Bimetallic Cu-Ag electrolysis. The five parts are
presented in a flowchart below (figure 4.1, which includes the goals of each segment and variables
tested. The first experimental part aimed at gathering understanding on the system and establishing
good working conditions and parameters for the remainder of the study. A few initial factors were
tested to see if they had a significant impact on CO selectivity. In the second segment key factors that
influence CO selectivity were examined, with the goal to improve CO selectivity. Here hydrophilic and
hydrophobic carbon paper supports were compared in unison with surface coverage and flow patterns.
A gap between the catalyst and bipolar membrane (BPM) was also introduced. The third part revolved
around characterising the long-term stability of the process of bicarbonate reduction to CO, and exam-
ining ways to improve that stability. Stability is defined in this study as the change in selectivity over
time. Here 3 hour and 14 hour runs were carried out, comparing the stability of systems with different
catalyst-BPM spacing. Pulsed electrolysis was also tested. In the fourth segment of the experimental
phase, the effect of catholyte pH on CO selectivity and stability was examined. Inlet (starting) pH was
varied as well as studying constant (single-pass) pH. Finally, initial experiments using bimetallic Cu-Ag
catalysts were carried out in part five, with the aim to see how the system optimisation carries over to
bimetallic catalyst operation. This segment can be viewed as an addition to the main topic to serve as
a reference for future outlook.

In total about 100 experiments were carried out in the course of this study. Experiments were per-
formed in duplicates except otherwise mentioned, with error bars shown on graphs calculated as stan-
dard errors (via standard deviation). For each experiment electrodes were prepared as explained in
the methodology (chapter 3). An overview of the experiment results presented here can be found in
table C.2 in appendix C.7. Liquid products were not measured for all runs as the only product formed
was formate, and always in low quantities (< 4%). As such, formate was omitted when presenting and
discussing the results. For reference, an overview of liquid product measurements can be found in ta-
ble C.5 in appendix C.7. The potential profiles of the 100 mA /cm? controlled current operation showed
little changes over time or when changing parameters, with the full cell potential measured between
3.4 and 3.7 V. As energy efficiency is outside of the scope of this project, emphasis was not placed on
reporting potential trends. In the experiment result overview in table C.2, average cell potentials are
recorded. In section C.6 in appendix C examples of potential profiles from experiments can be seen.

34
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Goals: Establish a working system,
overcome initial problems, identify

1.A Initial tests parameters for CO selectivity
Variables: Catalyst loading, Nafion
loading, PTFE addition

Goals: Test and identify parameters for CO
selectivity, improve CO selectivity

Parameters for CO

Variables: GDL, GDL sonication, catholyte
SeleCtIVIty flow pattern, catalyst surface coverage,

spacers
Goals: Characterise the long-term Goals: Determine the effect of bulk
stability of CO production, test stability catholyte pH on CO selectivity and
3. cO Stab|[|ty improvement measures ) 4. Effect of Bulk pH stability
Variables: Duration of runs, applied Variables: Inlet (starting) pH, single-
voltage (pulses), spacers pass (stable) pH

Goals: Perform initial testing of CuAg

Bimeta lliC CU-Ag h\carbor\ate electrolysis to examine how the
system improvements translate to C,.

Electrolysis production
Variables: Catalyst (CuAg), PTFE, spacers

Figure 4.1: A flowchart showing the different parts of the experimental phase, includuing the goals and variables of each
segment.

4.2. Initial Tests

4.2.1. Ag, Nafion and PTFE loading

The goal with the initial experimental phase was to establish the cell and operating parameters for the
system and to achieve 30-40% CO FE, reproducing state-of-the-art literature results. This part included
the process characterisation, i.e. defining electrode preparation methods and basic cell and operating
parameters; and method of calculating results. This provided the basic process that was used in sub-
sequent experiments for varying factors for process improvement in terms of CO selectivity and stability.

Factors that were varied in the initial part include the silver catalyst loading, Nafion loading and PTFE
addition in the catalyst layer (CL). The catalyst loading experiments were performed to see whether
CO selectivity was dependent on catalyst loading. It is hypothesised that there exists an optimum Ag
catalyst loading, where too low loading would result in insufficient catalyst surface coverage of the gas
diffusion layer (GDL) and thereby increased HER; and too high loading would result in increased HER
through easier access by protons to active catalyst sites that are not reachable by CO,, by virtue of
diffusion distance and thickness of CL, as increased diffusion distance of CO, increases the rate of
carbonation reactions. Nafion loading experiments were conducted based on results from Lees et al.,
who found that Nafion loading was optimal between 2.5 and 11.5 wt%, specifically 4wt%. The goal was
to verify that Nafion loading is important in bicarbonate electrolysis, expecting lower CO selectivity at
30wt% due to more of the catalyst being covered by Nafion, reducing active surface area.

The results of the initial experiments discussed here can be found in appendix C, figure C.1. The
results of these experiments were inconclusive, with no significant impact on CO production seen, as
the CO FE remained around 30% for all variables, lower than reported literature results at the same
current density of 100 mA/cm? (see 2.2), which are in the range of 30-80%, depending on system pa-
rameters. This does not prove that catalyst and ionomer loading does not affect CO selectivity, but in
the range tested (1-3 mg/cm? Ag catalyst and 3-30wt% Nafion), for the system used in this study, there
is no impact observed. The expectation was that the 30wt% Nafion would show lower CO selectivity,
which was not the case. This might be due to different cell factors when compared to the study of Lees
et al. Namely, interdigitated flow pattern and hydrophobic 39BB is used in this study compared to ser-
pentine flow pattern and hydrophilic H23 in the Lees et al. study. These system differences prompted
a closer look at the role of catholyte flow pattern and the GDL in bicarbonate electrolysis (see sections
4.3.1 and 4.3.2). As no difference was seen for catalyst and Nafion loading variations, for the remainder
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of this study the catalyst loading was kept between 1 and 1.8 mg/cm? and the Nafion loading was kept
4wt%. That loading range is also in line with results from Lees et al., where the optimum Ag loading
was found to be 1.3 mg/cm?, and the Nafion content to be 4wt% [23]. The group did however first
deposit a 500nm Ag film by PVD pre spray-coating, as discussed in section 2.2.3. The group did not
test the effect of catalyst loading without a PVD film. The effect of catalyst surface coverage on CO
selectivity is further examined in section 4.3.4. PTFE of 20wt% was included in the Ag catalyst layer for
the PTFE experiments to examine whether increased hydrophobicity would lead to improved CO selec-
tivity through HER suppression. However, as can be seen in graph c) in figure C.1, no effect was noted.
It is possible that any improvement in CO selectivity is negated by reduced CO, to CO conversion as
less catalyst active sites are available with the added PTFE covering much of the catalyst.

4.2.2. Troubleshooting - Defining how results are reported

During an investigation into system and operating conditions as well as literature to discover the cause
of the limited CO production, it was uncovered that in the (bi)carbonate literature there seems to be a
lack of explanation regarding how the results are reported, specifically whether they are single mea-
surements or averages over time, and if they are averages, over which time periods. Through email
correspondence with a member of the Berlinguette group, it was verified that the values reported are in-
deed single measurements, i.e. peak measurement values, taken after 5 minutes of electrolysis (Yong
Wook Kim, email correspondence, 23FEB2024 - 06MAR2024). Following that discovery, the results
of the initial experiments (catalyst, nafion loading and PTFE addition) were recalculated, averaging
over the first 20 minutes of the experiments, giving around 35% CO FE, with peak values around 40%.
Figure C.2 in appendix C.1 provides a view of the different results that can be optained by varying
the calculation method. This discovery also highlighted what seems to be a trend in the (bi)carbonate
literature to focus on peak production values, and to overlook stability of production over time. This
prompted a separate stability study, which can be found in section 4.4. During this investigation into
the cause of the limited CO production a table was prepared which provided a comparison of various
cell and operating parameters between this study and comparable studies (table C.1 in appendix C.7).

During the investigation into the cause of lower CO production, it was also discovered that the pH
of the catholyte was unusually high. It was measured at 9.45, significantly higher than the theoretical
pH of a bicarbonate buffer of 8.35. It is unclear what caused this high pH, as the preparation of the
buffer remained the same throughout the study. However, regular maintenance was carried out on
the milliQ water dispenser around the same time, where a filter was exchanged, after which, the pH
of the bicarbonate buffers were measured in the range of 8.0 - 8.26. It is possible the filter changing
coincides with the variation of the catholyte pH, but as there is no record of when it was performed
and no samples remain it cannot be verified. An average bicarbonate pH of subsequent preparations
was 8.07 (based on [H*], with a standard error of 0.06 based on pH measurements). As pH was now
suspected to be a factor in limited CO selectivity in the system, it was measured before and after each
run for the remainder of the study for control, as well as for each electrolyte lot, and it's effect was
studied specifically in a separate set of experiments (see section 4.5).

NiO, tends to form on the nickel (Ni) foam anode during operation. This can be noticed by the black-
ening of the Ni, which dissipates slowly over time if the Ni is kept in water, or if sonicated. However
it is unlikely that NiO, formation on the anode affects CO selectivity or stability, rather it most likely
contributes to increased overpotential due to the NiO, limiting the active surface area of the Ni as well
as the conductivity of the anode due to NiO,’s insulating effect. As energy efficiency is outside of the
scope of this study, it was not examined further. However, for sake of reproducibility, a fresh Ni foam
anode was used for each experiment for the remainder of the study.

Intermediate conclusions from the initial tests segment of the study:

1. No effect of Ag or Nafion loading on CO selectivity observed in the range tested for the system
used in this study

2. No effect of 20 wt% PTFE in CL on CO selectivity
CO stability is often overlooked in (bi)carbonate literature, with focus on peak values
4. The pH is a key parameter for CO selectivity

w
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4.3. CO selectivity

4.3.1. Carbon paper support

An important factor on CO selectivity in bicarbonate electrolysis was hypothesized to be the carbon
paper support (the GDL). GDLs can be distinguished by three main factors: thickness, porosity and
hydrophobicity. In this study the effect of the hydrophobic nature of GDLs on CO selectivity was ex-
amined. It is mainly the presence of a microporous layer (MPL) that has been treated with PTFE, that
determines the degree of hydrophobicity. Two different GDLs were tested in this study: hydrophilic
Freudenberg H23 and hydrophobic Sigracet 39BB which containts a MPL that has been treated with to
5wt% PTFE, both from FuelCell Store. Table 4.1 outlines the characteristics of each GDL. Experiments
were performed in duplicates for 45 minutes, according to the method described in methodology (chap-
ter 3). Concomitantly with GDLs, the effect of GDL sonication pre spray-coating was studied. In the

Table 4.1: Information about the carbon paper supports tested in the experiments.

Carbon paper Supplier Base Microporous Layer PTFE Thickness

support (GDL) Material (MPL) treatment [um]
Freudenberg H23 | Fuelcell Store | Carbon fiber No No 210
Sigracet 39BB Fuelcell Store | Carbon fiber Yes, one side Yes, 5% 315

literature researchers often sonicate the carbon paper supports before ink deposition, but do not always
explain why. It is likely that the main reason is to ensure that the GDL is clean of any contaminants.
During initial experiments of this study it was noticed that during sonication of MPL containing 39BB it
appears the MPL breaks down to some degree, as evidenced by darkening of the solution (acetone
and water, separately). Following this observation, it was hypothesized that sonication of GDLs pre
ink deposition could break down the MPL of the 39BB, improving aqueous flow through the GDL thus
improving CO,RR. Modifications and/or changes in aqueous flow in the H23 were not expected, but
the effect of sonication was however also tested with the H23 for comparison. To the author of this
work’s best knowledge, the effect of GDL sonication has not been studied in (bi)carbonate electrolysis
before. For the sonication experiments, electrodes were prepared in duplicates using both 39BB and
H23 GDLs, that had been either sonicated for 20 minutes pre ink deposition (10 minutes in acetone,
10 minutes in water) or left untreated (non-sonicated).

Figure 4.2 shows the results of the GDL experiments including the GDL sonication experiments. The
CO selectivity of the 39BB GDL was higher than that of the H23 (sonicated GDLs, graph a). In both
cases the CO production is the highest at the beginning of the runs and then drops, a known trend in
bicarbonate electrolysis. However, the drop is less for the 39BB than for the H23, or about 15 percent-
ages compared to 20. CO production over time is examined more closely in the stability section of the
results (see section 4.4). As with the sonicated GDLs, the CO FE of the 39BB is higher than that of the
H23 for the non-sonicated carbon papers (graph b). The most likely reason for the observed improved
CO production with the hydrophobic 39BB compared to the hydrophilic H23 is that the hydrophobic
nature of the 39BB’s MPL suppresses the HER - the main competing reaction. The hydrophobicity will
increase the CO,:H, 0 ratio at the CL surface, promoting CO,RR. In the (bi)carbonate electrolysis liter-
ature there seem to be different views on the optimum carbon support. The Berlinguette and Sargent
groups prefer hydrophilic GDLs [23],[21], whereas Lee et al. have reported better results with hydropho-
bic GDLs [45]. It is likely that the optimum GDL depends on other cell parameters that influence the
mass-transfer through the GDE or the catalytic activity. A reason cited for opting for hydrophilic GDLs
over hydrophobic ones in the literature is that in (bi)carbonate electrolysis the aqueous electrolyte must
pass through the GDE to reach the CL-BPM space, and the hydrophilicity improves that flow-through.
It is likely that the flow pattern of the catholyte flow plate plays a key role in the electrolyte GDE flow-
through. In this study, as mentioned, interdigitated flow pattern is used. In that case the flow is forced
through the GDE with the mass-transfer being convection dominated. However, most studies in the
literature where GDEs are used, opt for flow plates with serpentine flow pattern - if the flow pattern is
mentioned at all. With serpentine flow pattern the mass transfer through the GDE is diffusion dominated.
In that case it is likely that hydrophilic GDLs play a bigger part in carrying the electrolyte through to the
CL-BPM space, whereas when interdigitated flow pattern is used and the electrolyte is forced through,
hydrophobicity does not impact the electrolyte passing through the GDE, however still improves the ef-
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Figure 4.2: The CO FE results of the carbon paper support (GDL) experiments. a): H23 and 39BB sonicated GDLs, b): H23
and 39BB non-sonicated GDLs, c): H23 sonicated vs non-sonicated GDL, d): 39BB sonicated vs non-sonicated GDL.

ficiency by limiting HER and increasing CO,:H,O ratio on the CL. These results indicate that the trade
off of reduced electrolyte flow through the GDE vs suppressed HER by using hydrophobic GDEs is
irrelevant when using interdigitated flow pattern (see section 2.4.2). This difference in GDL/flow plate
combination and results when compared with the literature led to the design of a study meant to shed
light on the interplay of GDL and flow pattern (section 4.3.2).

Another difference between the system used in this study and in (bi)carbonate literature that prefers
the H23 is that in those studies the GDL is covered with a Ag film by PVD prior to spray-coating, citing a
less-than-perfect catalyst surface coverage without the film [21],[23]. It is possible that the effect of less
than complete catalyst surface coverage would have more of a detrimental impact on CO selectivity
with the H23 than the 39BB as the H23 is more susceptible to the HER due to it's hydrophilicity. The
effect of catalyst surface coverage was thus examined also in this study, in the next section (section
4.3.4). When looking at the effect of sonication, the CO FE of the sonicated H23 is higher than that
of the non-sonicated H23, but the difference is minimal and inconclusive (c in figure 4.2). This was
expected, as the H23 is a simple carbon fiber paper, likely to be unaffected by sonication. Interestingly,
no difference was seen between the sonicated and non-sonicated 39BB (d in figure 4.2), counter to
what was expected. Three plausible reasons might explain these results. Firstly, it is possible that any
observed breakdown of the PTFE-containing MPL during sonication and increase in electrolyte flow
through the GDE is countered by a decrease in hydrophobicity accompanied by said MPL breakdown,
increasing the HER. Secondly, it can be that the breakdown of the MPL is very little and thus has no
measurable impact on the application. In that case, a third explanation might be that if the GDL was
sonicated for longer an effect might be seen. Different time durations of sonication were however not
tested in this study, and can be an avenue for future research. SEM/EDS testing of GDLs pre and post
sonication might have shed some light on the degree of MPL breakdown, but was not performed in this
study due to time constraints and to the SEM being decommissioned without notice to the author of this
study. GDLs were not compared based on thickness or porosity in this study. Information on the GDL
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porosity was not found, but the 39BB is thicker than the H23 (see table 4.1), which might also have an
impact on the efficiency. It is recommended for future studies to examine these GDL factors as well
as hydrophobicity. Contact angle measurements would also be a good further avenue of hydrophobic
research, linking different levels of hydrophobicity to CO selectivity.

4.3.2. Catholyte flow pattern

The combination of GDL and catholyte flow pattern was examined in this study, with the goal to gather
information on the effects of different mass transport on CO selectivity. To examine the effect of mass
transport on CO selectivity, flow plates that had interdigitated and serpentine flow pattern of differ-
ent channel dimensions, paired with either hydrophilic H23 or hydrophobic 39BB GDLs were studied.
Three flow plates with serpentine flow pattern were tested, of width 0.7mm, 1.0mm and 1.5mm (depth
1.0mm). Two interdigitated flow pattern flow plates were tested, with channels of width 1.0mm and
1.5mm. Figure 4.3 shows the five flow plates that were compared. With interdigitated flow pattern, the
mass transport through the GDE is convection dominated as the flow is forced through the channels,
since the channels are not continuous. For serpentine flow pattern however, the flow will be more
affected by diffusion with the continuous channels, although convective transport will also be present
as the catholyte is forced through the channels and will thus encounter pressure resistance and pass
through the GDE. Due to time constraints the 1.0mm serpentine and 1.5mm interdigitated flow plates
were not performed in duplicates, as the rest of the experiments were, but were run singly. The ex-
periments were run for a time period of 25-30 minutes, and the catholyte flow was kept constant at 50
ml/min. The effect of keeping the set point of the flow rate constant means that the velocity in the chan-
nels was not the same. The channel velocities as calculated (at the inlet channel) can be seen in table
4.2. As evident the velocities differed substantially, with the channel velocity in the 0.7mm plate 1.4
times that in the 1.0mm plate, and twice that in the 1.5mm plate. No flow pattern studies in the field of
(bi)carbonate electrolysis using a GDE have been performed in the past to the author’s best knowledge.
However, Zhang et al. found that interdigitated flow pattern led to the highest CO selectivity compared
to serpentine and parallel flow pattern, when using a porous silver electrode [37].

Figure 4.3: The flow plates tested in the flow pattern study. From left to right, top to bottom: 1:Interdigitated 1.0mm;
2:Interdigitated 1.5mm; 3:Serpentine 0.7mm; 4: Serpentine 1.0mm; 5: Serpentine 1.5mm. All flow plates had thickness of
1.0mm and were made of Ti, except for the 0.7mm Serpentine plate which was made of stainless steel.
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the channel flow velocity varied depending on dimensions.

Flow plate Catholyte flow Channel flow
(width x depth) | set-point (ml/min) | velocity (m/s)
0.7mm x 1.0mm | 50 1.19
1.0mm x 1.0mm | 50 0.83
1.5mm x 1.0mm | 50 0.56

Table 4.2: The different channel dimensions of the flow plates tested. The catholyte flow rate was kept constant, which meant

Figure 4.4 shows the results of the flow plate experiments. In both the serpentine and interdigitated
cases, the 39BB outperforms the H23, showing higher CO selectivity. It is especially noticeable that
the CO stability is better with the 39BB. Interestingly, for the serpentine flow pattern in the case of
the H23 GDL, the CO selectivity does not scale with increasing dimensions. The 1.0mm channel di-
mensions gave the best results, followed by the 1.5mm and then the 0.7mm plates (a in figure 4.4).
This indicates that there are at least two competing mechanisms at work. One could be increasing
level of convective mass transport as channel dimensions decrease, due to higher pressure drop in the
channels. Another could be the overall surface area of the channels, which increases with increasing
channel dimensions. Diffusive mass transport will also increase with increasing channel surface area,
but remain unaffected by channel flow velocity. The countering mechanisms could then be diffusive
and convective mass transport. In that case by increasing the channel surface area to the GDE, CO
FE increases via increased diffusion but convective mass transport is reduced. Thus the optimum lies
somewhere between the largest channel surface area (the 1.5mm) and the highest convective trans-
port (0.7mm), i.e. the 1.0mm (H23 Serpentine, a in figure 4.4).

For the 39BB GDL however, the best serpentine channel dimension proved to be the 1.5mm, followed
by the 1.0mm and then the 0.7mm (b in figure 4.4), the CO selectivity scaling with increasing channel
dimensions. This could then mean that for the 39BB the channel surface area (diffusion) has more im-
pact on CO FE than convection, or that both forms of mass transport are more inhibited with the smaller
channel dimensions for the 39BB compared to the H23 due to the hydrophobicity. As the PTFE treated
MPL is only on the GDL side facing the BPM, if the aqueous flow cannot pass through the GDE the
dominant reaction will likely be HER on the back side of the electrode.

There seems to be less of an impact of the channel dimensions (channel velocity) for the interdigi-
tated flow plates (c and d in figure 4.4). Due to the interdigitated pattern, the mass transfer through the
GDE is convection dominated, with little to no effect from diffusion. The 50 ml/min flow can then be
thought to more or less completely cross over to the CL-BPM side regardless of channel dimensions.
It is then likely that there is no change in the diffusion and convection mass transfer with interdigitated
flow pattern as a function of channel dimension. A change in the flow and mixing behaviour in the
CL-BPM space can though be expected to occur. The narrower channel dimensions of the 1.0mm
flow plates now represent a higher pressure drop across the GDE than with the 1.5mm flow plates or
with the serpentine flow plates. As previously mentioned, this should not affect the amount of catholyte
passing through, rather it likely varies the pressure gradient across the 3-dimensional CL-BPM area
and possibly causes more turbulent flow in that space. Turbulent flow in the CL-BPM space would likely
not be beneficial for CO2RR, as a pH gradient across the space is required for the release of i-CO,, i.e.
low pH at the BPM for proton release and high pH at the CL for improved CO,RR. However in the case
of the 39BB, the 1.0mm interdigitated flow plate gave better results than the 1.5mm flow plate, contrary
to the previous theory. It can then be hypothesised that the increase in mixing in the CL-BPM space
when going from 1.5mm to 1.0mm channels is insufficient to have a detrimental effect on CO FE. A
modelling study of the mixing in the CL-BPM area as a function of convective mass transport through
the GDE (varying flow patterns as well as channel dimensions) would be an interesting topic for future
research. Ansarul Huq performed a one dimensional modelling study examining the effect of electrolyte
inlet velocity in a bicarbonate electrolyser [110]. However, as electrolyte flow boundary conditions are
illdefined in one dimension, the simulation did not converge. A 2 or 3 dimensional study is required
to define the flow in the catalyst-membrane space adequately, as recommended by Ansarul Hug and
furthered by the author of this work. In the case of the H23 interdigitated flow plates, no conclusive
difference was noted. It is not clear why that is. The higher flow velocity in the narrower channels could
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Figure 4.4: The CO FE results of the flow pattern experiments. a): H23 Serpentine flow pattern, b): 39BB Serpentine flow
pattern, c): H23 Interdigitated flow pattern, d): 39BB Interdigitated flow pattern.

indicate a higher pressure drop and thus more convective transport, but to which degree is unclear.
It should also be mentioned that the 1.0mm interdidigated results are from the same runs as in the
previous GDL comparison basecase experiments.

4.3.3. Electrolyte flow rate

To examine the effect of catholyte flow rate on CO selectivity and stability, specifically the effect of
convective mass transport of bicarbonate through the GDE, an experiment was performed where bi-
carbonate flow rate was increased periodically. The flow rate was increased from 20 to 40 to 70 and
finally 100 ml/min, keeping each flow set-point for 15 minutes. The results can be seen in figure C.3 in
appendix C.2. The CO FE did not drop over time as is the usually observed trend, but remained stable.
This indicates that higher bicarbonate convective transport can lead to higher CO selectivity. Zhang et
al. also tested the effect of catholyte flow rate on CO FE, using a a porous Ag electrode. They saw
an increase in CO FE of about 25% when increasing the flow of bicarbonate from 30 to 100 ml/min.
They however used a serpentine flow plate which also includes diffusive mass transport more so than
interdigitated. The group also tested different flow patterns and found that interdigitated flow pattern
was optimal for CO production, when compared to serpentine and parallel flow patterns [37]. The re-
sults of their study can be seen in figure A.1 in appendix A. It is not clear if starting with a higher flow
rate and maintaining it would lead to the same improvements in selectivity. Due to time constraints it
was not possible to test this parameter further. It is recommended for future studies to verify if a higher
bicarbonate flow rate leads to higher CO selectivity.

Based on these results the optimum GDL is the 39BB. The 1.5mm serpentine flow pattern and the
1.0mm interdigitated flow pattern give similar CO FE values, with the interdigitated reaching higher se-
lectivity but the serpentine showing better stability. However, the 1.5mm serpentine flow plates were
added to the study at a later stage and as such, were not available throughout the experimental phase.
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Thus, the chosen flow plate for future experiments was the 1.0mm interdigitated flow pattern, paired
with the 39BB GDL.

4.3.4. Surface coverage

A factor thought to influence the CO FE is catalyst surface coverage on the carbon paper. Lees et al.
found in 2020 that without depositing a Ag film pre spray-coating, they were unable to achieve complete
silver surface coverage [23]. This promted a study to see whether the CO selectivity could be improved
by depositing a silver film on the carbon paper before spray-coating. Catalyst surface coverage was
again tested in unison with GDL, comparing the H23 and 39BB once more. 500nm Ag nanoparticle
layers were deposited on H23/39BB GDLs by PVD, after which the electrodes were spray-coated with
Ag nanoparticles, reaching a loading of 1.3 - 1.5 mg/cm?. Experiments were performed in duplicates
for a duration of 45 minutes. Figure 4.5 shows the results of the catalyst surface coverage experiments.
The first graph compares the PVD prepared H23 electrodes with the H23 basecase (a in figure 4.5),
the second graph shows the results of the 39BB tests (b in figure 4.5), while the third graph compares
the two PVD treated GDLs (c in figure 4.5). As can be seen there is no substantial difference between
the PVD treated electrodes and the basecase electrodes with only spray-coated Ag catalyst, with the
non-PVD treated electrode giving slightly higher CO FE for the 39BB, while for the H23 it was the PVD
treated electrode that had a slightly higher CO FE. When comparing the two GDLs, the 39BB shows
better CO FE stability while the H23 has a higher peak value in the beginning but then drops faster.
It can be concluded from these tests that catalyst surface coverage is not a limiting factor in this sys-
tem.As such, it is not necessary to deposit a Ag film on electrodes pre spray-coating, which costs time
and money and complicates the process.

Lees et al. however did see an improvement in Ag surface coverage by depositing a Ag film on the
GDE [23]. The difference between their results and the ones from this work is likely because of the
fact that they covered the GDE on both sides with a Ag film. Additionally, the group only tested the
hydrophilic H23 for CO selectivity based on surface coverage. With the H23 GDL the HER will be more
present than with the hydrophobic 39BB, and by completely covering the electrode with Ag catalyst they
can suppress the HER to a high degree. The researchers also used different a different flow pattern,
serpentine instead of interdigitated, which will affect the mass transport through the GDE as discussed
above (section 4.3.2. These differences could explain why in this study we did not see a higher CO
selectivity with the Ag film electrodes.

4.3.5. Spacing (interposers)

As discussed in section 2.2.2, a factor believed to impact carbon product efficiency in (bi)carbonate
electrolysis is the spacing between the catalyst and the membrane separating the anode and cathode,
specifically the CL-BPM spacing for the system used in this study. For an efficient CEM or BPM elec-
trolyser low pH is required for proton release at the membrane, while the pH must be high for CO,RR
at the CL. High pH at the membrane suppresses proton release and i-CO, generation, while low pH
supports HER and suppresses CO,RR at the CL. Based on the study discussed in section 2.2.2 and
done by Lee et al. [21], it was hypothesised that by increasing the CL-BPM space, CO selectivity could
be improved in a BPM based bicarbonate system using Ag catalyst.

To test this theory, experiments were performed where an interposer membrane was inserted between
the cathode and the BPM. The interposer membranes were made of hydrophilic and porous mixed
cellulose ester (MCE), with each membrane having a thickness of 135 um and pore size of 8.0 um,
supplied by MF-Millipore. Experiments were performed with one and two interposers inserted, result-
ing in a CL-BPM spacing of 135 and 270 um, which were compared with zero gap system. These
CL-BPM gap lengths were chosen as Lee et al. have determined the optimal spacing to be 135 - 270
um [21]. The MCE interposer membranes were also chosen based on the Lee et al. study, who had
found that it was optimal based on its high porosity. The experiments were done in duplicates, except
for the 2 interposer (270 um) runs which was done in triplicates. This was done because of a relatively
large error between the first two experiments.

The results of the CL-BPM spacing experiments can be seen in figure 4.6. As can be seen, the CO
FE was improved by increasing the CL-BPM space. At a spacing of 135 um, the CO FE was 51%,
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Figure 4.5: The CO FE results of the catalyst surface coverage experiments. For the Ag films a 500nm Ag layer was deposited
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while with 270 um space the FE CO was 66%, averaged over the course of the experiment. Both CL-
BPM spacings offer improvements in CO selectivity when compared to the zero gap basecase. When
comparing the results to the results obtained by Lee et al. [21], the improvement in carbon product se-
lectivity is similar. The group achieved an increase of about 25% (from 14% to 40%) for C,, products
when increasing the gap length from 60 um to 135 um. Similar improvements were observed in this
study, with the CO FE increasing from about 47% to 75%, with the higher CO FE resulting from the
270 um gap length (when looking at peak CO values). The large difference between the 135 um and
270 um gap length can possibly stem from the fact that the experiments were performed using different
catholyte batches, with slightly different pH values. The pH of the catholyte for the 135 um runs had a
pH of 8.26 while for the 270 um the pH was 8.02. As it is suspected that a higher bulk pH limits i-CO,
generation and thus CO2RR, it cannot be verified from these experiments that the 270 um space is
better than the 135 um. However the importance of the CL-BPM spacing is confirmed. Moreover, the
improvement by inserting a CL-BPM gap is proven for a system that uses a Ag catalyst forming CO as
a product. The study by Lee et al. used Cu catalyst making C,. products, paired with a CEM (for their
experimental part). Another difference is that Lee et al. used a carbonate electrolyte, while in this study
the electrolyte is a bicarbonate buffer. The pH of a carbonate buffer is higher than that of a bicarbonate
buffer, or around 11.70 compared to 8.35. The high pH of the carbonate electrolyte explains that at a
gap length of 0 um they record no C,, products. The high pH here limits the i-CO, generation at the
CEM significantly, or rather ensures that any CO,, liberated rapidly reconverts to carbonate species.
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Another difference is that Lee et al. used current densities in the range of 200 - 350 mA /cm? (seeing
the best results with 250 mA /cm?), while in this study the current density was fixed at 100 mA /cm?. Bi-
carbonate CO electrolysis studies that look at the effect of CL-BPM spacing at higher current densities
are recommended for future work, as the importance of efficient production at higher current densities
is essential for scale-up and industrial considerations, although outside of scope for this project.
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Figure 4.6: The effect of introducing a CL-BPM gap using spacers. CO FE increases from the zero gap case as a result of a
pH gradient introduced by the gap.

Intermediate conclusions from Parameters for CO selectivity part:

1. Hydrophobic 39BB GDL is preferable to hydrophilic H23 for CO selectivity and stability when
using interdigitated flow pattern.

2. Competing mechanisms are observed for serpentine flow pattern: Increasing channel dimensions
likely increase diffusive mass transport due to higher surface area, while reducing convective
mass transport as channel flow velocity and pressure drop reduce.

3. Optimum by balancing the two factors, here 1.0mm channel width for the H23, 1.5mm for the
39BB with the difference possibly due to hydrophobic effects and HER taking place on the back
side of the electrode for the smaller channels.

4. Little to no impact of diffusive and convective mass transport changes when changing channel
dimensions for interdigitated flow pattern, possibly caused by already fully convective dominated
mass transport.

5. The CO selectivity is not limited by catalyst surface coverage of the GDL.

6. CL-BPM spacing improves CO selectivity in a BPM based bicarbonate electrolyser using Ag cat-
alyst.

4.4. CO Stability

As previously mentioned, there is a general tendency in the (bi)carbonate electrolysis literature to focus
on peak production values and overlook production stability. Lee et al. likely report peak values solely
in their bicarbonate work [45], as no mention of average production values can be found in their work
and in email correspondence with the authors there was no definitive answer given to the question
of single values versus averages (Wenzhen Li, email correspondence, 08MAR2024-23FEB2024). As
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discussed previously, the Berlinguette group also mainly reports single measurements in their bicar-
bonate work [18],[23],[37], as was verified in email correspondence with a member of the group (Yong
Wook Kim, email correspondence, 23FEB2024 - 06MAR2024). Although not specifically stated which
studies are being referred to, for the purpose of this study if no mention is found of whether single or
average values are being reported, it is assumed they are single measurements. While important to
keep the scope of a study limited and concise, and improving product selectivity is a necessary first
step before working on improving product stability, it is recommended that when reporting results it is
made clear what is being reported to avoid confusion, especially for reproducibility. Full appreciation
and gratitude is extended to the cooperation of the above mentioned researchers for their swift replies
and helpful advice, whose work and answers provided valuable information for the purpose of this study.

With this discovery in mind, a CO stability characterisation study was designed. It began by further
examination into the effects of CL-BPM spacing, characterizing the CO stability over a period of 3
hours. Next a long-term CO stability characterization study was performed for a duration of 14 hours
with in-line pH measurements, followed by pulsed experiments with start/stop potentials, attempting to
improve the stability.

4.4.1. 3 hour CO stability with spacing

With the effect of the CL-BPM gap on CO selectivity established, it was set out to further characterise
the difference based on gap length without the effect of inlet pH (using the same catholyte lot, initial
pH: 8.26), with a focus on CO stability over time as well. With the optimal spacing identified as 130 -
270 um, 405 um was also tested with the goal to verify the aforementioned spacing range as the opti-
mum, expecting a decrease in CO selectivity at the larger gap length. Although the introduction of the
CL-BPM space offers a pH segmentation - low at the BPM while high at the CL, if the space is too large
a competing mechanism is expected to counter the pH division benefits, i.e. carbonation reactions (re-
actions 1.6, 1.7). The longer the diffusion path of the i-CO, from generation at the BPM to conversion
at the CL, the higher the rate of CO, reacting with OH—, forming bicarbonate and carbonate. These
competing mechanisms explain why there exists an optimum CL-membrane spacing, as shown by Lee
et al. for their system [21], and examined in this study for a Ag catalyst, BPM bicarbonate electrolyser.
The second set of experiments based on CL-BPM gap was performed using gap lengths of 0 um, 135
um, 270 um and 405 um (0, 1, 2 and 3 interposers) were tested over time periods of 3 hours. The
results of these experiments are presented in figure 4.7.

While the 270 um spacing from the first CL-BPM gap experiments (figure 4.6) showed higher CO
selectivity than that of 135 um, it was less stable, dropping by about 16 percent over the course of
the runs. In contrast, the 135 um system showed great stability over time, dropping by only 4 percent,
albeit displaying lower selectivity. However for the 3 hour CL-BPM experiments (figure 4.7), there is
marginal and inconclusive difference in stability between the 135 and 270 um gap lengths. As the only
difference between these two sets of experiments, other than the time duration, was that in the previous
experiments the inlet pH of the 270 um was 8.02 compared to 8.26 for the 135 um runs, it might well be
the reason for the higher CO selectivity and lower stability of the 270 um in the first set of experiments.
Most likely the main positive impact of lower pH on CO selectivity is higher i-CO, liberation and less
carbonation backreactions, since lower pH also supports the HER combating CO,RR. It is then likely
that lower initial pH provides more i-CO, for more CO production, giving rise to faster alkalinization
through the OH~ byproduct, when compared to the higher initial pH of the 135 um runs. The higher
alkalinity then begins to suppress i-CO;, liberation and increase carbonation, leading to lower stability.

The lower CO selectivity (0 um gap) and CO stability (405 um gap) are most likely the cause of the
already mentioned competing mechanisms of improved i-CO; release as a result of the introduced gap,
and the increased diffusion path causing higher carbonation of the i-CO,. With no gap, i-CO,, liberation
is too limited for considerable CO2RR, and if the gap is too wide, the diffusion path from the site of
release at the BPM to the site of conversion at the CL is too long and too much of the i-CO, converts
to (bi)carbonate. Graph c in figure 4.7 shows how the stability of CO drops with increasing CL-BPM
gap lengths. In the same figure is the pH of the catholyte measured at the end of the runs. The pH
rise is the most for the 135 and 270 um gap lengths, explained by the higher CO,RR and thus OH~
production. Already discussed is the possibility of higher CO production (and OH™ ions) leading to the
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Figure 4.7: CL-BPM gap experiments performed for 3 hours. a): H, FE, b): CO FE, c): Drop in CO FE (Stability) and the
increase in catholyte pH (initial pH: 8.26), d): CO, utilization to CO (as per calculation in section 3.5.2). CO, unreacted is CO,
measured by the GC.

reduced CO selectivity over time, but that does not explain why the stability drop is the highest for the
largest gap width. This observation indicates there is another mechanism than rise in pH causing the
drop in stability. It is possible that there are changes in the local CL microenvironment causing the drop
in stability. This is examined in section 4.4.3. Another possibility is changes in the CL itself, which is
discussed in the same section.

Graph d in figure 4.7 shows how the CO, utilization is improved with the 135 and 270 um gap lengths.
The lower CO,, utilization of the 0 um gap system is likely not only caused by lower i-CO,, liberation but
also lower conversion due to the lack of a defined pH gradient across the CL-BPM space. If it were only
a result of less i-CO;, liberation, the CO:CO, ratio would be higher despite less CO, being available.
The CO, utilization at the 405 um gap is interesting, as more CO, and less CO is measured in the
output compared to the 135 and 270 um gap runs. Moreover, the combined CO, and CO is the highest
for the 405 um gap run. This behaviour must be caused by lower CO, conversion at the CL rather than
lower CO, availability, albeit in this case the pH gradient will not be the reason, rather the mechanism
mentioned before, which might be changes in the CL microenvironment or catalyst degradation. The
higher CO, in the 405 um gap case therefore indicates that more CO; is being liberated here based on
the better defined pH gradient, only to be largely reconverted to carbonates, which stands to reason.
The CO,, utilization here is calculated based on the approach outlined in the Methodology chapter, sec-
tion 3.5.2.

The 135 and 270 um CL-BPM gap systems gave the best results, with the 270 um system reach-
ing higher peak CO values but the 135 um system showing slightly albeit inconclusively better stability
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over time. With the insignificant difference between the results in mind, the 135 um system was chosen
for future testing and improvements, due to it being simpler in preparation and operation having only
1 interposer membrane compared with 2 in the 270 um case. It is likely that an as yet undiscovered
optimum gap length exists, possibly between 135 and 270 um. It is recommended for future studies to
search for that optimum.

4.4.2. Long-term (14 hour) CO stability

Having chosen the 1 interposer (135 um) system as the optimal CL-BPM spacing, it was set out to map
CO production over extended time periods. Basecase (no gap) and 1 interposer system experiments
were run overnight for 14 hours. With the pH having been identified as an important parameter in CO
selectivity and possibly stability, it was measured in-line during the experiments. For these experiments
electrolyte volumes of 1 and 0.5 L (catholyte and anolyte, respectively) were used, to ensure a sufficient
supply of bicarbonate and to lower the impact on bulk pH during the extended operation. The results of
the 14 hour stability characterisation runs can be seen in figure 4.8. The improvement in CO selectivity
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Figure 4.8: a) and b): Stability characterization overnight (14 hours), H, and CO FE. c) pH inline measrurements during the
overnight experiments. d): Effect of start/stop pulsed experiments on CO FE.

in the 135 um system is also evident in the overnight experiments, however the CO production drops
over time. As shown in the 3 hour experiments and now confirmed for longer time periods, the CL-
BPM spacing shows an improvement on CO selectivity but not stability. The pH of the bulk catholyte
increases over time for both systems, inversely proportional to the CO FE (c in 4.8). This is mainly
because of the formation of hydroxide ions as a byproduct of the CO,RR, which build up over time in
the catholyte. Interestingly, despite the higher CO production of the 135 um system the rise in alkalinity
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follows the same trend, only marginally higher for the 135 um system. While the difference in CO
production is about double, the rise in pH is quite similar, suggesting there is something other than just
the formation of OH~ as a byproduct of CO,RR that is causing the increase in pH. The high initial CO
FE of the zero gap (basecase) system can likely be traced to high CO, values seen, probably a result
of the higher electrolyte volumes. For the zero gap and 135 um gap systems much higher CO, was
recorded. To compare with the unreacted CO, measured in the 3 hour runs (figure 4.7), the unreacted
CO,, for the first 3 hours of the overnight runs were 135 mM and 80 mM for the zero gap and 135 um
gap systems respectively. About 6 times more CO; is thus measured from the 1L catholyte basecase,
and 4 times more for the 135 um gap run. The higher initial CO FE values seen are therefore likely due
to the higher CO, availability. The reason for the increased i-CO, liberation with the higher electrolyte
volume is unclear, but it is an important observation as electrolyte volume used in studies varies quite
significantly, and is sometimes unreported (see table C.1 in appendix C.7). As such, effect of electrolyte
volume on product selectivity and stability could be interesting to examine in future research. The pH
rise is also lower compared to shorter runs, or about 8.1 to 8.7 compared to 8.26 to about 9.1-9.2 for
the 3 hours runs, which is likely due to the increased buffering capacity of the higher electrolyte volume.
The effects of bulk pH on CO selectivity and stability is examined more closely in section 4.5, and local
pH as well as catalyst stability in the following section (4.4.3).

4.4.3. Pulsed electrolysis

Having characterised the stability of CO overnight (a and b in figure 4.8), the focus was placed on
improving the stability. As discussed in section 2.7.4, a method that has been studied with regard to
product stability is pulsed electrolysis. The theory is that changes in the local catalyst microenviron-
ment are causing the drop in stability, and that this microenvironment can be affected by momentarily
turning off the potential or switching to anodic potentials at the catalyst, resetting the conditions to close-
to-original. To test this theory, a set of experiments based on pulsed electrolysis were designed. Three
experiments were done using start/stop potentials. For the first experiment the current was controlled
(100 mA/cm?) and run for 15 minutes, after which OCP (open cell potential) was set for 1 minute. The
other two experiments were thus run using set potential at -3.60 V, the voltage most commonly seen
for the process, as using this configuration it was possible to set the potential to 0 at certain intervals.
These two experiments were run as start/stop potential experiments for 10/5 minutes (on/off) for 54
minutes (3 pulses), and for 15/5 minutes for 3 hours. All runs had a 135 um CL-BPM gap.

The results of the start/stop experiments can be seen in figure 4.8, graph d. Setting the potential
to OCP for 1 minute was not enough time for the potential to reach 0, as can be seen in the voltage
profile in figure C.4, appendix C.3. When compared with the basecase example from the 3 hour stability
experiments (section 4.4), it is clear there is no effect on the selectivity or stability of CO FE when using
the start/stop configuration. As discussed in section 2.7.4, most of the research on pulsed electrolysis
has been focused on Cu catalysts, with only one study found that used Ag catalyst. That study saw
improvements, yet they only applied very low current densites of 3 mA/cm?. As such, the results of
that study have very little significance when compared to operation at 100 mA/cm? or more. Thus
selectivity improvements based on pulsed potentials are yet unconfirmed for bicarbonate reduction to
CO on Ag catalysts.

The main discussed changes in the catalyst microenvironment that varying the potential theoretically
addresses are changes in the local pH and changes in the catalyst itself [106],[54],[91]. The local cata-
lyst pH is expected to rise faster than the bulk pH as OH~ are formed in CO,RR and H* are consumed
in HER (and i-CO;, liberation), which scales with current density [111]. The local pH should increase
even more with Ag catalyst than Cu, as Nafion is usually preferred over Sustanion as ionomer binder
when using Ag catalyst (including in this thesis). The negative background charge of Nafion reduces
their passing through the GDE, accumulating OH~ at the catalyst surface, raising the pH (see ionomer
discussion in section 2.4). Thus the local pH gradient could in theory be higher in a Ag Nafion system
compared to Cu systems preferring Sustanion. If the drop in stability were due to changes in local pH
levels, it is likely that an impact would be seen in the start/stop experiments. However, as no impact is
observed, it can be that the drop in CO production is due to irreversible changes in the electrode.
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4.4.4. Electrode stability

Catalyst stability in terms of breakdown or metal detachment was examined by analysing post electrol-
ysis catholyte samples in ICP-OES for metals. A table showing the results of ICP-OES measurements
can be seen in appendix C.7, table C.4. Very little Ag was measured (< 0.26 ppm or below detection
limit), suggesting low CL breakdown. No trace metals were found (similar levels as a blank sample).
However, some visible changes can be seen in the Ag electrodes post electrolysis. In figure 4.9 a Ag
electrode can be seen pre and post electrolysis. Discoloration is notable along with markings from the
flow plate. It is possible that during electrolysis the CL undergoes changes that reduce it's reduction
capacity. It is recommended for future research that any changes in the cathode during electrolysis
are examined. Changes in terms of rearrangement or agglomeration of the nanoparticles, which could
reduce the active surface area of the catalyst, could be relevant in this regard.

Figure 4.9: Effect of electrolysis on Ag electrode. Left: Ag electrode pre electrolysis. Right: Ag electrode post electrolysis.
This electrode was used in an overnight 14 hr basecase experiment (no gap).

Intermediate conclusions from CO stability part:

1. The system shows a decrease in stability as characterised in experiments over 3 and 14 hours.
2. CL-BPM gap does not improve CO stability.

3. Zero gap reduces efficiency through limiting i-CO, liberation, while too large gaps reduce effi-
ciency through large CO, diffusion path and carbonation reactions.

4. An optimum CL-BPM spacing likely exists in the 0 - 405 um range, probably between 135 - 270
pm.
5. 135 um spacing was chosen for subsequent experiments for simplicity.

6. Pulsed start/stop potentials do not improve CO stability in a bicarbonate electrolyser producing
CO at 100 mA/cm?.

4.5. Effect of pH

The pH of the catholyte was noticed to be a likely factor on CO selectivity early in the experimental
phase (section 4.2.1). In the long-term stability characterisation part, the pH trend over 14 hours was
characterised for the basecase (zero gap) and 135 um gap systems (section 4.4). In this part of the
experimental phase it was first set out to examine the effect of inlet catholyte pH (starting pH) on CO
selectivity, and next to examine whether rising catholyte pH is a cause of decreasing CO stability.
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4.5.1. Effect of bicarbonate pH

To test the effect of catholyte pH on CO selectivity, bicarbonate buffers of different pH values were
prepared (as described in Methodology, section 3.3.2). Buffers of pH: 8.5 and 9.5 were prepared by in-
cluding carbonate in different quantities, while maintaining the concentration of potassium ions constant.
Due to time constraints, the experiments in this phase were performed singly, i.e. not in duplicates. It
should be noted that in these experiments CL-BPM spacers were not included.
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Figure 4.10: The effect of bicarbonate catholyte (starting) pH on CO selectivity. In these experiments a CL-BPM gap was not
included, explaining the lower CO FE of the basecase 8.26 pH run.

The results of the experiments are shown in figure 4.10, also included is a basecase run with pH
of 8.26 (regular 3M bicarbonate buffer). The CO selectivity is inversely proportional to rising pH of the
catholyte, with the 9.5 pH buffer measuring just 15% CO FE. Interestingly, at the higher pH the CO
stability is improved, dropping by barely 2 percentages over one hour. This might be because of lower
CO2RR producing less OH—, causing a lower rise in pH; or because of less catalyst deterioration during
electrolysis, since less CO,RR is taking place. Lees et al. also found a correlation between reduced
bicarbonate electrolyte pH and higher CO selectivity [23]. They studied the effect of pH over 8 hours,
periodically adding H,SO4 and replenishing the catholyte, seeing a rise in CO selectivity coinciding
with the decrease in pH (see figure A.4 in appendix A). However, the effect of purely the pH can not be
concluded from their study as the addition of the H,SO, is another variable unaccounted for. Based
on the observations of the inlet pH experiments of this thesis, it is however likely that the conclusion
drawn from the group’s stability study holds.

4.5.2. Effect of constant pH (single-pass)

With the catholyte pH effect on CO selectivity established (figure 4.10), the focus was placed on sta-
bility over time. Following the observation from their 8 hour pH stability study, the Lees et al. group
hypothesized that if the catholyte pH can be maintained, the CO FE would remain stable [23]. Based
on the findings so far in this study, this hypothesis seemed likely. To test the theory, experiments were
performed single-pass with different catholyte pH values, again prepared as before. The single-pass
refers to the fact that instead of recycling the catholyte through the flow-cell back to the reservoir, it
was passed only once through the cell and collected in a separate reservoir. This way, the pH and
composition of the (bi)carbonate buffer remained the same throughout the duration of the experiments.
(Bi)carbonate buffers were prepared of pH values 9.0 and and 10.0 and tested along with the buffers
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of pH 8.5 and 9.5.

The results of the single-pass pH experiments can be seen in figure 4.11. Interestingly, the same
trend as before is observed. The selectivity is again the highest for the lowest pH buffer of 8.5, drop-
ping as the pH increases, with the opposite being true for the stability, which improves with the higher
pH. The hypothesis that by keeping the bulk pH fixed the CO FE can be stabilised therefore is not
proven. Other factors must be causing the drop in CO production over time. When examining the CO,
availability and CO,, utilization (c and d in 4.11), the first thing to notice is that the CO; is the lowest for
the highest pH buffers. This stands to reason as the high pH increases the rate of carbonation reactions
of the i-CO, as well as limiting its liberation. Importantly however, the CO, availability is quite high for
the pH 8.5 run and even increases over time as CO selectivity decreases. This trend can best be seen
in graph b (figure 4.11) which shows how the CO,:CO ratio rises over time. This indicates that the CO,
reactant is present in plentiful amounts and yet is being converted less and less. With the external fac-
tors constant (pH and bicarbonate concentration), this observation leads to the likely conclusion that
there are indeed unwanted changes taking place in the cathode during electrolysis that are causing
the drop in stability, as has already been suggested. Two types of changes are possible: changes in
the catalyst microenvironment or changes in the catalyst structure itself. As already examined in the
previous section (section 4.4.3), it remains inconclusive which factor is more influential, as no effects
were seen from start/stop experiments. With no Ag catalyst or trace metals measured in the catholyte
post electrolysis, changes other than catalyst breakdown are most likely, as conjectured before.
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Figure 4.11: The results of the single-pass (constant) pH experiments. a): CO FE resulting from the different pH bicarbonate
buffers, with the highest selectivity from the lowest pH buffer, but dropping over time. b) CO,:CO ratio for the 4 bicarbonate
buffer runs. c): CO, concentration over time, while low for the higher pH buffers it remains high for the low pH. d): CO,
utilization increasing as pH and CO production decrease, while CO, and CO decrease in concentration.
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Another implication of these results is that CO selectivity at lower bulk pH and CO stability at higher
bulk pH are trade-off factors. Unless local pH levels can be optimized (and maintained), these two
factors might have to be balanced against each other for best overall performance. In this study only
the pH of the bulk catholyte was measured. It is recommended for future studies that the changes in
CL-BPM gap pH profile are measured in operando, using techniques such as FLIM (Fluorescence Life-
time Imaging Microscopy). The pH gradient introduced by the spacing can then be studied with regard
to its effect on stability, as well as differences in said space compared to the bulk environment. It is
the opinion of the author of this work that understanding of changes in the CL-BPM microenvironment
during electrolysis would provide valuable insight into improving the stability of CO production over time.

Intermediate conclusions from the Effect of bulk pH experimental segment:

1. Higher starting catholyte pH reduces CO selectivity, while improving stability.

2. Constant bulk catholyte pH does not lead to improved CO stability.

3. Higher bulk catholyte pH improves CO, utilization, although likely it is through increased carbon-
ation reactions.

4. The results indicate that the primary cause of declining CO stability is undesirable changes taking
place in the cathode during electrolysis.

4.6. Bimetallic CuAg Electrolysis

Based on the success of the CL-BPM spacing experiments, it was also examined how the improve-
ments translate into multicarbon (C,.) production. The goal was to provide initial insight into C,
production using a bimetallic CuAg catalyst system, that could serve as a basis for future research.
This part can be considered a side branch for future outlook reference.

As discussed in section 2.2.4, Lee et al. have demonstrated C,, selectivity improvements in a similar
system as the one used in this study, based on catalyst/ionomer layering and engineering, hydropho-
bic GDL and PTFE inclusion [45]. Building on those results, a set of experiments was designed using
bimetallic CuAg catalyst with Sustanion and Nafion ionomers. The electrode was constructed with
Cu/Sustanion layer first coating the GDL, with a Ag/Nafion layer on top, using 15wt% ionomers. This
arrangement in theory facilitates the CO, reduction to CO intermediary, and subsequent CO reduc-
tion to C,. products mechanism, as proposed by various authors and discussed in section 2.2.4. The
hydrophobic 39BB carbon paper was used, based on earlier results of this study. Two factors were
examined with regard to their impact on carbon products selectivity: The inclusion of 20wt% PTFE in
the Ag/Nafion layer, and the inclusion of CL-BPM spacing of 270 um (2 interposers). 2 interposers
were used for the spacing case as when this set of experiments was performed the 3 hour stability
experiments had not yet been done and it was not yet concluded which spacing was optimal. The
270 um CL-BPM gap experiment was performed singly due to time constraints, while the 20wt% PTFE
and basecase CuAg (no spacing, no PTFE) were performed in duplicates. An overview of the CuAg
experiments discussed here can be found in table C.3 in appendix C.

The results of these experiments can be seen in figure C.5 in appendix C. As expected, the CO FE
increases when going from basecase CuAg to the CL-BPM gap, increasing from about 8% to 20%.
The 20wt% PTFE run also shows an increase in CO FE compared to the basecase, measuring about
15%. This is inline with results reported by Lee et al. [45], who also reported a roughly 15% CO FE
using 20wt% PTFE. The group however reports quite higher C,_ production, or about 20% at the same
PTFE loading, constituting mainly ethanol and ethylene (CoH4). In graph cin figure C.5 it can however
be seen that C,H4 FE only increased from about 4 to 5% by including the PTFE. No conclusive impact
can be seen on C,H4 FE by the addition of the CL-BPM gap, suggesting that although more CO is
available it is not being reduced on the Cu as hypothesized by the CO intermediary theory (as dis-
cussed in section 2.2.4). This may suggest that the dominating C,,. production mechanism is in fact
CO,, reduction, not CO reduction. Indeed, good results have already been demonstrated using differ-
ent types of monometallic Cu catalysts in C,. production (section 2.2.2), albeit limited studies have
been performed using (bi)carbonate electrolytes. The Sargent group reported 56% C,H,4 FE in 2023
using carbonate electrolyte and Cu catalyst [21], the highest to date, although they also report no CO,
in the gas stream, which although at first seeming implausible could potentially be because of the high
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pH of the carbonate electrolyte. Lee et al. reported 40% C,., products at 100 mA/cm?, using 50wt%
PTFE [45]. Surprisingly, with the same PTFE loading as in this study of 20wt% they still saw 20% C,
products. That is four times more than what is observed in this study. With that in mind, the results of
the Lee et al. work should be viewed cautiously until reproduced elsewhere.

CO., utilization to CO increases when going from basecase to 20wt% PTFE to 270 um gap (d in figure
C.5). Similar improvement in i-CO; liberation is therefore seen in a bimetallic CuAg system as was
seen in a Ag catalyst system (figure 4.7). Interestingly, i-CO,, liberation does not seem to be improved
by the PTFE addition, suggesting that the improvement seen there in CO selectivity compared to the
basecase is due to HER suppression and improving i-CO, transport through the GDE, which agrees
with the literature on the benefit of hydrophobic constituents (see section 2.4.2). The stability of CO and
C,H, is quite good, with no drop in CO FE and an increase in CoH,4 production over time. The stable CO
FE is likely due to the lower CO,RR taking place, which as seen in the pH experiments is connected to
more stable CO production, albeit as yet unconcluded if is caused by less bulk pH rise or less electrode
degradation. The increase in C,H4 FE can be explained by the rise in pH observed during operation, as
C,. production is favored at higher pH levels due to improved C-C coupling [112]. The lower pH of the
pure bicarbonate buffer is likely limiting the C,, production in this study. As mentioned the Sargeant
group used carbonate electrolyte, which generally has a pH of about 11. A carbonate-bicarbonate buffer
similar to the ones used in the pH study in this work is likely to increase the selectivity of C,,. products,
and can be an avenue for future research. Surprisingly, no C, liquid products were detected in these
experiments, with the only liquid product being formate (2-4% FE, table C.5). The 20wt% PTFE with
270 um gap experiment was not measured for liquid products due to sample misplacement (human
error).

Intermediate conclusions from Bimetallic CuAg Electrolysis experimental part:

1. PTFE in AgNafion layer increases CO selectivity but not C,, in a bimetallic CuAg system.
2. CL-BPM gap improves i-CO; liberation and CO production in a bimetallic CuAg system.

3. The improved CO, and CO production does not seem to lead to higher C,, production in a
bimetallic CuAg system, contrary to the CO intermediary theory.



Conclusions and Recommendations

5.1. Conclusions

This thesis examines a novel version of CO, electrolysis known as bicarbonate electrolysis. Through
the process value-added chemicals that are normally sourced from oil and gas can be produced using
renewable energy sources and sustainably sourced CO,. Importantly, bicarbonate electrolysis can be
integrated with carbon capture which effectively bypasses the energy intensive steps of CO, recovery
and compression associated with gaseous-fed operation, making the process even more sustainable.
The focus of this work is on CO; reduction to CO, with the goal to identify factors that can improve the
selectivity and stability of CO. Special emphasis is placed on the role of pH in the process. With that in
mind, the following research question was posed:

How can CO selectivity and stability be improved in bicarbonate electrolysis?

Three sub-research questions were also stated to assist in covering the topic:

1. What are the parameters that influence CO selectivity in bicarbonate electrolysis?
2. What is the long-term stability of CO in bicarbonate electrolysis?
3. What is the effect of pH on CO selectivity and stability over time?

In order to address the posed research questions a variety of reactor and operational parameters from
the (bi)carbonate literature were evaluated for their effect on CO selectivity. It was concluded that in
current bicarbonate electrolysis peak values of CO selectivity are reported mostly. Therefore, this the-
sis focused on shedding light on the stability of CO production, reporting trends of CO selectivity over
time as well as peak values.

The selectivity of CO was improved substantially by introducing a catalyst-membrane gap using a hy-
drophilic and porous spacer. CO selectivity increased from 50% to 78% in peak production, recording
55% averaged over 3 hour operation. These results compare with the previously highest reported
value in the (bi)carbonate literature, when working at ambient conditions with the current density of 100
mA/cm?. In this work the selectivity improvement was accomplished in an economic and time efficient
manner by inserting a relatively cheap spacer in between the membrane and electrode. The stability
of CO was however not improved with the addition of the spacer. pH was shown to impact both CO
selectivity and stability, with higher bicarbonate pH leading to decreased selectivity while improving the
stability. Furthermore, it was shown that by maintaining a constant bicarbonate pH the stability does
not improve, contrary to previous suggestions as well as indications of results from this study. This
observation along with the increased CO, measured in the output points to cathode changes as the
main cause of decreased CO stability in bicarbonate electrolysis.

The conclusions of this thesis are as follows:
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PODN=

I

10.

11.

12.
13.

14.
15.
16.

CL-BPM spacing improves CO selectivity in a bicarbonate electrolyser using Ag catalyst.

The system shows a decrease in stability as characterised in experiments over 3 and 14 hours.
CL-BPM spacing does not improve stability.

An optimum CL-BPM spacing likely exists in the 0 - 405 um range, probably between 135 - 270
pm.

Higher bicarbonate catholyte pH reduces CO selectivity, while improving stability.

Constant bicarbonate pH does not lead to improved CO stability.

Higher bicarbonate catholyte pH improves CO, utilization, although likely it is through increased
carbonation reactions.

The results indicate that the primary cause of declining CO stability is undesirable changes taking
place in the cathode during electrolysis.

No effect on CO selectivity is seen for changing Ag or Nafion loading, or adding PTFE to the CL,
for the system used in this study.

Hydrophobic GDL (39BB) is preferable to hydrophilic GDL (H23) for CO selectivity and stability
when using interdigitated flow pattern.

Flow pattern, channel dimensions and GDL interplay matter, with diffusive and convective mass
transfer depending on these parameters, as well as the prevalence of the HER.

The CO selectivity is not limited by catalyst surface coverage of the GDL.

Pulsed start/stop potentials do not improve CO stability in a bicarbonate electrolyser producing
CO at 100 mA/cm?

PTFE in AgNafion layer in bimetallic CuAg electrolysis increases CO selectivity but not C,. .
CL-BPM spacing improves i-CO;, liberation and CO production in a bimetallic CuAg system.

In a bimetallic system, the improved CO, and CO production does not seem to lead to higher C,,
production, contrary to the CO intermediary theory.

5.2. Recommendations

There are a number of opportunies for improving upon the work of this thesis. Based on the conclusions
outlined above, the following research is recommended for future studies:

1.

An undefined optimum spacing for CO selectivity likely exists in the 0 - 405 um range, probably
between 135 - 270 um. It is recommended for future studies to perform experiments within that
range to search for that optimum, as well as search for factors that can improve the stability when
accompanied with spacing. Longer gap lengths to identify the point of decreased effect are also
advised.

It is likely that the drop in stability is related to changes taking place in the cathode during elec-
trolysis. It is recommended for future research that any changes in the cathode, specifically the
catalyst layer are examined. Rearrangement of the catalyst crystal structure or particle agglomer-
ation, which could reduce the catalyst activity, could be relevant in this regard. Also to be explored
is the effect of contamination of the catalyst from salts which can be introduced in the system from
less than 100% pure bicarbonate salt.

pH measurements in the CL-BPM gap microenvironment in operando are recommended, with
spacers present, to map the pH gradient in that space and any changes taking place during elec-
trolysis with regard to CO selectivity. Techniques such as FLIM (Fluorescence Lifetime Imaging
Microscopy) can be used to that effect.

There are many variables involved in the electrode preparation process. Sonication time of GDL
(if sonicated), sonication time of ink and composition, ink vortexing pre coating, coating variables
such as gas pressure, the temperature of the hot plate for drying the electrode during coating and
more can play a role. It is unclear how these factors influence CO selectivity, and so could be an
avenue for future research.

As limiting the HER is a key factor in improving CO selectivity in bicarbonate electrolysis, and in
this study hydrophobic GDL was shown to be superior to a hydrophilic, it is recommended that a
study be devoted to exploring the effect of hydrophobicity on CO selectivity. Testing electrodes
of varying levels of hydrophobicity, quantified by contact angle measurements, and showing the
relationship with CO selectivity would provide valuable information to the field.
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6. When choosing flow pattern, channel dimensions of flow field, and the GDL for an experimental

10.

study it is recommended that the interplay of these factors is kept in mind. Although a certain flow
pattern shows optimal results in one study for example, it might not be optimal for a system with
different parameters.

It is recommended that a 2 or 3 dimensional modelling study be done on the electrolyte flow in the
catalyst-membrane gap of a bicarbonate electrolyser, which uses interdigitated flow pattern. It is
possible that the mixing has an impact on CO selectivity, as for desired operation a pH gradient
must be maintained across the space, and although mixing is beneficial to distribute the reactant
to the catalyst and remove the products, excessive turbulent mixing could be detrimental to the
efficiency of the system.

There are indications that increasing bicarbonate flowrate (convective mass transport) improves
CO selectivity, based on the results of an experiment in this work as well as the work of Zhang et
al. [37]. However, as only one experiment was performed in this work due to time constraints, and
the study by Zhang et al. was based on a different electrode, the implications cannot be confirmed.
It is therefore recommended that the effect of convective mass transport on CO selectivity when
using a GDE is examined in a separate study.

A substantially higher initial CO selectivity was seen when using increased electrolyte volumes in
the long-term stability experiments of this study. It seems to be a result of the increased volume,
although the reasons behind that are not clear. A study where the effect of electrolyte volume on
CO selectivity is examined would provide insight to the field and help to explain this observation.

Bicarbonate CO electrolysis studies that look into the effect of CL-BPM spacing on CO selectivity
and stability at higher current densities are recommended for future work, as the importance of
efficient production at higher current densities is essential for scale-up and industrial considera-
tions.
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Figure A.1: Zhang et al. did experiments with three types of flow patterns in bicarbonate electrolysis: parallel, interdigitated
and serpentine. They found that the faradaic efficiency of the intended product, CO, was the highest in the case of
interdigitated flow channels [37].
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Figure A.2: The results from the study by Fink et al. show how CO selectivity is affected by the cation of the bicarbonate [36].
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Figure A.3: Comparison between bicarbonate electrolyte cations for a) i-CO, formation and b): CO, utilization [36].
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Figure A.4: 8 hour stability experiment performed at 100 mAcm—2 by Lees et al. [23]. 3M KHCOj electrolyte was replenished
after 3 and 6 hours, and H,SO,4 was added at intervals to lower the pH.
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Information

Figure B.1: The Ni foam anode used in the study. Above: an uncut piece of Ni foam sheet, below: a post-electrolysis Ni anode.
Some darkening can be seen in the post-electrolysis anode, which is most likely NiO5.
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Figure B.2: The assembled flow-cell used in electrochemical experiments in the study.

Figure B.3: An open view of the flow-cell used in electrochemical experiments in the study, showing the cathode placed in the
silicone gasket, catalyst face down. Sandwiched between the cathode and the BPM is in this case an interposer, used to add
CL-BPM spacing for a set of experiments.
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# Bicarbonate buffer pH
Kal=4.3e-7
Ka2=4.7e-11
pKal = -np.logl@(Kal)
pka2 = -np.logl@(Ka2)
print(pKal,pKa2)
pH_2 = np.average([pKal,pka2])
print(pH_2)
# Bicarbonate carbonate buffer gl 8.5
Kal=4.3e-7
Ka2=4.7e-11
def fall(ph,K):
H-10=*(-pf)
OH=1e-14/H
H2€03,HCO3,€032,Ctot = symbols( "H2C03,HCO3,C032,Ctot ')
f1= H*HCO3/H2C03 - Kal
2= H*C032/HCO3 - Ka2
f3= H2C03+4HCO3+2*C032 - H - K
4= H2C03+HCO3+C032 - Ctot

nsolve((f1,f2,f3,f4), (H2C03,HCO3,C032,Ctot), (.885,2.78,0.167,3.11))
h2co3=mgfrxie]
point('For pH:',gh,‘'and K+:',K, ', H2C03:',matrx[0], "HCO3-
: ' ymatrx[1],7C03 2-:" ,matrx[2], 'Ctot: *,matrx[3])
return matox
y-fall(s.0.3)
sumk = y[ely[1]+2*y[2]
print(’Check:, K+ is",sumk)
# Bicarbonate carbonate buffer pgf 9.5
Kal=4.3e-7
Ka2=4.7e-11
def Fall(gh,K):
H10=* (-ph)
OH=1e-14/H
H2C03,HCO3,C032,Ctot = symbols( "H2C03,HCO3,C032, Ctot’
1= H*HCO3/H2C03 - Kal
2= H*C032/HCO3 - Ka2
3= H2C03+HCO3+2%C032 - H - K
4= H2C03+HCO34C032 - Ctok

# Charge balance
# Carbon mass balance

# Charge balance
# Carbon mass balance

WALL
nsolve((fl.f2,73,f4), (H2C03,HC03,C032,Ctot), (8.80935,1.55,8.73,2.27))

# Mass balance - 524 IxInterposer - Pre run carbonates concentrations
# [HCO3-] pH pre : pH:8.26
# With theoretical pH of 8.347 we have C total = 3.0000
pH=8.26
H=167=(-pH)
OH=1e-14/H
def func(X):
# The components
# H 4, C03 2-, OH -, HCO3 -, H2C03 = A,B,C,D,E
B.D,E = X
# The acid-base equilibria
eql= H*D/E - 4.3e-7
eq2= H*B/D -4.7e-11
# Electrical neutrality expr. - charge balance
eqd= D+2*B+0H - H -3
return eql,eq?,eqd4
x8=[0.825,2.95,0.038]
roots = fsola(func.(x@))
print(roots)
print(H,0H)
‘tesl=pp.sum(roots)
print(tesl)
# Mass balance - 524 IxInterposer - Post run carbonates concentrations
# [HCO3-] pH post:9.27
# Overall [C] is now <3 (experimental + some C to gas products and i-C02).
Product M from excel pasterfile.
pH=0.27
H=167=( -pH)
OH=1e-14/H
def func(x):
# The components
# H .+, €03 2-, OH -, HCO3 -, H2CO3, €02 = A,B,C,D,E,F
B.D,E = X
# The acid-base equilibria
eql= H*D/E - 4.3e-7
eq2= H*B/D -4.7e-11
# Electrical neutrality expr. - charge balance
eqé= D42*BsOH - H - (3-8.96005)

h2co3=matrxle] return eql,eq?,eq4
print('For pH:',ph,'and Ki:',K, ', H2C03:',matrx[@], "HCO3- x8=[0.2,2.5,0.003]
" ,matrx[1],7C03 2-:",matrx[2], Ctot: " ,matrx[3]) roots = fsolve(func.(x@))
return makrx print(roots)
y=fall(1@.@,3) ‘tes2=np.sum(roots)
sumk, = y[@liy[1]+27y[2] print(tes2)
print('Check:, K+ is',sumk) print(H.0H)

Figure B.4: The python code that was used to calculate the pH of the 8.5 and 9.5 carbonate-bicarbonate buffers, as well as for
carbonates concentration for the mass balances.
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C.1. Initial Tests
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Figure C.1: Results of initial experiments. a): Ag loading experiments, b): Nafion loading experiments, c): PTFE addition to CL.
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Figure C.2: CO FE results of initial experiments. How results are reported is important in interpreting results and putting them

in context with literature results.

C.2. CO Selectivity
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Figure C.3: The results from the bicarbonate flowrate experiment suggest that when increasing the convective mass transport

the CO selectivity improves, as the usual drop in stability is not observed here.
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Figure C.4: The potential profiles for the start/stop experiments. a): With open cell potential (OCP) for one minute pulses the

voltage did not reach 0, with no effect on CO selectivity seen. b): By running set start/stop potential operation and setting the

pulses at 0 V for 5 minute pulses, an effect on CO selectivity was seen albeit no improvement. c): In longer applied start/stop
potential operation (15/5 minutes), no improvement of CO selectivity was seen.
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Figure C.5: Results from CuAg bimetallic experiments. a):H, FE, b): CO FE, c): C,H4 FE, d): Product concentration and CO,
utilization to CO (based on method described in section 3.5.2).

C.5. C,, Production and Market Outlook

Some qualities that make the production of C,; compounds attractive are for example their high energy
density combined with being suitable for current internal combustion engines [113], and the fact that
they can directly enter into current value-chains for chemical production [114, 115]. The advantages
of C, products can best be seen in their economic potential. For example ethylene and ethanol, two
commonly studied CO,RR C,.. products, have a combined annual market size of 236 billion USD, with
an expected annual growth of just over 5% [116, 117]. Ethylene is widely used in the chemical indus-
try, for example as a raw material for polyethylene (PE), while ethanol is much used in the food and
beverage industry as well as in hand sanitizer production. By contrast, CO and methanol’s combined
annual market size is about 34 billion USD, also expected to grow similarly as the ethylene and ethanol
markets [118, 119].

One downside of C,, production is the lack of selectivity of Cu catalyst. Product separation is re-
quired, which is more difficult in the liquid phase but necessary if liquid products such as ethanol are
being made. Another drawback of the electrochemical production of C,, compounds on Cu is that they
involve several complex electron transfer steps which are currently not well understood. For example,
the reduction of CO,, to ethylene and ethanol involve the transfer of 12 electrons. The simplified overall
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reactions can be seen in reactions C.1 and C.2 below.
2005 + 8H50 +12¢~ — CoHy +120H~ (C.1)

2C05 +9H50 + 12¢~ — CoHsOH + 120H™ (C2)

In order for CO,RR to become feasible on an industrial scale, improvements must be made in selec-
tivity (faradaic efficiency, FE), energy efficiency (EE) and current density. Overa et al. recommended
in 2022 the following criteria for industrial feasibility: over 80% C, FE, a minimum of 50% EE and
1000 mA /cm?. Specifically for ethyelene and ethanol production, key parameters mentioned in techno-
economic assessments are 70-90% FE and current density of 300 mA/cm? [120, 121], although it
should be noted these numbers were reported in 2016. Improvements must also be made in reducing
the overpotential to improve the energy efficiency of the process [122], which also affects the selectivity
[113, 107].

C.6. Potential Profiles
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Figure C.6: Examples of potential profiles from experiments. a): 3 hour basecase run (electrode S22, see table C.2). b): 3

hour 135 um gap run, electrode S24. Slightly higher overpotential can be seen, likely resulting from increased BPM
overpotential from the higher i-CO, liberation and the increased spacing.
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Table C.1: Comparison of various cell and operational parameters between this study and comparable studies from the

literature.
Group Berlinguette Berlinguette Berlinguette Lee )
This study
Source [23] [37]1 [37] [45]
Compound KHCO3; KHCO; KHCO; KHCO3 KHCO;
Flow [ml/min] 90 100 100 50 50
Catholyte .
Molarity [mol/L] 3 3 3 3 3
Volume [ml] 125 NA NA 40 0r 120 70
Compound KOH KOH KOH KOH KOH
Flow [ml/min] 40 40 40 50 70
Anolyte
Molarity [mol/L] 1 1 1 1 1
Volume [ml] 1000 NA NA 40 140
X Compound N2 Ar or N2 *** Aror N2 *** Ar Ar
Carrier gas —
Flow [mIn/min] 160 160 160 100 100
Type GDE Foam GDE GDE GDE
MPL/PTFE No/No NA Yes/Yes Yes/Yes Yes/Yes
Cathode GDL Sonication Yes Yes Yes NA Yes
GDL type H23 NA | CeTech with MPL 22BB 39BB
Area [cm2] 4 4 4 6.25 (active) 6.25 (5 active)
Catalyst Ag Ag Ag Ag/Cu Ag
PVD 500nm No No No No
Catalyst Loading [mg/cm2] 1.3 NA 3.7 1 1.0-138
T during coating 30 NA NA NA 70
lonomer Naf 4wt% NA Naf 4wt% 20wt% Naf / Sust 4wt% Naf
Type Ni foam Ni foam Ni foam Ni foam Ni foam
Fresh Yes NA NA NA Yes *
Anode =
Thickness NA NA NA NA 2.0 mm
Area [cm?] 4 4 4 6.25 (active) 29x33
Pattern Serpentine Interdigitated NA 6.25 cm2 flow Interdigitated
channels mentioned
Flow plate Channels 1.5/1.5/1 NA NA NA 1.0/1.0/1.0
(cathode) width/depth/ribs [mm)]
material Titanium ** | ABS plastic coated | ABS plastic coated Titanium Titanium
with Ag paint for with Ag paint for
conductivity conductivity
Pattern Serpentine NA NA 6.25 cm? flow Open
channels mentioned
Flow plate Channels 1.5/1.5/1 NA NA NA NA
(anode) width/depth/ribs [mm]
Material Stainless steel ** NA NA Stainless steel Stainless steel
Assembly torque [Nm] 3 NA NA NA 3
Type BPM BPM BPM BPM BPM
Membrane
Fresh Yes NA NA NA | No (changed regularly)
Normalized to 100% Yes Yes Yes NA No
Saturate electrolytes 15mins 15mins 15mins NA No
Measurement / with produts before
Reporting values | running GC (time)
Average (time) No No No No Yes (60 mins)
Single value Yes Yes Yes Yes Yes
EDTA 0.02M 0.02M 0.02M NA No
Flow-cell Custom made NA NA NA Electro-Cell
Other in-house
Magnetic electrolyte NA NA NA NA Yes
stirring

*After Initial Tests Experimental phase.

**In Suppl. info mention cathode flow-plate is Titanium and anode SS, but reverse in paper [23].

*** In Suppl. info mention Ar is carrier gas but in the paper mention N, [37].
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Table C.2: Overview of the experiments discussed in the Results and Discussion chapter in the order of being presented.
Included information for reference is the catalyst loading, peak and average CO FE, run time and average cell potential, which
remained quite stable for the experiments. Also mentioned is the time base for reporting the CO FE average values, which
might be slightly different from the run duration for the sake of even comparison.

Run nr. Experiment Electrode ID | Ag loading FE CO FE CO Run time Time base for Cell
[mglcm?] peak [%] | avg. [%] [min] FE CO avg. [min] | Potential [V]
Run6 Ag loading 1 mg/cm?, 1 D 1.25 32 27 60 60 3.65
Run7 Ag loading 1 mg/cm?, 2 E 1.12 39 34 60 60 3.57
Run8 Ag loading 2 mg/cm?, 1 A 1.98 31 21 60 60 3.4
Run9 Ag loading 2 mg/cm?, 2 B 1.86 41 30 60 60 3.42
Run10 | Ag loading 3 mg/cm?, 1 G 2.85 32 28 60 60 3.38
Run11 Ag loading 3 mg/cm?, 2 H 2.83 38 34 60 60 3.46
Run17 | Nafion loading 3wt%, 1 N 1.01 33 25 60 60 3.5
Run18 | Nafion loading 3wt%, 2 M 0.96 38 29 60 60 35
Run15 | Nafion loading 30wt%, 1 L 1.31 35 30 60 60 3.45
Run16 | Nafion loading 30wt%, 2 R 1.09 31 28 60 60 3.55
Run19 | PTFE loading 30wt%, 1 P1 0.96 36 26 60 60 3.58
Run20 | PTFE loading 30wt%, 2 P2 0.99 39 27 60 60 3.54
Run41 | GDL H23 basecase, 1 S4 1.41 50 29 45 42 3.59
Run52 | GDL H23 basecase, 2 S10 1.33 34 23 45 42 3.44
Run53 | GDL 39BB basecase, 1 S12 1.28 51 40 45 42 3.54
Run56 | GDL 39BB basecase, 2 S13 1.22 45 36 45 42 3.7
Run48 | GDL H23 non-sonicated, 1 A7 1.31 36 21 42 42 3.42
Run49 | GDL H23 non-sonicated, 2 A8 1.36 36 22 42 42 3.42
Run54 | GDL 39BB non-sonicated, 1 A5 1.22 48 38 42 42 3.55
Run55 | GDL 39BB non-sonicated, 2 A6 1.23 48 41 42 42 3.68
Run45 H23 0.7mm Serpentine, 1 S7 1.39 6 4 30 24 3.35
Run47 H23 0.7mm Serpentine, 2 S8 1.49 10 6 30 24 3.29
Run91 H23 1.0mm Serpentine S39 1.36 37 29 30 24 3.47
Run59 | H23 1.5mm Serpentine, 1 S20 1.71 22 19 30 24 3.5
Run60 H23 1.5mm Serpentine, 2 S21 1.76 26 15 30 24 3.55
Run46 39BB 0.7mm Serpentine, 1 S6 1.18 31 27 24 24 3.38
Run61 | 39BB 0.7mm Serpentine, 2 S16 1.12 25 22 24 24 3.3
Run92 | 39BB 1.0mm Serpentine S37 1.10 35 32 24 24 3.46
Run57 | 39BB 1.5mm Serpentine, 1 S14 1.49 44 40 24 24 3.55
Run58 39BB 1.5mm Serpentine, 2 S15 1.47 45 41 24 24 3.55
Run86 | H23 1.5mm Interdigitated S38 1.50 41 27 30 24 3.5
Run85 | 39BB 1.5mm Interdigitated S34 1.15 36 30 30 24 34
Run66 | H23 500nm PVD Ag film, 1 B3 1.50 54 37 51 42 3.7
Run67 | H23 500nm PVD Ag film, 2 B4 1.46 45 28 51 42 3.44
Run42 | 39BB 500nm PVD Ag film, 1 B1 1.46 40 33 51 42 3.55
Run43 | 39BB 500nm PVD Ag film, 2 B2 1.30 38 34 51 42 3.62
Run50 | CL-BPM gap 135 um, 1 S9 1.17 61 51 42 42 3.55
Run51 | CL-BPM gap 135 um, 2 S11 1.33 55 51 42 42 3.58
Run62 | CL-BPM gap 270 um, 1 S17 1.06 74 62 42 42 3.72
Run6é3 | CL-BPM gap 270 pum, 2 S18 1.31 82 70 42 42 3.72
Run68 | CL-BPM gap 270 um, 3 S19 1.30 76 66 42 42 3.63
Run70 | 3 hr basecase, 1 S22 1.44 45 31 180 174 3.61
Run71 | 3 hr basecase, 2 S23 1.54 44 25 180 174 3.59
Run72 | 3 hr CL-BPM gap 135 um, 1 S24 1.12 71 55 180 174 3.69
Run74 | 3 hr CL-BPM gap 135 um, 2 S26 1.39 65 51 180 174 3.68
Run76 | 3 hr CL-BPM gap 270 pum, 1 A8IB 1.47 75 55 180 174 3.5
Run77 | 3 hr CL-BPM gap 270 um, 2 A7IB 1.44 74 51 180 174 3.49
Run78 | 3 hr CL-BPM gap 405 pum, 1 A5IB 1.50 71 45 174 174 3.62
Run79 | 3 hr CL-BPM gap 405 um, 2 A6IB 1.55 79 49 174 174 34
Run73 | Stability basecase, 1 S25 1.22 65 29 870 870 3.41
Run80 | Stability basecase, 2 S28 1.30 59 23 870 870 3.32
Run89 | Stability CL-BPM gap 135 um, 1 A10IB 1.47 68 41 870 870 3.45
Run90 | Stability CL-BPM gap 135 um, 2 A12IB 1.31 72 46 870 870 3.45
Run82 | Pulsed Start/OCP 15/1 mins S30 1.44 78 NA 75 NA NA
Run83 | Pulsed CV Start/Stop 10/5 mins S32 1.26 71 NA 57 NA NA
Run84 Pulsed CV Start/Stop 15/5 mins S33 1.25 80 NA 168 NA NA
Run44 | Catholyte flowrate, stability S5 1.33 35 33 54 54 3.7
Run87 HCO;/CO%’ pH 8.5 S35 1.26 39 33 60 42 3.55
Run88 HCO;/CO%’ pH9.5 S36 1.18 16 14 60 42 3.45
Run94 | HCO; pH 8.37 single-pass A26IB 1.25 59 51 54 42 3.46
Run95 HCO;/CO%’ pH 8.5 single-pass A271B 1.12 55 47 51 42 3.51
Run96 HCO;/CO%’ pH 9.0 single-pass A28IB 0.99 50 41 54 42 3.64
Run97 HCO;/CO@’ pH 9.5 single-pass A29IB 1.10 31 26 54 42 3.53
Run98 HCO;/CO§’ pH 10.0 single-pass A30IB 1.06 18 17 54 42 3.67
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Table C.3: An overview of the experiments discussed in the CuAg bimetallic section of the Results and Discussion chapter.
Mentioned is the CuSus/AgNaf catalyst/ionomer loadings (the ionomers were 15wt%), the average FE of CO and C2H4,
reported for the also mentioned run time, and finally the average cell potential.

Run nr. Experiment Electrode | CuSus/AgNaf | FE CO FE avg. | Run time Cell

ID loading [cm?] | avg. [%] | CaH4 [%] [min] Potential [V]
Run25 CuAg Basecase, 1 L1 1.47 /1 1.54 10 4 57 3.43
Run26 CuAg Basecase, 2 L2 1.47/1.70 13 5 57 3.41
Run64 | CuAg 20wt% PTFE, 1 L5 1.26/1.78 14 5 57 35
Run65 | CuAg 20wt% PTFE, 2 L6 1.26/1.68 14 4 57 3.43
Run69 | CuAg 20wt% PTFE + 270 um gap L7 1.60/2.67 20 5 57 3.62

Table C.4: An overview of the metals detected in the ICP-OES measurements. Only a few samples were measured as metals

were detected in very low quantities.

Run Experiment Electrode Ag Cu Ba Ca Fe Na Cl

ID [ppm] | [ppm] | [ppm] | [ppm] | [ppm] | [ppm] | [ppm]
Run43 | 39BB 500nm PVD Ag film, 2 B2 0.26 0.08 NA NA NA NA NA
Run44 | Electrolyte Flowrates S5 0.14 0.18 NA NA NA NA NA
Run89 | Stability CL-BPM gap 135 um, 1 | A10IB NA NA 0,07 0.03 0.05 | 108.7 4.95
Run74 | 3 hr CL-BPM gap 135 um, 2 S26 NA NA 0,08 0.08 0.04 | 156.32 | 12.36
Run71 | 3 hr basecase, 2 S23 NA NA 0,09 0.23 0.05 | 161.79 | 24.26
Run78 | 3 hr CL-BPM gap 405 um, 1 A5IB NA NA 0,08 0.14 0.1 | 146.32 | 16.32
NA Blank NA NA NA 0,07 0.02 0.03 | 110.06 | 26.36
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Table C.5: Overview of the liquid products HPLC measurements, presented in the order of being discussed in the Results and
Discussion chapter. The only liquid product detected was formate, in the range of 1-4%. As such, it was not deemed necessary
to measure every sample for liquid products nor include formate in graphs when reporting results.

Run nr. Experiment Electrode ID | FE Formate [%] | Run time [min]
Run7 Ag loading 1 mg/cmZ, 2 E 3.1 60
Run9 Ag loading 2 mg/cmZ, 2 B 0.9 60
Run10 | Ag loading 3 mg/cm?, 1 G 0.8 60
Run11 Ag loading 3 mg/cm?, 2 H 14 60
Run19 | PTFE loading 30wt%, 1 P1 1.5 60
Run20 | PTFE loading 30wt%, 2 P2 1.6 60
Run91 H23 1.0mm Serpentine S39 0.7 30
Run59 H23 1.5mm Serpentine, 1 S20 0.2 30
Run92 | 39BB 1.0mm Serpentine S37 1.0 24
Run57 39BB 1.5mm Serpentine, 1 S14 2.0 24
Run58 39BB 1.5mm Serpentine, 2 S15 1.8 24
Run86 | H23 1.5mm Interdigitated S38 0.5 30
Run85 | 39BB 1.5mm Interdigitated S34 0.7 30
Run42 | 39BB 500nm PVD Ag film, 1 B1 1.3 51
Run50 | CL-BPMgap 135 m, 1 S9 2.8 42
Run51 CL-BPM gap 135 m, 2 SN 3.6 42
Run62 | CL-BPM gap 270 m, 1 S17 1.9 42
Run63 | CL-BPM gap 270 m, 2 S18 25 42
Run68 | CL-BPMgap 270 m, 3 S19 2.1 42
Run70 | 3 hr basecase, 1 S22 14 180
Run71 3 hr basecase, 2 S23 0.8 180
Run72 | 3 hr CL-BPM gap 135 m, 1 S24 27 180
Run74 | 3 hr CL-BPM gap 135 m, 2 S26 2.8 180
Run76 | 3 hr CL-BPM gap 270 m, 1 A8IB 2.1 180
Run77 | 3 hr CL-BPM gap 270 m, 2 A71B 1.7 180
Run78 | 3 hr CL-BPM gap 405 m, 1 A5IB 1.1 180
Run79 | 3 hr CL-BPM gap 405 m, 2 A6IB 1.3 180
Run73 Stability basecase, 1 S25 0.1 870
Run80 Stability basecase, 2 S28 0.0 870
Run89 | Stability CL-BPM gap 135 m, 1 A12IB 0.1 870
Run90 | Stability CL-BPM gap 135 m, 2 A10IB 0.1 870
Run82 | Pulsed Start/OCP 15/1 mins S30 1.8 75
Run84 Pulsed CV Start/Stop 15/5 mins S33 1.5 168
Run87 HCO;/CO? pH 8.5 S35 1.0 60
Run88 HCO;/CO%‘ pH 9.5 S36 0.6 60
Run25 CuAg Basecase, 1 L1 41 57
Run26 CuAg Basecase, 2 L2 3.1 57
Run64 | CuAg 20wt% PTFE, 1 L5 2.0 57
Run65 | CuAg 20wt% PTFE, 2 L6 2.8 57
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